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A B S T R A C T

Selective generation of reactive oxygen species (ROS) remains a major challenge in single-atom-catalyst-based 
advanced oxidation systems, especially in complex water matrices. Herein, a Schiff-base ligand was used to 
regulate the local N,O coordination environment of Fe sites, yielding an N,O-coordinated carbon-supported Fe 
single-atom catalyst denoted as Fe-N2O2 based on the proposed idealized coordination model. Compared with Fe- 
N4, Fe-N2O2 exhibited a higher Fe oxidation state, improved electrical conductivity, and enhanced phenol (PN) 
adsorption (22.3% vs 5.62%). The Fe-N2O2/PMS system also showed enhanced involvement of 1O2 during PMS 
activation. As a result, PN, a representative electron-rich phenolic pollutant, was completely removed within 
5 min. The apparent rate constant reached 2.51 min− 1, and total organic carbon removal reached 73.1% within 
30 min. Theoretical calculations revealed that N,O co-coordination reduced Fe charge density and lowered the 
Gibbs free energy change (ΔG) of O* formation, facilitating PMS activation and 1O2 generation. The favorable 
cycling stability and continuous-flow performance (>94.9% PN removal within 36 h) highlight the practical 
potential of the Fe-N2O2/PAN membrane. This work demonstrates that Schiff-base-defined N,O coordination is a 
viable strategy for regulating ROS evolution in PMS-based catalytic oxidation systems.

1. Introduction

Phenolic pollutants and their derivatives pose persistent ecological 
and health risks even at trace concentrations, necessitating efficient and 
selective degradation technologies [1–4]. Peroxymonosulfate 
(PMS)-mediated heterogeneous advanced oxidation processes (AOPs) 
have been widely investigated as promising technologies for degrading 
refractory organic contaminants [5–7]. Compared with hydrogen 
peroxide (H2O2) and peroxydisulfate (PDS, S2O8

2-), PMS is more readily 
activated [8]. It can generate both radical species, including hydroxyl 
radical (⋅OH), sulfate radical (SO4⋅-), and superoxide radical (O2⋅-), and 
non-radical species (1O2 or electron-transfer complexes) [9,10]. Singlet 
oxygen (1O2) preferentially attacks electron-rich centers in phenolic 

compounds and can facilitate their subsequent oxidative transformation 
[11,12]. Phenol (PN) and bisphenol A (BPA), which contain π-electro
n-rich aromatic rings, are therefore particularly susceptible to 1O2 
attack. Luo et al. [13] reported that selective activation of PMS by 
nitrogen-doped graphitic carbon generated 1O2 and enabled efficient 
BPA degradation. Moreover, 1O2 is less susceptible than conventional 
radicals to quenching by natural organic matter (NOM), HCO3

- , and Cl-. 
Therefore, 1O2-involved oxidation can retain high reactivity in complex 
water matrices [14,15]. Thus, developing catalysts that steer PMS acti
vation toward a 1O2-involved non-radical oxidation pathway remains 
highly desirable.

Among the catalysts explored for PMS activation, single-atom cata
lysts (SACs) have attracted considerable attention because of their 
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maximized atom utilization, tunable coordination environments, and 
atomically dispersed active sites [16,17]. Coordination engineering can 
regulate the charge density of metal centers and thereby alter PMS 
activation and ROS generation [18]. Heteroatom coordination is 
particularly effective because changes in local bonding and structural 
symmetry can induce electronic polarization and D-orbital redistribution 
[19,20]. Increasing evidence has revealed a close relationship between 
the electronic state of metal centers and 1O2 generation [21]. Appro
priate electron deficiency or enrichment can regulate PMS adsorption 
and O–O bond cleavage, thereby affecting the competition between 
radical and non-radical pathways [22,23].

For example, Long et al. [24] introduced electron-deficient boron (B) 
atoms to construct a six-coordinate Fe-N2B4 structure, which reduced 
the charge density of the Fe center and increased 1O2 selectivity from 
64.6% for Fe-N4 to 98.7%. Similarly, Zeng et al. [18] demonstrated that 
O coordination at Fe-N3O1 sites regulated PMS activation and enabled 
antibiotic degradation through the synergistic involvement of 1O2 and 
Fe(IV)=O. Zhang et al. [25] further showed that second-shell O coor
dination could modulate the electronic structure and stability of Fe 
single-atom sites and enhance Fe(IV)=O-mediated oxidation. These 
studies establish the importance of heteroatom doping in regulating the 
electronic properties of metal centers, but the relationship between 
first-shell coordination, metal-center electronic redistribution, and 
interfacial PMS activation remains less explored.

Schiff bases contain imine and adjacent oxygen-containing groups 
that can coordinate with metal ions through N,O chelation [26]. The 
resulting M-N2O2 centers provide a well-defined coordination platform 
for regulating the electronic structure of metal sites during PMS acti
vation [27,28]. Among transition metals, Fe was selected because of its 
variable valence states and strong affinity. Structurally related Fe1N2O2 
sites have also been reported for electrochemical CO2 reduction [29], 
confirming the feasibility of N,O co-coordination around isolated Fe 
sites. Herein, we employed Schiff-base pre-coordination to regulate the 
local N,O coordination environment of isolated Fe sites. Fe-N2O2 
exhibited distinct electronic and catalytic behavior compared with 
Fe-N4. N,O coordination was associated with enhanced PMS activation 
and a greater involvement of 1O2 during PN degradation. Density 
functional theory (DFT) calculations further showed that N,O 
co-coordination redistributed the electron density around the Fe center. 
This electronic redistribution facilitated interfacial charge transfer and 
lowered the Gibbs free energy change (ΔG) of O* formation during PMS 
activation. Recycling and continuous-flow tests further evaluated the 
stability and reusability of Fe-N2O2. Overall, this work establishes a 
structure–electronic property–reactivity relationship between N,O co
ordination, Fe electronic redistribution, and PMS activation, providing 
guidance for the rational design of coordination-engineered single-atom 
catalysts.

2. Materials and methods

2.1. Material preparation

An N,O-coordinated Fe single-atom catalyst, denoted as Fe-N2O2 
based on the proposed Salophen-derived idealized coordination model, 
was prepared using a hard-template-assisted synthesis method. First, the 
tetradentate N2O2-type Schiff base ligand (Salophen ligand) was pre
pared via a hydrothermal method according to previous reports [30,31]. 
Briefly, o-phenylenediamine was reacted with salicylaldehyde under 
heating, followed by vacuum filtration and three methanol washes. The 
resulting ligand was then dried overnight to obtain the Salophen ligand.

