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ABSTRACT: Single-atom catalysts (SACs) have
emerged as a promising frontier in Fenton-like
processes. However, optimizing their isolated and
dispersed active sites remains a major challenge.
Herein, a Mn-modulated dual-Fe-site catalyst (FeMn-
NC) featuring both Fe single atoms and Fe
nanoclusters was developed. Mn incorporation
promoted the formation of Fe nanoclusters composed
of Fe® and Fe,sMn,,C species. The catalyst achieved
97.1% tetracycline (TC) degradation via
peroxymonosulfate (PMS) activation, with a reaction
rate constant (k) of 0.1152 min™, arising from the
synergistic interplay between Fe single atoms and Fe
nanoclusters. Mechanistically, Fe single atoms
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dominated the non-radical pathway, whereas Fe nanoclusters enhanced electron transfer and introduced a complementary
radical route. Density functional theory (DFT) calculations revealed that the coexistence of Fe single atoms and Fe
nanoclusters optimized charge distribution and the Fe d-band center, thereby enhancing electron delocalization and
promoting PMS adsorption, O-O bond activation, and interfacial Bader charge transfer. Additionally, Fukui function
calculation, intermediate products analysis, and wheat germination assays confirmed the reduced environmental toxicity of
pollutants after catalytic degradation. This work provides new insights into the rational design of SACs with multiple active

sites for the efficient catalytic PMS activation.

KEYWORDS: single-atom Fe, Fe nanoclusters, Mn modulation, peroxymonosulfate activation, antibiotic wastewater

purification

1 Introduction

As emerging contaminants, antibiotics exert a well-documented
detrimental impact on public health and ecosystems [1, 2]. The
Fenton reaction has emerged as an efficient and straightforward
solution for antibiotic degradation [3—5]. Within the research area
of advanced oxidation processes, peroxymonosulfate (PMS)-
activated systems have been extensively investigated due to their
robust reactive oxidation species (ROS) generation capability,
underscoring their utility in wastewater treatment applications [6, 7].
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However, the slow decomposition kinetics of peroxide bond in
PMS molecules limit its practical application, thus, the effective
PMS activation methods should be developed to enhance the yield
of ROS [8, 9]. Current strategies for PMS activation can be broadly
categorized into thermal, radiative, transition metal-based, carbon-
based, and alkaline approaches [10]. Among these, transition metal-
based catalysts are particularly attractive due to their cost-
effectiveness, environmental benignity, and high activation
capability; however, their practical application is often limited by
particle agglomeration, metal leaching, and low PMS utilization
efficiency [11, 12]. Therefore, the development of transition metal
catalysts with enhanced dispersibility, improved stability, and
superior degradation performance represents a crucial challenge in
persulfate activation for antibiotic wastewater treatment.
Single-atom catalysts (SACs), with their multifunctionality in
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generating ROS, forming high-valent metal-oxo species, and
mediating electron transfer, have thus emerged as an ideal
candidate for PMS activation [13—15]. SACs with structures such as
Fe-pyridinic N, can synergistically enhance PMS activation by
inducing electron-deficient regions in adjacent carbon atoms [16].
Also, adjusting spacing between adjacent Fe sites enhances
electronic interaction and cooperative adsorption, improving
stability and efficiency [17]. Moreover, unsaturated coordination
(e.g., FeN,) further boosts activity by elevating local electron density
and optimizing PMS interaction, accelerating high-valent Fe species
formation [18]. Additionally, multi-heteroatom designs (e.g., axial
O and second-shell P doping) enable synergistic PMS adsorption
and intermediate desorption, promoting selective 'O, generation
with high adaptability [19]. Despite these advances, conventional
single-atom catalysts still face challenges such as low metal loading,
limited active-site diversity, and insufficient stability, hindering their
practical application in wastewater treatment [20, 21].