For the synthesis of the Fe-N2O2 single-atom catalyst, 6 mmol of iron 
(II) acetate was dissolved in 200 mL of anhydrous ethanol, followed by 
the addition of 6 mmol of Salophen ligand. After stirring for 5 min, 
12.8 g of MgO was added, and the mixture was sonicated for 10 min. The 
mixed solution was then heated and stirred in an 80 ◦C oil bath for 12 h, 
followed by concentration using a rotary evaporator at 65 ◦C. The 

resulting solid was dried overnight at 60 ◦C, ground, sieved, and 
calcined in a tube furnace. The sample was heated to 600 ◦C under a N2 
atmosphere at a ramping rate of 2 ◦C min− 1 and then held at this tem
perature for 2 h. After calcination, the sample was ground, sieved, and 
acid-washed with 1 mol L− 1 H2SO4 at 60 ◦C for 8 h, followed by filtra
tion, washing, and drying to obtain Fe-N2O2. As a control sample, Fe-N4 
was synthesized by replacing the Salophen ligand with o-phenanthroline 
under otherwise identical conditions. A metal-free N2O2 catalyst was 
also prepared using the same procedure without the addition of iron (II) 
acetate.

Additional experimental details, including reagent information, in
strument specifications, and analysis methods, are provided in the 
Supporting Information.

2.2. Experimental procedure

The catalytic activity of the Fe-N2O2 single-atom catalyst was eval
uated in a 50 mL flask containing PN solution (50 mL, 10 mg L− 1), PMS 
(1.0 mM), and catalyst (0.15 g L− 1). The solution pH was adjusted using 
HCl (0.1 M) or NaOH (0.1 M). Before initiating the reaction, the catalyst 
was added to the PN solution and stirred for 5 min to establish 
adsorption-desorption equilibrium. The Fenton-like reaction was then 
initiated by adding PMS solution. At predetermined time intervals, 
0.5 mL aliquots were withdrawn, filtered through a 0.22 μm membrane, 
and analyzed for residual PN concentration.

The concentrations of organic pollutants were determined by high- 
performance liquid chromatography (HPLC, Agilent 1260 Infinity II, 
USA) equipped with a C18 reverse-phase column (Agilent SB-C18, 5 μm, 
4.6 mm × 250 mm). Detailed detection conditions for PN and the other 
target compounds are listed in Table S1. The reaction kinetics were 
evaluated using a pseudo-first-order (PFO) kinetic model, and the 
apparent rate constant (kobs) was used to assess removal performance 
(Text S3). In addition, the effects of inorganic anions and cations, nat
ural organic matter, and different water matrices on PN removal were 
systematically investigated. ROS were identified by quenching experi
ments and electron paramagnetic resonance (EPR) spectroscopy, while 
the detailed procedure for estimating the apparent relative ROS 
involvement is provided in Text S5. Unless otherwise specified, all ex
periments were independently performed in triplicate, and the reported 
values represent the mean results.

2.3. Computational methodology

The DFT computations were performed with Gaussian 16 using the 
B3LYP functional and the 6–311 ++ G(d,p) basis set [32]. Geometries of 
reactants and products were optimized, and frequency calculations were 
performed to confirm stationary points and obtain Gibbs free energies. 
PMS adsorption at different oxygen sites on Fe-N2O2 and Fe-N4 was 
compared, and the most favorable adsorption configurations were used 
to construct free-energy profiles and identify the key activation-related 
Gibbs free-energy changes (ΔG). Energy values are consistently 
expressed in electron volts (eV) throughout this study.

3. Results and discussion

3.1. Synthesis and structural characterization

An Fe-based single-atom catalyst featuring N,O co-coordinated Fe 
sites was synthesized via a Salophen-ligand-assisted sacrificial-template 
route (Fig. 1a). The Salophen ligand serves as a pre-coordination plat
form, where the N,O donor atoms interact with Fe species and direct the 
formation of atomically dispersed Fe-N2O2 coordination sites during 
pyrolysis. Scanning electron microscopy (SEM) images demonstrated 
that Fe-N2O2 contained a higher density of nanopores than N2O2 and Fe- 
N4 (Fig. S1 and S2). This morphology suggests that Fe incorporation and 
coordination-environment modulation influenced pore formation. The 
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abundant nanopores may also expose more catalytically accessible sites 
[25]. X-ray diffraction (XRD) patterns of all three samples showed two 
characteristic peaks of graphitic carbon (Fig. S3). These peaks corre
sponded to the (002) and (100) planes [33]. No diffraction peaks from 
crystalline iron or iron oxides were detected. Consistently, transmission 
electron microscopy (TEM) images of Fe-N2O2 and Fe-N4 (Fig. 1b and 
Fig. S4) revealed no obvious nanoparticles or cluster aggregates. EDS 
elemental mapping revealed uniform spatial distributions of Fe, C, N, 
and O throughout the Fe-N2O2 framework (Fig. 1b), supporting the 
homogeneous dispersion of these elements in the catalyst. Inductively 

coupled plasma mass spectrometry (ICP-MS) analysis showed that the Fe 
contents in Fe-N2O2 and Fe-N4 were 2.01 wt% and 6.26 wt%, respec
tively, indicating a substantial difference in Fe loading between the two 
catalysts. Furthermore, aberration-corrected high-angle annular 
dark-field scanning transmission electron microscopy 
(AC-HAADF-STEM) images displayed isolated bright spots in both 
Fe-N2O2 and Fe-N4 (Fig. 1c and Fig. S5), confirming that the Salophen 
ligand and phenanthroline effectively anchored Fe atoms at defect sites 
[34]. These characterizations collectively provide strong evidence for 
the formation of single Fe sites in Fe-N2O2 and Fe-N4.