The coexistence of single atoms and nanoclusters provides
complementary active sites and enhances electronic interactions,
collectively improving charge transfer and steering ROS reaction
pathways for efficient PMS activation [22, 23]. For example, Fe
nanoclusters with atomic sites promote adsorption-driven PMS
activation, while Fe-N, centers alongside particles favor charge
redistribution and non-radical pathways [24, 25]. When aligned
vertically in three-dimensional (3D) carbon frameworks, these
synergistic structures drive cooperative electron transfer, yielding
both radical and non-radical oxidants with enhanced stability [26].
In systems like CoNPs-SAs@N-C, encapsulated particles further
enhance mass transport and intensify electronic interactions at
atomic sites, boosting singlet oxygen generation and catalytic
durability [27]. Moreover, iron nanoclusters modulate Fe-N, sites
through a remote effect, lowering the reaction barrier and
enhancing the reaction kinetics [28]. Therefore, the deliberate
integration of single atoms with nanoclusters represents an intrinsic
strategy for tailoring the electronic structure of active sites and
enabling the development of efficient, adaptable, and stable PMS-
activating catalysts. Nevertheless, the controlled coexistence of these
two distinct sites within a single catalyst remains challenging, as
straightforward and reliable synthetic routes for constructing such
synergistic systems are still scarce.

Therefore, a Mn-modified dual Fe-site catalyst (FeMn-NC) was
designed to activate PMS for enhanced tetracycline (TC)
degradation. It exhibited high catalytic performance, which was
systematically correlated with its structural characteristics, reaction
kinetics, and stability. The reaction mechanism was elucidated
through  electrochemical characterization, ROS quenching
experiments, and electron paramagnetic resonance (EPR)
spectroscopy. The degradation pathways of TC and its
environmental impact were further investigated via liquid
chromatography-mass  spectrometry (LC-MS) and toxicity
evaluation. All experimental observations were supported by
density functional theory (DFT) calculations. This study provides
valuable design insights for the development of efficient and low-
cost dual-site catalysts featuring synergistic single-atom and
nanocluster configurations for the removal of emerging
contaminants from wastewater.

2 Experimental

2.1 Materials and chemicals

Tetracycline antibiotics, including TC (99%), oxytetracycline (OTC,
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99%), and chlortetracycline (CTC, 99%), as well as organic dyes
such as rhodamine B (RhB, 99%), methylene blue (MB, 99%), and
orange G (OG, 99%), were obtained from Macklin Biochemical
Co., Ltd., Shanghai, China. Potassium peroxymonosulfate (PMS, >
47%) and the ligand precursor 2-methylimidazole (HMeIM, 99%)
were also purchased from the same supplier. Other reagents,
including potassium hydroxide, ferric acetylacetonate (Fe(acac),,
99%), manganese(Il) chloride tetrahydrate (MnCL-4H,O, 99%),
zinc nitrate hexahydrate (Zn(NO,),6H,0, 99%), mineral acids
(HCl, 99%; H,SO,, 99%), and inorganic salts (NaCl, 99%; NaHCO,,
99%; NaNO;, 99%; NaH,PO,, 99%), were purchased from Tianli
Chemical Reagent Co. Ltd, Tianjin, China. Additionally, p-
benzoquinone (p-BQ, 98%), L-histidine (99%), and anhydrous
organic solvents—ethanol (EtOH, 99%), methanol (MeOH, 99%),
and tert-butanol (TBA, 99%)—were obtained from the same
supplier. Radical spin-trapping reagents, 2,2,6,6-tetramethyl-
piperidine (TEMP), and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO), each of 99% purity, were sourced from Sigma-Aldrich
(USA). All chemicals were used as received. Deionized water was
used for the preparation of all aqueous solutions.

2.2 Synthetic strategy

Zn(NO,),-6H,0, MnCl,-4H,O, and Fe(acac),; were dissolved in
methanol and combined with a separate methanolic solution of 2-
methylimidazole. The mixture was vigorously stirred at room
temperature for 12 h. The resulting precipitate was collected by
centrifugation, washed three times with methanol, and vacuum-
dried at 60 °C for 12 h. The obtained powder, denoted as FeMn-
ZIF8, was pyrolyzed under a flowing N, atmosphere at 800, 900, or
1000 °C for 2 h with a heating rate of 5 °C-min™ (Fig. 1(a)). For
comparison, NC, Mn-NC, and Fe-NC were prepared by direct
pyrolysis of ZIF-8, Mn-ZIF8, and Fe-ZIF8, respectively, under
identical conditions.