Fig. 1. Morphology characterization. (a) Schematic diagram of the preparation route of Fe-N2O2; (b) TEM image and EDS mapping images of Fe-N2O2; (c) aberration- 
corrected HAADF-STEM image; (d) Fe K-edge XANES spectra of Fe foil and various Fe-based materials after normalization; (e) FT-EXAFS spectra at Fe K-edge of Fe- 
N4, Fe-N2O2, and references in R-space; (f) WT analysis of the Fe K-edge EXAFS spectra of the Fe-N4 (top) and Fe-N2O2 (bottom); (g) N 1 s and (h) O 1 s XPS spectra.
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Additionally, Fourier-transform infrared (FT-IR) analysis of Fe-N4, 
Fe-N2O2, and N2O2 (Fig. S6) revealed two absorption bands centered at 
approximately 1364 and 1595 cm− 1, which were assigned to C-C/C-O 
and C-C/C-N vibrations, respectively. The band at 2830 cm− 1 was 
attributed to C-H bond vibrations, indicating that the three materials 
possessed similar carbon skeletons [35]. However, Raman spectroscopy 
revealed clear differences in the ID/IG ratios of the three materials 
(Fig. S7). The signal centered at approximately 1352 cm− 1 (D band) is 
associated with defect-induced disorder, whereas the band at approxi
mately 1590 cm− 1 (G band) corresponds to the graphitized sp2-hybri
dized carbon framework [36]. Fe-N4 exhibited a relatively low ID/IG 
value of 1.09, while N2O2 showed the highest value of 1.23, exceeding 
that of Fe-N2O2 (1.16). These results indicate that abundant defects were 
initially present on the ligand-derived surface, which favored the 
anchoring of Fe atoms, whereas the residual defects retained in Fe-N2O2 
after Fe incorporation remained sufficient to promote the adsorption 
and activation of pollutants and oxidants [37]. Consistently, 
Brunauer-Emmett-Teller (BET) analysis showed that N2O2 and Fe-N2O2 
possessed high specific surface areas of 698.9 and 665.4 m2 g− 1, 
respectively, with pore sizes mainly distributed within 0–10 nm (Fig. S8
and Table S2). By contrast, Fe-N4 exhibited a lower specific surface area 
of 610.1 m2 g− 1 and a broader pore-size distribution of 0–20 nm 
(Fig. S9). The higher surface area of metal-free N2O2 indicates that the 
porous structure is primarily associated with the 
Salophen/template-derived framework rather than Fe coordination it
self. The porous structure may facilitate pollutant diffusion, PMS 
transport, and accessibility of Fe active sites. Therefore, although the 
differences in surface area and pore structure may contribute to the 
observed catalytic behavior, they cannot be solely attributed to N,O 
coordination [25].

The local coordination environment and electronic configuration of 
the Fe-N2O2 and Fe-N4 catalysts were systematically analyzed by X-ray 
absorption fine structure (XAFS). As shown in Fig. 1d, the Fe K-edge X- 
ray absorption near-edge structure (XANES) spectra of both catalysts 
exhibited attenuated white-line features and weak oscillations, which 
are typical characteristics of atomically dispersed Fe species [38]. 
Compared with Fe-N4, the absorption edge of Fe-N2O2 shifted to higher 
energy, indicating a higher oxidation state of the Fe center. This result 
suggests that N,O co-coordination induced substantial electronic redis
tribution around Fe and thereby modified its local coordination envi
ronment. Further structural information was obtained from the 
Fourier-transformed k3-weighted extended XAFS (FT-EXAFS) spectra. 
As shown in Fig. 1e, the main peaks of Fe-N4 and Fe-N2O2 appeared at 
1.51 and 1.47 Å, respectively, and were attributed to scattering in
teractions between isolated Fe atoms and neighboring light atoms, 
including N, O, and C. The first-shell peak of Fe-N2O2 shifted to a lower R 
value. This shift suggests that O atoms were incorporated into the first 
coordination shell. The higher electronegativity of oxygen generally 
results in a shorter Fe-O bond than the Fe-N bond [39]. By comparison, 
the main peak of Fe-N4 at approximately 1.53 Å was primarily assigned 
to Fe-N coordination (Fig. S10) [40]. In addition, no Fe-Fe scattering 
path was observed at 2.17 Å, in clear contrast to Fe foil, confirming the 
atomically dispersed nature of Fe in both catalysts.

This conclusion was further supported by wavelet transform 
extended XAFS (WT-EXAFS) analysis. The maximum intensity of Fe-N4 
appeared at 6.1 Å− 1, close to the Fe-N signal of FePc (6.3 Å− 1) and far 
from the Fe-O signal of FeO (4.89 Å− 1), whereas Fe-N2O2 showed a 
distinct leftward shift to 4.65 Å− 1 (Fig. 1f and Fig. S11) [24]. These 
results support that atomically dispersed Fe sites were embedded within 
the sp2-hybridized carbon matrix and that O coordination played a 
regulatory role in tailoring the Fe microenvironment. Quantitative 
least-squares fitting of the FT-EXAFS spectra was further performed to 
examine the first-shell coordination (Table S3). Fe-N4 exhibited a 
four-coordinate Fe-N environment, whereas the fitted Fe-N and Fe-O 
coordination numbers for Fe-N2O2 were 2.6 ± 0.2 and 2.5 ± 0.5, 
respectively. The corresponding Fe-N and Fe-O bond lengths were 2.04 

± 0.03 and 1.87 ± 0.03 Å. The near-unity N,O ratio supports the coex
istence of N and O in the local coordination environment of Fe. How
ever, the apparent total coordination number of approximately 5.1 
deviates from the ideal four-coordinate Fe-N2O2 model, indicating that 
an exact 2 N + 2 O configuration cannot be assigned from EXAFS alone. 
This deviation may reflect ensemble averaging, local structural hetero
geneity, mixed N,O coordination configurations, or contributions from 
additional O-containing ligands or adsorbates [29]. Overall, combined 
AC-HAADF-STEM, XAFS, XANES, and XPS results support isolated Fe 
atoms with N,O co-coordination.

As depicted in Fig. S14 and Table S4, X-ray photoelectron spectros
copy (XPS) was further employed to analyze the near-surface elemental 
composition and chemical states of Fe-N4, Fe-N2O2, and N2O2. The C 1 s 
XPS profile (Fig. S15a) exhibited three deconvoluted components at 
around 284.8, 286.0, and 288.8 eV, corresponding to C-C/C––C, C-N, 
and C-O/C––O bonding configurations, respectively. As shown in 
Fig. 1g, the N 1 s XPS spectra of Fe-N4 and Fe-N2O2 were deconvoluted 
into five components located at 398.7, 400.0, 400.5, 401.5, and 
404.5 eV, corresponding to pyridinic N, Fe-N, pyrrolic N, graphitic N, 
and oxidized N, respectively [41]. Compared with metal-free N2O2, 
Fe-N2O2 exhibited markedly reduced proportions of pyridinic N and 
pyrrolic N, indicating that Fe loading altered the defect-related nitrogen 
environment and thereby confirming the coordination of Fe atoms. In 
addition, the Fe-N content in Fe-N4 (21.5 at%) was substantially higher 
than that in Fe-N2O2 (9.99 at%) (Table S6), suggesting that O atoms 
partially replaced pyridinic N and thus modulated the local coordination 
environment of Fe [42]. The Fe 2p spectrum (Fig. S15b and Table S7) 
showed characteristic doublet peaks at 709.7 and 711.4 eV, assigned to 
Fe2+ and Fe3+, respectively. Meanwhile, the O 1 s spectrum displayed 
four peaks at 531.0, 531.8, 533.0, and 534.2 eV, corresponding to Fe-O, 
C-O, C––O, and H2O, respectively (Fig. 1h and Table S8). In Fe-N2O2, the 
Fe-O content reached 9.92 at%, while the proportions of C––O and C-O 
decreased after Fe loading, further supporting Fe-O coordination and the 
presence of N,O-coordinated Fe sites, as well as the feasibility of 
anchoring isolated Fe atoms using the Salophen ligand.

3.2. Catalytic performance

To evaluate the effect of N,O co-coordination-induced electronic 
structure modulation on PMS activation, PN was selected as a model 
pollutant to assess the catalytic performance of the prepared materials. 
As shown in Fig. 2a, pristine N2O2 and Fe-N2O2 exhibited appreciable 
adsorption capacities toward PN, achieving removal efficiencies of 
35.7% and 22.4% within 5 min, respectively. By contrast, PMS alone 
and Fe-N4 alone removed only 1.94% and 5.62% of PN over the same 
period, and the adsorption-based removal efficiency of Fe-N2O2 was 
3.97 times that of Fe-N4. These results indicate that adsorption con
tributes to pollutant enrichment, whereas the subsequent catalytic 
degradation mainly depends on PMS activation. The Fe2+/PMS and 
N2O2/PMS systems showed limited activity. Their PN removal effi
ciencies were only 5.02% and 28.1%, respectively. These results indicate 
that PMS could not be efficiently activated by dissolved Fe ions or by the 
N,O-coordinated framework alone. After PMS addition, Fe-N2O2 ach
ieved complete PN removal within 5 min. Kinetic analysis further 
confirmed the superior activity of Fe-N2O2. The pseudo-first-order rate 
constant (kobs) reached 2.51 min− 1. This value was 70.8 and 1.58 times 
higher than those of the N2O2/PMS and Fe-N4/PMS systems, respec
tively (Fig. S16). Because the two catalysts exhibited substantially 
different Fe loadings, Fe-normalized activity was used as a comple
mentary comparison. The results showed that the Fe-content- 
normalized performance of the Fe-N2O2/PMS (1.25 min− 1) system was 
approximately five times higher than that of the Fe-N4/PMS 
(0.25 min− 1) system. Similarly, Fe-normalized TOFapp analysis revealed 
a five-fold higher activity for Fe-N2O2/PMS (4.93 min− 1) than Fe-N4/ 
PMS (0.99 min− 1), supporting its higher Fe-normalized apparent 
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activity. However, differences in Fe loading, surface area, pore structure, 
defect density, adsorption, and accessible-site density may also affect the 
observed catalytic behavior. Accordingly, the enhanced catalytic per
formance is attributed to the combined effects of N,O-coordination- 
induced electronic regulation and these material properties. The Fe- 
normalized activity and TOFapp therefore serve only as complemen
tary apparent-activity comparisons rather than intrinsic activity metrics. 
Moreover, PMS consumption analysis using RhB decolorization under 
Co-ion-activated PMS conditions [43] showed that Fe-N2O2 achieved 
efficient PN degradation with only 19.4% PMS consumption (Fig. 2b and 
Fig. S17). This result indicates limited oxidant consumption under the 
tested conditions, although a complete oxidant balance cannot be 
established from the current data. The specific activity (km) reached 
165.5 min− 1 mg g− 1, surpassing that of most reported PMS-based 
advanced oxidation process catalysts (Fig. 2c and Table S9). Taken 
together, the catalytic advantage of Fe-N2O2 should be interpreted as the 
combined outcome of its N,O-coordinated electronic environment and 
associated material properties.

The dosages of Fe-N2O2 and PMS in the Fe-N2O2/PMS system were 

systematically optimized, and the optimal conditions were identified as 
0.15 g L− 1 Fe-N2O2 and 1 mM PMS. Considering the trade-off between 
kinetic enhancement and reagent consumption, 0.15 g L− 1 was selected 
as the optimal catalyst dosage (Fig. S18). When the PMS concentration 
increased to 1 mM, the kobs value reached 2.51 min− 1 (Figs. S19a and 
S19b). However, further increasing the PMS concentration did not 
substantially enhance PN degradation (Fig. S19c), likely because the 
number of available active sites for PMS activation was limited. There
fore, 1 mM PMS was used in subsequent experiments.

The applicability of the catalyst was further evaluated under 
different reaction conditions. As depicted in Fig. 2d and Fig. S20, the Fe- 
N2O2/PMS system achieved complete PN removal over a wide pH range 
of 3–9. Under alkaline conditions, however, PN degradation was 
moderately suppressed, mainly because hydrogen monopersulfate 
(HSO5

- ) was converted to SO5
2- (pKa = 9.40), while PN (pKa ≈ 9.99) was 

deprotonated to PN-, both of which were unfavorable for the catalytic 
process [44]. The effects of coexisting ions were also examined (Fig. 2e). 
Except for bicarbonate (HCO3

- ) and humic acid (HA), which reduced PN 
degradation to 86.0% and 84.7% within 5 min, respectively, all other 

Fig. 2. Evaluation of catalytic performance. (a) Comparison of PN degradation behavior among different reaction systems; (b) the comparison of observed kobs and 
PMS consumption; (c) specific activity comparison for organic pollutant degradation between the Fe-N2O2/PMS system and reported carbon-based SACs/PMS 
systems; (d) influence of pH on PN degradation in the Fe-N2O2/PMS system; (e) degradation performance of the Fe-N2O2/PMS system in the presence of coexistent 
ions and HA; (f) degradation efficiency of multiple phenolic compounds in Fe-N2O2/PMS system; (g) proposed transformation pathways of PN. Reaction conditions: 
[PN]0 = 10 mg L− 1, [PMS]0 = 1.0 mM, [catalyst]0 = 0.15 g L− 1, initial pH = 6.7.
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tested ions allowed complete PN removal within 5 min (Fig. S21). 
Among these species, the enhancement of PN degradation upon Cl- 

addition may be related to secondary reactive chlorine species formed in 
the PMS-containing system [45]. The addition of HCO3

- increased the 
solution pH and negatively affected PN degradation [46], while HPO4

2- 

reacted with radicals and thereby inhibited the degradation reaction 
[47]. These findings demonstrate that the Fe-N2O2/PMS system retains 
robust degradation performance in the presence of common water 
constituents. They also suggest that non-radical pathways may 
contribute to PN degradation. This possibility was further investigated 
through ROS quenching and EPR analyses.