2.3 Characterizations

Catalysts were characterized by scanning electron microscopy
(SEM, JSM-6510LV), high-resolution transmission electron
microscopy (HR-TEM, FEI Talos F200x), and X-ray diffraction
(XRD, Shimadzu Ultima IV). The surface composition and valence
states were analyzed by X-ray photoelectron spectroscopy (XPS, K-
Alpha). X-ray absorption fine structure (XAFS, Singapore
Synchrotron Light Source) was used to investigate the coordination
environment and oxidation states of the single-atom catalysts.
Functional groups were characterized using Fourier-transform
infrared (FTIR) spectroscopy (Shimadzu IRTracer-10) and Raman
spectroscopy (Horiba LabRAM HR Evolution). Textural properties
were obtained from N, adsorption-desorption (ASAP 2460) via
Brunauer-Emmett-Teller (BET) analysis. Pollutant concentration
was quantified by UV-visible spectrophotometry (Shimadzu UV-
1780) at 357 nm. Total organic carbon (TOC) content was
measured on a Shimadzu TOC- L analyzer. Leached iron ions were
quantified by inductively coupled plasma-mass spectrometry (ICP-
MS, Agilent 7800). All electrochemical measurements, including
cyclic voltammetry (CV), chronoamperometry (i-t), and linear
sweep voltammetry (LSV), were conducted using a CHI600E
electrochemical ~ workstation. A standard  three-electrode
configuration was employed in a 100 mM Na,SO, electrolyte
solution [29]. EPR spectra (EMX micro) were recorded at 3500 G
using TEMP and DMPO to detect 'O, and SO,/*OH radicals,
respectively.
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Figure1 (a) Schematic synthetic illustration of FeMn-NC. (b,)-(b,) SEM images of ZIF8, Mn-ZIF8, Fe-ZIF8, and FeMn-ZIF8. (c,)-(c,) SEM images of N/C, Mn-N/C,
Fe-N/C, and FeMn-N/C. (d,) XRD characterization of N/C, Mn-N/C, Fe-N/C, and FeMn-N/C and (d,) Rietveld refinement for the diffraction pattern of FeMn-NC
containing Fe nanoclusters composed of Fe’ and Fe, ;Mn,,C. (e), (f), and (h) TEM images of FeMn-NC. (g) SAED pattern of FeMn-NC.

24 Degradation experiments

The degradation experiment was initiated by adding PMS and
catalyst into 50 mL of 0.1 mM pollutant solution under continuous
stirring. The activation energy (E,) and reaction rate constant (k)
were derived from concentration data, which were obtained by
sampling the reaction mixture at predetermined time points and
applying Egs. (1) and (2) [7]

“In (5) — kt (1)
Co

E,
Ink = —RT—HnA (2)

For kinetic analysis, C, and C, denoted the initial and time-
dependent pollutant concentrations, respectively, while T, R, and A
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represented the reaction temperature, universal gas constant, and
pre-exponential factor [30].

3 Results and discussion

3.1 Characterizations

SEM imaging confirmed the formation of precursor particles with a
rhombic dodecahedron morphology for ZIF8, Fe-ZIF8, Mn-ZIF8,
and FeMn-ZIF8 [31]. Notably, the FeMn-ZIF8 particles exhibited a
larger average size and a greater degree of size heterogeneity
compared to the other samples, particularly Fe-ZIF8. Importantly,
this dodecahedral framework was well-preserved in FeMn-NC even
after pyrolysis at 1000°C (Figs. 1(b) and 1(c)). Energy dispersive X-
ray spectroscopy (EDS) revealed a uniform dispersion of C, N, and
Fe within the FeMn-NC structure, confirming successful Fe
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incorporation into the N-doped carbon framework without
aggregation. Also, TEM images showed no discernible
nanoparticles or lattice fringes, indicating that Fe species were
primarily dispersed as single atoms on the carbon support. The
corresponding selected area electron diffraction (SAED) pattern
exhibited diffuse diffraction rings, which were indexed to the (005),
(211), and (220) crystallographic planes of carbon, Fe’, and
Fe,;Mn,,C, respectively [32].

The XRD characterization of NC, Mn-NC, and Fe-NC catalysts
(Fig. 1(d,)) exhibited similar structural features, with no distinct
peaks corresponding to iron carbides or oxides. However, the
introduction of manganese in FeMn-NC led to the emergence of
definitive peaks for Fe' and the concomitant formation of
Fe,;Mn,,C. Quantitative Rietveld refinement confirmed the phase
composition to be 93.17% Fe’ and 6.83% Fe,Mn, ,C (Fig. 1(d,)).