As illustrated in Fig. S22, the total organic carbon (TOC) removal 
performance of the Fe-N2O2/PMS system was systematically evaluated 
to assess its TOC removal performance. After 30 min of reaction, the 
TOC removal reached 73.1%. Notably, complete PN removal within 
5 min reflects the disappearance of the parent pollutant, whereas TOC 
reduction indicates its further oxidative transformation. Because a 
complete carbon balance was not established, the TOC decrease alone 
cannot be interpreted as evidence of complete mineralization. The 
observed TOC removal and further oxidative transformation are likely 
associated with the N,O-coordinated Fe sites, which promote ROS gen
eration and facilitate more complete oxidative decomposition [48]. The 
environmental adaptability of the system was further assessed under 
different pH conditions and in the presence of common coexisting spe
cies. Except at pH= 5 and in the presence of HPO4

2-, the Fe-N2O2/PMS 
system maintained relatively high TOC removal under most tested 
conditions. These results indicate robust anti-interference capability and 
support the practical potential of the Fe-N2O2/PMS system for water 
treatment. At pH= 5, PN was nearly completely degraded, whereas TOC 
removal decreased to approximately 40%, suggesting that acidic con
ditions limited the further oxidation of intermediates and led to greater 
intermediate accumulation than at pH 6.7.

As illustrated in Fig. 2f, apart from PN, the Fe-N2O2/PMS system also 
exhibited excellent degradation performance (>95.0%) toward other 
electron-rich pollutants, such as 4-chlorophenol (4-CP), bisphenol A 
(BPA), and tetrabromobisphenol A (TBBPA), within 5 min. In contrast, 
the degradation of electron-deficient pollutants, such as benzoic acid 
(BA) and nitrobenzene (NB), was much less efficient, with kobs values of 
only 0.07 min− 1 and 0.06 min− 1, respectively (Fig. S23). The substrate- 
dependent oxidation behavior of Fe-N2O2 correlated with the ionization 
potentials of the tested pollutants, indicating that the selective degra
dation of electron-rich phenolic compounds was closely associated with 
non-radical oxidation pathways involving 1O2 and electron-transfer 
processes [49]. The degradation rates of halophenolic compounds 
(Fig. S24) increased in the order F < Cl < Br, with bromophenol showing 
a higher rate constant (3.39 min− 1) than PN (2.51 min− 1). This trend 
qualitatively agrees with the substituent effect of halogens, as the 
increasing polarizability from F to Br may facilitate the oxidative attack 
of electron-rich phenolic substrates. These substrate-dependent reac
tivity patterns, together with the strong anti-interference performance of 
the Fe-N2O2/PMS system, further suggest the involvement of selective 
ROS pathways, which were subsequently investigated through quench
ing, EPR, and electrochemical analyses.

Liquid chromatography-mass spectrometry (LC-MS) analysis identi
fied six intermediates during PN degradation in the Fe-N2O2/PMS sys
tem (Fig. S25 and Table S10). As shown in Fig. 2g, PN was first 
hydroxylated to catechol and hydroquinone (MW = 110) [50,51], fol
lowed by further oxidation to benzoquinone (MW = 108). Subsequent 
ring opening generated small carboxylic acids, such as fumaric acid 
(MW = 116), supporting progressive oxidative transformation of PN and 
remaining consistent with the observed 73.1% TOC reduction after 
30 min. Although phenolic intermediates and benzoquinone are difficult 
to detect due to their low ionization potentials and high reactivity [52], 
the detected phenol-quinone adducts support the proposed pathway. 
The structures of TP1–TP4 were tentatively assigned based on the cor
responding MS signals in Fig. S25 and are presented as proposed rather 

than definitive intermediates.

3.3. ROS identification and catalytic mechanism

Heteroatom modulation has been widely recognized as an effective 
strategy for tuning the coordination environment of single-atom cata
lytic sites and steering ROS generation pathways [21]. To elucidate the 
dominant ROS and catalytic mechanisms in the Fe-N2O2/PMS and 
Fe-N4/PMS systems, quenching experiments, electron paramagnetic 
resonance (EPR), and electrochemical analyses were systematically 
conducted [53,54]. Tert-butanol (TBA) was used as a scavenger for 
hydroxyl radicals (⋅OH), whereas methanol (MeOH) was employed to 
quench both sulfate radicals (SO4⋅-) and hydroxyl radicals (⋅OH). 
Furthermore, p-benzoquinone (p-BQ) and furfuryl alcohol (FFA) were 
used as quenching agents for superoxide radicals (O2⋅-) and singlet ox
ygen (1O2), respectively [24,25,55,56]. Dimethyl sulfoxide (DMSO) was 
further introduced to examine the possible involvement of high-valent 
metal-oxo intermediates, specifically Fe(IV)=O, in PMS activation and 
pollutant degradation [57].

To probe the possible participation of Fe(IV)=O, quenching tests 
were first performed at different scavenger concentrations (Fig. S26a). 
As shown in Fig. 3a, both catalysts still achieved complete PN degra
dation in the presence of DMSO, although the reaction rate of Fe-N2O2/ 
PMS decreased to 0.91 min− 1. This substantial decrease suggests the 
possible involvement of DMSO-sensitive oxidative species, including 
high-valent Fe–oxo intermediates [58]. Since abundant Fe(IV)=O for
mation usually requires favorable redox conditions or additional driving 
forces, its dominant contribution is considered less likely in the present 
system [53,59]. However, because DMSO is not a selective probe and 
direct spectroscopic evidence is unavailable, the formation and quanti
tative contribution of Fe(IV)=O cannot be conclusively confirmed or 
excluded. Scavengers may also consume PMS or compete with pollut
ants for catalyst surface sites. These effects could lead to an underesti
mation of the 1O2 contribution [60]. Therefore, the appropriate 
concentration of the 1O2 inhibitor was determined in advance (Fig. S26). 
In the Fe-N4/PMS system, p-BQ markedly inhibited PN degradation 
(Fig. 3a and Fig. S27b). In contrast, quenching SO4⋅-, ⋅OH, or 1O2 had 
little effect on the degradation kinetics. These results indicate that O2⋅- 

was the dominant reactive species in this system. By contrast, p-BQ and 
FFA suppressed PN degradation in the Fe-N2O2/PMS system by 72.76% 
and 54.73%, respectively (Fig. 3a and Fig. S27a). This result indicates 
the involvement of both O2⋅- and 1O2. Notably, the pronounced inhibi
tion caused by p-BQ suggests that O2⋅- or O2⋅--related pathways play a 
crucial role in PN degradation. These findings suggest that Fe-N2O2 sites 
facilitate the conversion of O2⋅- into 1O2, while O2⋅- itself may still 
contribute to the initial oxidation of PN. Because of its anionic character, 
O2⋅- generally exhibits limited reactivity toward electron-rich aromatic 
centers [13]. In contrast, 1O2 can selectively attack such sites, making 
the Fe-N2O2/PMS system more favorable for selective pollutant oxida
tion [61]. This conclusion was further corroborated by quenching ex
periments using L-histidine as an additional 1O2 scavenger (Fig. S26b) 
[60].

EPR characterization was performed using 5,5-dimethyl-1-pyrroline- 
N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidinol (TEMP) as spin- 
trapping agents [62]. DMPO-EPR signals assigned to ⋅OH, SO4⋅⁻, and 
O2⋅⁻ were detected in both systems (Fig. 3b). Under the same measure
ment conditions, the corresponding DMPO signals of Fe-N2O2 were 
weaker than those of Fe-N4. As shown in Fig. 3c, a distinct TEMP-1O2 
triplet signal appeared in the Fe-N2O2/PMS system, whereas no such 
signal was observed in the Fe-N4/PMS system. This result provides direct 
EPR evidence for 1O2 generation in the Fe-N2O2/PMS system and in
dicates that 1O2 participates as an important reactive species. Moreover, 
the degradation rate decreased in heavy water (D2O) rather than 
showing the classical solvent-isotope enhancement expected for a purely 
1O2-controlled process (Fig. S28). This observation suggests that 1O2 
participates in PN oxidation but is not an exclusive pathway, with 
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electron transfer and other PMS activation routes also contributing [63]. 
After O2⋅- quenching, the 1O2 signal was suppressed (Fig. 3d), suggesting 
that O2⋅--mediated conversion may contribute to 1O2 generation [64]. 
However, the present results cannot distinguish this pathway from PMS 
self-decomposition or direct 1O2 formation through catalyst–PMS com
plexes. Therefore, these routes are considered possible coexisting path
ways rather than independently established mechanisms. 
Semi-quantitative quenching analysis suggested comparable apparent 
involvement of 1O2 and O2⋅- in the Fe-N2O2/PMS system. In the 
Fe-N4/PMS system, the quenching-derived apparent involvement index 
of O2⋅- reached 98.9% (Fig. 3e). Because the quenchers are not fully 
selective and the ROS pathways are interconnected, the percentages in 
Fig. 3e should be regarded only as semi-quantitative indicators for 
comparing relative ROS involvement under the tested conditions, rather 
than as absolute, independent, or additive pathway contributions. 
Combined with the quenching results, these findings support the view 
that N,O co-coordination promoted further 1O2 generation in the 
Fe-N2O2/PMS system. The generated 1O2 likely attacked electron-rich 

aromatic regions through a cycloaddition-type process, thereby 
contributing to substantial oxidative transformation and supporting a 
synergistic degradation pathway involving both radical and non-radical 
processes [65]. Nevertheless, contributions from interfacial electron 
transfer and other PMS activation pathways cannot be excluded, while a 
possible involvement of high-valent Fe–oxo species also remains to be 
further verified.

Since previous reports have indicated that co-adsorption of PMS and 
pollutants on catalyst surfaces may trigger direct electron-transfer 
pathways during pollutant oxidation [66], open-circuit potential tests 
(OCPT) were conducted to probe the electron-transfer process (Fig. 3f). 
After PMS addition at 200 s, the potentials of both Fe-N2O2/PMS and 
Fe-N4/PMS increased markedly, indicating catalyst–PMS complex for
mation accompanied by electron redistribution. Subsequent PN addition 
caused a larger potential drop in Fe-N2O2/PMS (0.033 V) than in 
Fe-N4/PMS (0.019 V), whereas no obvious change occurred in the blank 
group, supporting more pronounced interfacial electron transfer in the 
Fe-N2O2 system.

Fig. 3. (a) Degradation of PN in the Fe-N2O2/PMS system with the presence of various quenching agents; ROS identification and catalytic mechanism EPR spectrum 
of the different systems captured by DMPO and TEMP for detection of (b)⋅OH, O2⋅-, SO4⋅-, and (c-d) 1O2; (e) apparent relative ROS involvement estimated from 
quenching experiments (semi-quantitative); (f) open-circuit potential profiles of Fe-N2O2 and Fe-N4 recorded during the sequential addition of PMS solution (1 mM) 
and PN; (g) EIS plots of Fe-N2O2 and Fe-N4; (h) CV curves of Fe-N2O2 and Fe-N4. Reaction conditions: [PN]0 = 10 mg L− 1, [PMS]0 = 1.0 mM, [catalyst]0 
= 0.15 g L− 1, initial pH = 6.7.
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This conclusion was further supported by electrochemical imped
ance spectroscopy (EIS). As depicted in Fig. 3g, the charge-transfer 
resistance of Fe-N2O2 was approximately five times lower than that of 
Fe-N4, indicating that the four-coordinate Fe-N4 structure hindered 
electron migration because of stronger electron localization [25,67,68], 
whereas oxygen incorporation improved the electronic conductivity of 
the catalyst. Linear sweep voltammetry (LSV) further revealed distinct 
redox behavior between the two catalysts. Fe-N2O2 exhibited oxidation 
peaks at 1.05 and 1.50 V (Fig. S29a), whereas Fe-N4 showed only one 
peak near 1.50 V (Fig. S29b). Considering the coexistence of Fe2+ and 
Fe3+ identified by XPS, the additional 1.05 V peak may be associated 
with a Fe-centered redox process involving Fe2+/Fe3+. These results 
indicate that N,O coordination alters the redox behavior of the Fe sites 
and facilitates interfacial electron transfer [69]. As shown in Fig. 3h, 
cyclic voltammetry (CV) measurements further showed a higher 
oxidation peak potential for Fe-N2O2. The current response increased 
after the addition of both catalysts, which was attributed to the forma
tion of catalyst-PMS complexes [69,70]. Notably, after PN was intro
duced into the Fe-N2O2/PMS system, the intensity of the oxidation peak 
decreased, indicating that electron transfer occurred between PN and 
PMS on the catalyst surface [71]. In contrast, the Fe-N4/PMS/PN system 
showed only a slight leftward shift of the oxidation peak with minimal 
current variation, reflecting less efficient electron transfer. Collectively, 
OCP reflects the potential response associated with catalyst–PMS 
interaction and PN-induced electron transfer, EIS demonstrates facili
tated charge migration, and LSV/CV reveal enhanced redox and inter
facial charge-transfer behavior. These complementary results indicate 
that N,O coordination promotes electron migration and interfacial 
electron transfer in Fe-N2O2 during PMS activation [24]. Although 
quenching, EPR, and electrochemical results support the proposed 
mechanism, the contribution of each pathway requires further operando 
investigation.