XPS analysis revealed no detectable Fe** or Fe™* signals in the Fe
2p spectra of all catalysts (NC, Mn-NC, Fe-NC, and FeMn-NC),
primarily due to the low Fe doping content (Fig. S4(b) in the
Electronic Supplementary Material (ESM)). A weak Fe’ peak was
detected in FeMn-NC but not in Fe-NC, indicating that Mn
introduction facilitated the reduction of Fe species. Analysis of the

C 1s XPS spectra revealed that the C-N peak of FeMn-NC
confirmed an increased degree of graphitization (Fig. 2(a)).
Similarly, the N 1s spectra showed that, compared with other
control samples, both graphitic nitrogen and Fe-N content in
FeMn-NC were increased (Fig. 2(b)). Similarly, the enhanced Fe-N
signal further supported the successful anchoring of iron single
atoms. In the O 1s high-resolution spectrum (Fig. 2(c)), the oxygen
vacancy content in FeMn-NC was 57.4%, significantly higher than
that in other control samples, while the lattice oxygen content was
only 7.9%, collectively suggesting a higher defect density and lower
iron oxide crystallinity in FeMn-NC.

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) measurements were
conducted to probe the immediate atomic environment
surrounding iron species. According to the Fe K-edge XANES data
(Fig. 2(d)), the average Fe oxidation state in FeMn-NC was situated
between that of metallic Fe(0) and Fe,O,(+3). A first-shell Fe-N
bond length of 1.94 A was determined by quantitative EXAFS
fitting, closely matching the 1.95 A observed in Fe-phthalocyanine
(Fe-Pc), confirming a similar Fe-N coordination environment
(Table S1 in the ESM). The Fourier-transform spectrum (Fig. 2(e))
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Figure2 (a)-(c) XPS spectra of C 1s, N 1s, and O 1s of NC, Mn-NC, Fe-NC, and FeMn-NC. (d) Normalized Fe K-edge XANES spectra of FeMn-NC and the
references. (e) Fe K-edge FT-EXAFS spectra of FeMn-NC and references. (f) EXAFS fitting curves of FeMn-NC in R space (inset is the proposed FeMn-NC architectures).

(g)- (1) WT-EXAFS plots of FeMn-NC and the references.
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exhibited prominent peaks at 1.34 and 2.22 A, corresponding to the
Fe-N(C) and Fe-Fe coordination shells, respectively. Notably, no
Fe-O scattering path was detected, indicating the absence of iron
oxides.

According to detailed fitting results (Fig. 2(f) and Figs. S6-S8 and
Table S1 in the ESM), the average first-shell coordination number
was 2.86 for Fe-N and 0.92 for Fe-C. These findings demonstrated
that controlled pyrolysis combined with Mn doping effectively
modulates the distribution of nitrogen/carbon species, enabling the
precise formation of a FeN,C coordination structure. Further
evidence for the distinct coordination states was provided by
wavelet transform analysis. The contour plot (Figs. 2(g)-2(i))
displayed an intensity maximum for FeMn-NC at 7.68 A’
positioned between the characteristic maxima for Fe-N (7.64 A™)
and Fe-Fe (8.3 A™) references. Based on these findings, the results
provided direct evidence for the simultaneous presence of both
isolated Fe atoms and Fe nanoclusters.

FTIR spectrum verified the successful preparation of the FeMn-
ZIF8 precursor and indicated the absence of specific functional
groups in FeMn-NC (Fig. S9 in the ESM) [33]. Furthermore, the
Raman spectrum of FeMn-NC showed a lower I,/I; ratio
compared to NC, Mn-NC, and Fe-NC, indicating a reduced defect
density and enhanced graphitization (Fig. S10 in the ESM) [34]. N,
physisorption measurements were conducted to evaluate the pore
structure of FeMn-NC, along with control samples and precursors
(Fig. S11 in the ESM). All adsorption-desorption isotherms
exhibited Type II characteristics, indicating that the materials are
primarily dominated by external surface adsorption with limited
microporosity, while still facilitating rapid pollutant diffusion and
exposure of active sites [35]. FeMn-NC exhibited a slightly higher
specific surface area and larger pore size (~ 40 nm) than Fe-NC,
enhancing the accessibility of active sites. Combined with the
synergistic interplay between Fe single atoms and nanoclusters,
these structural features contribute to the superior catalytic
performance of FeMn-NC.
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Figure3 (a) TC degradation of Fe-NC with different Fe molar ratios. (b) TC degradation of different catalysts, (c) different catalyst dosages, and (d) PMS concentrations
in the PMS/CAT system. (e) Kinetic characteristics of the PMS activation process and activation energies of only PMS and PMS + CAT (FeMn-NC). (f) Initial pH on the
PMS activation performance toward TC removal and zeta potential under various pH conditions. (g) PMS decomposition efficiency of different catalysts. (h) Recycling
tests on TC degradation in the PMS/FeMn-NC system. (i) Kinetic reaction rate constant comparison between FeMn-NC and the previously reported studies during the
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3.2 Catalytic performance

Figure 3(a) demonstrated that Fe-NC with 10% initial Fe loading
exhibited optimal PMS activation for TC degradation. The TC
removal efficiency in the PMS/Fe-NC system increased with
pyrolysis temperature from 800 to 1000 °C (Fig. S12 in the ESM),
and 1000 °C was identified as the optimal pyrolysis temperature.
FeMn-NC was subsequently synthesized via a one-pot process with
10% initial Fe loading, addition of manganese chloride, and
pyrolysis at 1000 °C. In the PMS activation system, FeMn-NC
achieved a TC degradation efficiency of 97.1%, significantly
outperforming the control samples.

As shown in Fig. 3(b) and Fig. S14 in the ESM, the PMS/FeMn-
NC system delivered a high TC removal efficiency of 97.1% with
the k of 0.1152 min™. FeMn-NC alone removed 23.7% of TC,
whereas PMS alone resulted in 45.5% removal (Fig. 3(c)).
Moreover, FeMn-NC exhibited substantial mineralization ability,
achieving 55.4% TOC removal within 1 h (Table S3 in the ESM).
TC removal efficiency increased with higher catalyst and PMS
concentrations, although no significant improvement was observed
once the catalyst concentration exceeded 0.1 gL' or PMS
concentration surpassed 0.5 mM (Figs. 3(c) and 3(d)). Overall, the
superior catalytic performance was attributed to the synergy
between Fe/Mn composition, pyrolysis-induced active sites, and
operational parameter. As shown in Fig. S13(b) in the ESM, FeMn-
NC exhibited effective PMS activation across a temperature range
of 10 to 40 °C, and the TC removal efficiency increased with
temperature. According to Fig. 3(e), the activation energy of the
PMS/FeMn-NC system was 37.91 k]-mol™, representing a 31.06%
reduction compared to the catalyst-free system. The results clearly
demonstrated that FeMn-NC significantly reduced the activation
energy (E,) of the PMS decomposition process, enhanced the
reaction rate, and substantially improved the PMS activation
kinetics.

Under varying acidic to alkaline conditions (pH 2-11), FeMn-
NC consistently achieved high efficiency in removing TC (Fig. 3(f)).
Given the pH-dependent speciation of tetracycline (predominantly
as TCH," at pH < 3.3, TCH,’ at pH 3.3-7.7, TCH™ at pH 7.7-9.7,
and TC* at pH > 97), this performance was particularly
remarkable [36]. Especially, the point of zero charge (pHpzc) for
the FeMn-NC was determined to be 4.0 (Fig. 3(f)). Although
electrostatic interactions between the catalyst and TC are expected
to vary with pH, the removal efficiency remained consistently high
across the entire pH range studied, even at values near the pHpzc.
These results highlighted the ability of FeMn-NC to mitigate
electrostatic repulsion on TC removal, and Figs. 3(g)-3(i) showed
its high PMS decomposition, stability, and advantages.