3.4. Theoretical calculations of N,O-coordination effect in single-Fe-atom 
catalysts

To further understand the experimentally observed charge-transfer 
behavior and ROS pathway shift, density functional theory (DFT) cal
culations were performed to investigate how N,O co-coordination reg
ulates the electronic structure of Fe sites and PMS activation. The 
calculations employed idealized models and focused on PMS adsorption, 
interfacial charge redistribution, and O* formation rather than the 
complete ROS generation network or reaction kinetics [24]. The 
EXAFS-fitted Fe-N and Fe-O coordination numbers were 2.6 ± 0.2 and 
2.5 ± 0.5, with bond lengths of 2.04 ± 0.03 and 1.87 ± 0.03 Å, 
respectively, whereas the idealized DFT model contained two N and two 
O ligands with optimized Fe-N and Fe-O bond lengths of 1.86 and 
1.93 Å. These differences arise because EXAFS reflects the 
ensemble-averaged local environment of real Fe sites, whereas DFT 
represents an isolated, optimized N,O-coordinated model. Thus, the DFT 
structure is used for comparative electronic-structure and 
PMS-activation analysis rather than as an exact reproduction of the 
EXAFS-derived local structure.

The oxygen atoms that could potentially coordinate with the Fe 
center were denoted as O1, O2, and O3. As illustrated in Fig. 4a, both Fe- 
N2O2 and Fe-N4 exhibited similar adsorption trends toward PMS. In both 
systems, the O2 site showed relatively weak adsorption. The O1 site was 
the most favorable adsorption site for both catalysts, with similar 
adsorption energies (-1.25 and − 1.29 eV), indicating effective PMS 
anchoring in both systems. O1 was identified as the preferred adsorption 
configuration and determined the initial anchoring mode of PMS. O3 
was further considered because of its closer association with peroxide- 
bond activation. Therefore, under the O1 and O3 adsorption configu
rations, the frontier molecular orbital distribution, electron-transfer 
capability, and activation Gibbs free energy change (ΔG) of the cata
lysts were further analyzed.

Fig. 4. (a) Adsorption energies (Eads) of two catalysts on different PMS oxygen sites; (b) HOMO/LUMO energy level diagrams of the two catalyst systems after PMS 
adsorption at the O1 and O3 sites; (c) Natural Bond Orbital (NBO) diagram of a 3d lone pair electron on the Fe atom for PMS adsorption at the O1 site on Fe-N4 and 
Fe-N2O2; (d) Possible mechanism step diagram of 1O2 generation by PMS activation; Energy profiles of PMS activation at the (e) O1 and (f) O3 sites for the Fe-N4/PMS 
and Fe-N2O2/PMS systems.
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As shown in Fig. 4b, molecular reactivity can be effectively reflected 
by the highest occupied molecular orbital (HOMO) and lowest unoc
cupied molecular orbital (LUMO) energy levels, which are commonly 
used as global reactivity descriptors. Compared with Fe-N4, Fe-N2O2 
exhibited a higher HOMO energy level and a narrower HOMO-LUMO 
gap under both the O1 and O3 adsorption configurations. Notably, at 
the O1 site, the energy gap decreased from 1.41 eV for Fe-N4 to 1.22 eV 
for Fe-N2O2. This narrower gap indicates a greater tendency for elec
tronic redistribution. Together with the orbital distribution, this result 
suggests enhanced interfacial charge-transfer capability between Fe- 
N2O2 and PMS.

Subsequently, natural bond orbital (NBO) analysis was conducted to 
evaluate electron transfer between the Fe centers and PMS in the two 
catalysts. In the isolated state, Fe-N2O2 showed a higher Fe charge 
(+2.01 e) than Fe-N4 (+1.90 e), consistent with the higher Fe oxidation 
state observed by XANES and the reduced electron density at the Fe 
center (Fig. S30). When PMS was adsorbed through the O1 site, the Fe 
charge in Fe-N4 decreased from + 1.90 e to − 0.46 e. This 2.36 e change 
suggests pronounced electron accumulation at the Fe center. In Fe-N2O2, 
the Fe charge decreased from + 2.01 to + 0.66 e, accompanied by 
charge redistribution over the coordinating N and O atoms. As shown in 
Fig. 4c, the Fe 3d electron cloud in Fe-N2O2 extended more markedly 
toward PMS, displaying stronger orbital directionality and spatial 
overlap than Fe-N4. A similar trend was observed for O3-site adsorption. 
NBO analysis revealed that N,O co-coordination disrupted the sym
metric Fe-N4 environment and induced Fe 3d orbital polarization, 
thereby optimizing the electronic structure of the Fe active center and 
consequently altering the PMS activation pathway (Fig. S31).

This charge-transfer mode reduced electron accumulation at the Fe 
center [72] and promoted more directional charge migration between 
Fe-N2O2 and PMS (Fig. 3g). To further elucidate the energetic differ
ences in PMS activation between Fe-N2O2 and Fe-N4, the thermody
namics of selected activation steps at the O1 and O3 sites were compared 
(Fig. 4e). At the O1 site, the PMS activation sequence can be described as 
PMS → PMS* → SO4* + OH- → OH* → O*, where * denotes an adsorbed 
intermediate. After PMS adsorption on the active site, O-O bond cleav
age occurs first to generate adsorbed SO4* and free OH-. This step was 
thermodynamically favorable on both catalysts, with ΔG values of 
− 1.38 eV for Fe-N2O2 and − 1.23 eV for Fe-N4. A subsequent substitu
tion process then yields adsorbed OH*, suggesting that both catalysts 
exhibit stronger affinity for hydroxyl species than for the SO4* fragment. 
At the O3 site, PMS also undergoes initial O-O bond cleavage, but direct 
substitution of SO4* by OH* is thermodynamically unfavorable, 
implying that catalyst-bound OH* species are more likely formed at 
distinct adsorption sites and act as essential precursors for subsequent 
elementary steps.