3.3 Electron transfer and ROS identification

CV measurements indicated that FeMn-NC exhibited the largest
electrochemical active surface area (ECSA) among all tested
samples, with a value of 102.15 cm*g™, due to its significant pseudo
capacitance (surface redox charge storage) (Fig. 4(a)) [37]. This
improvement was ascribed to the coexisting Fe° and single-atom Fe
surface structures, which increased the number of active sites and
expanded the reactive interface for electron transfer. LSV further
revealed a significantly stronger current response for FeMn-NC at
identical potentials (Fig. 4(b)), confirming that the synergistic effect
effectively enhanced intrinsic electron conduction and accelerated
interfacial charge transfer kinetics [38]. In i—t tests, FeMn-NC
exhibited an immediate increase in current upon PMS addition
(Fig. 4(c)), indicating that its dual-active-site structure facilitated
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more efficient electron transfer to PMS and enhanced ROS
generation compared with single-site catalysts [39]. The subsequent
current variation following TC addition confirmed the function of
the catalyst in mediating electron transfer between the pollutant
and oxidizer.

Open-circuit potential measurements showed that FeMn-NC
maintains a higher steady-state potential (0.4 mV), demonstrating
its enhanced capability to establish and sustain a stronger driving
force for electron transfer (Fig. 4(d)). This interpretation was
corroborated by galvanic observation procedure (GOP), where the
current increased notably from 35 to 160 pA (Fig. 4(e)), confirming
both the enhanced system-wide electron flux and the directional
electron transfer pathway (TC - catalyst > PMS) [40]. Moreover,
the k values of different catalysts showed a positive correlation with
key electrochemical parameters (pseudo-capacitance, current
response, and open-circuit potential), which was consistent with the
trend observed for TC degradation efficiency (Figs. 4(g)—4(1)).
These results provided direct evidence for the intrinsic connection
between electrochemical activity and catalytic performance.

To identify the primary ROS, quenching experiments were
carried out with MeOH, TBA, L-histidine, and p-BQ to quench
hydroxyl radicals (OH), sulfate radicals (SO,”), singlet oxygen
('0,), and superoxide radicals (O,”) (Figs. S20(a)-S20(d) in the
ESM) [41]. Quenching experiments demonstrated that TC
degradation was significantly inhibited by MeOH, TBA, and p-BQ
in a concentration-dependent manner, whereas L-histidine
exhibited negligible effects in the PMS/FeMn-NC system. These
findings demonstrated that in the PMS/FeMn-NC system, the
degradation process was predominantly driven by SO,, *OH, 'O,
and O,~, which contributed 34.8%, 32.3%, 22.9%, and 10.0% to the
overall degradation, respectively (Fig. 5(c)).

As presented in Fig. S22 in the ESM, distinct signals
corresponding to *OH and 'O, were observed within the initial
1 min of the reaction, indicating the rapid formation of these
reactive species at the initial stage. The sustained signals of ‘OH and
'O, observed over the following 10-min reaction period confirmed
their continuous generation during PMS activation. Moreover, EPR
measurements on different catalysts revealed that the FeMn-NC
system showed a markedly stronger DMPO-"OH signal intensity
than Fe-NC (Fig. 5(d)). This suggested that the presence of Fe°
facilitated PMS activation, effectively enhancing ‘OH generation.
Furthermore, as shown in Fig. 5(e), this system also demonstrated
the most prominent TEMP-'0O, signal intensity among all catalysts.
This confirmed that the incorporation of Fe’ also played a
contributory role in the single-atom iron-mediated activation of
PMS to generate 'O,.

Under a nitrogen-saturated (N,) atmosphere, the signal
intensities of the DMPO-"OH adducts remained largely unchanged
(Fig. 5(£)(4)), indicating that the conversion of ‘OH via the oxygen
reduction reaction pathway was insignificant. Under the same
anaerobic conditions, however, a marked reduction was observed in
the EPR peak intensity of the TEMP-'O, adduct (Fig. 5(g)(4)),
indicating that dissolved oxygen was crucial for 'O, formation. The
addition of MeOH substantially suppressed the EPR signals of
DMPO-'OH and TEMP-'O, adducts (Figs. 5(f)(5) and 5(g)(5)),
indicating that ‘OH and 'O, were formed via SO, -mediated
pathways (Egs. (3) and (7)). Upon the addition of TBA, the EPR
signal of the DMPO-OH adduct showed only slight attenuation
(Fig. 5()(6)). This limited reduction can be explained by the mutual
quenching reaction between SO, and ‘OH in the presence of this
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activation

specific scavenger, as described in Eq. (4). In contrast, a PMS % SO* + H,0 — *OH
4

pronounced decrease in the TEMP-'O, adduct EPR signal
(Figs. 5(g)(6)) demonstrated that ‘OH can be converted into 'O,.