Among the modeled steps, the largest energetic difference between 
the two catalysts was observed for the OH* → O* conversion. For Fe- 
N2O2, the ΔG for the OH* → O* step is − 2.37 eV, indicating a sponta
neous process. In contrast, the same step on Fe-N4 involves a positive ΔG 
of 0.42 eV and is therefore thermodynamically less favorable. This en
ergetic difference indicates that O* formation is thermodynamically 
more favorable on Fe-N2O2. Previous studies have proposed O*-related 
pathways for 1O2 formation [73]. Overall, these results indicate that N,O 
co-coordination modifies the local electronic environment of Fe 
single-atom sites and lowers the ΔG of O* formation, consistent with the 
experimentally observed involvement of 1O2 during PMS activation. 
However, the DFT calculations should be viewed as a comparative 
theoretical analysis rather than a complete description of the 1O2 for
mation mechanism, given the simplifications inherent in the idealized 
model.

3.5. Potential practicability and continuous operation tests

To evaluate the operational feasibility of the Fe-N2O2/PMS system 
under laboratory conditions, its durability and reusability were further 

examined through cycling experiments, continuous-flow tests, and post- 
reaction structural characterization. Fe-N2O2 retained measurable cat
alytic activity over the first four consecutive cycles (Fig. 5a). Its crystal 
structure, FTIR spectra, and Raman spectra remained largely unchanged 
(Fig. S32). Therefore, the activity decay was more likely associated with 
surface-state evolution rather than bulk structural collapse. Moreover, 
only 0.0017 mg L− 1 of Fe ions (0.006%) was detected in the post- 
reaction solution, indicating the absence of secondary pollution.

To clarify the origin of activity loss, XPS was performed before and 
after catalysis. The results showed that the proportion of C-N bonds in 
Fe-N2O2 decreased by 4.30 at% after reaction (Fig. S33a and Table S5). 
In addition, the Fe-N content increased by 4.45 at%, whereas the Fe-O 
content decreased by 6.36 at% (Fig. S33b-d, Table S6, and Table S8), 
indicating that the coordination environment of Fe sites was altered 
during catalysis. Such deactivation was likely associated with the 
occupation of active sites by PN-derived intermediates. Notably, the 
used catalyst was regenerated by thermal treatment at 600 ◦C for 2 h 
under N2, followed by cooling, washing, and drying [74]. After regen
eration, the Fe content remained stable at 1.95 wt%, and PN degrada
tion efficiency recovered to above 95% (Fig. 5a), confirming the 
effective recovery of catalytic activity.

The applicability of the Fe-N2O2/PMS system was further verified in 
different water matrices, including tap water, river water, lake water, 
and pond water. As shown in Fig. 5b, these complex matrices exerted no 
significant adverse effect on PN removal, which may be related to the 
relatively strong resistance of 1O2 to interference from common back
ground constituents in real waters [73,75]. The aqueous TOC removal 
was further evaluated in different water matrices. TOC removal reached 
83.22% in tap water and remained around 75% in river and lake water. 
Because these matrices contain background organic constituents and a 
complete carbon balance was not established, these values are reported 
as aqueous TOC removal rather than PN mineralization efficiencies. 
Together with the maintained PN removal, these results indicate that the 
Fe-N2O2/PMS system retains appreciable oxidation performance under 
the tested water-matrix conditions.

To facilitate catalyst recovery, polyacrylonitrile (PAN) was used 
primarily as a physical membrane support, and PAN, Fe-N4/PAN, and 
Fe-N2O2/PAN membranes were fabricated by electrospinning. SEM 
images (Fig. S34) showed that the pristine PAN membrane exhibited a 
smooth fibrous network, whereas the Fe-N4- and Fe-N2O2-loaded 
membranes displayed obvious particle deposition on the fiber surfaces 
(Fig. S35 and Fig. 5c), confirming successful catalyst loading. The as- 
prepared membranes were then assembled into a custom-made trans
parent flow cell (Fig. 5d) for continuous degradation experiments. 
Under continuous-flow conditions, the Fe-N2O2/PAN membrane main
tained > 94.9% PN removal within 36 h (Fig. 5e), whereas the Fe-N4/ 
PAN membrane achieved approximately 50% removal. This difference 
can be attributed to its weaker adsorption capacity and lower intrinsic 
catalytic activity. The continuous-flow test used a lower PN concentra
tion (1 vs. 10 mg L− 1 in batch tests) and was therefore intended to assess 
sustained operation rather than direct batch comparison. Under 
extended operation for 72 h, the Fe-N2O2/PAN membrane showed a 
gradual decrease in PN removal efficiency, likely due to the accumula
tion of oxidation intermediates and by-products that partially block Fe- 
N2O2 active sites and hinder PMS activation [76]. The blank PAN 
membrane was also evaluated, confirming that PN removal was domi
nated by the supported catalyst rather than PAN itself. Thus, PAN 
mainly provided mechanical support and facilitated catalyst immobili
zation and recovery. Overall, the membrane experiment demonstrates 
the feasibility of sustained continuous-flow operation under the speci
fied laboratory conditions. However, the relatively high PMS-to-PN 
ratio, the energy demand associated with thermal regeneration at 600 
◦C, and the absence of a complete set of engineering parameters limit 
direct extrapolation to practical water treatment. Further optimization 
of oxidant dosage, hydraulic conditions, regeneration strategy, and 
long-term operation in real wastewater is therefore required.
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4. Conclusion

In summary, Schiff-base pre-coordination was employed to construct 
an N,O-coordinated Fe single-atom catalyst. Structural and spectro
scopic analyses supported the formation of N,O-coordinated Fe sites and 
the associated modulation of the Fe electronic structure. Fe-N2O2 
exhibited a specific activity of 165.45 min− 1 mg g− 1 and 73.1% TOC 
removal within 30 min. The observed catalytic enhancement is consid
ered to arise from the combined effects of coordination-induced elec
tronic regulation and material properties. Combined experimental and 
theoretical results show that regulation of the Fe coordination micro
environment alters electron-density distribution, facilitates interfacial 
charge transfer, and lowers the ΔG of O* formation. These effects are 
consistent with the enhanced involvement of 1O2 during PMS activation. 
Cycling and continuous-flow experiments further demonstrate opera
tional feasibility under the specified laboratory conditions, while further 
optimization is required before practical water-treatment applicability 
can be established. These findings establish a structure–electronic 
property–reactivity relationship between Schiff-base-directed N,O co
ordination, Fe electronic redistribution, and PMS activation, providing a 
basis for coordination engineering of single-atom catalysts.
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