The addition of L-histidine reduced both the DMPO-OH and H,0+°OH +S0; — SO; +H,0,+H"

TEMP-'O, EPR signals, indicating possible interconversion between
*‘OH and 'O,. The EPR signals for both the DMPO-‘OH and TEMP-
'0, adducts were suppressed upon the addition of p-BQ
(Figs. 5()(8) and 5(g)(8)), indicating the transformation of O, into

0! +°OH —'0,+OH"

*OH and 'O, (Egs. (5), (6), and (9)). Under N,-saturated conditions DMPO — O;” — DMPO —*OH

with p- BQ, the EPR signals were further suppressed (Figs. 5(f)(9)
and 5(g)(9)), confirming that even in an oxygen-free environment,
superoxide radicals can still convert into ‘*OH and 'O,. Furthermore,
the slightly higher pollutant degradation rate in D,0 than in H,O
provided supplementary evidence for the partial involvement of 'O,
as one of the reactive oxygen species (Fig. S23 in the ESM) [42-44].
Additionally, as shown in the Figs. 5(g)(8) and 5(g)(9), in the

SO. +0:" —'0,+S07"

SOj ™ accolerate

0, T o

presence of p-BQ, a small amount of SQ~ was generated. Under 0; —='0,

aerobic conditions, SQ™ can be converted into O, (Eq. (10)), which

subsequently gave rise to 'O, (Eq. (9)). The reaction mechanisms P—BQ —SQ" oo 1 p—BQ
2

were delineated as follows
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different reaction conditions.

3.4 DFT calculation

Figure 6(a) presented the electron localization function (ELF) maps
of Fe-NC and FeMn-NC, visualizing the spatial electron
localization. These findings suggested that single-atom Fe in Fe-NC
significantly enhanced the electron delocalization of the catalyst,
while FeMn-NC showed the highest electron delocalization among
all compared systems, which stems from the concurrent presence of
single-atom Fe and Fe nanoclusters [45]. This enhanced
delocalization was beneficial for electron transfer during the
catalytic process.

Density of states (DOS) analysis showed stronger electron state
hybridization near the Fermi level in FeMn-NC compared to other
catalysts (Fig. 6(b,)). This suggested that Fe nanoclusters
successfully modulated the electronic orbital configuration
around single-atom Fe, thereby promoting more efficient
interfacial electron transfer. Projected density of states (PDOS)
analysis showed that the Fe 3d d-band center in FeMn-NC shifted
to a position closer to the Fermi level (-0.96 eV) relative to
that in Fe-NC (-0.99 eV, Figs. 6(b,) and 6(b,)). This shift suggested

Nano Research, 2026, 19, 94908780

synergistic interactions between single-atom Fe and Fe
nanoclusters, which contributed to enhanced catalytic activity.
Moreover, the closer proximity of the Mn 3d orbitals to the Fermi
level, compared to the Fe 3d orbitals in FeMn-NC, provided further
evidence supporting the role of Fe nanoclusters in enhancing
catalytic performance [46, 47].

The adsorption energy calculations demonstrated that FeMn-NC
exhibited a significantly stronger adsorption energy with PMS
(-2.78 eV) than other control systems (Figs. 6(c,)-6(c,)). This
strong adsorption led to an elongation of the O-O bond length in
PMS to 1.493 A (Figs. 6(c,)—(c,)), which favored the decomposition
of PMS. Differential charge density analysis illustrated a more
pronounced electron transfer from the catalyst (blue region) to
PMS (yellow region) in the PMS/FeMn-NC system (Figs. 6(c,)-
6(c,)) [48]. Both single-atom Fe and Fe nanoclusters appeared as
charge depletion zones, confirming their cooperative role in
facilitating electron transfer from the FeMn-NC to PMS. Bader
charge analysis confirmed the greatest electron transfer (0.92 e)
in the PMS/FeMn-NC system, aligning with previous findings.

Furthermore, a correlation was established between k,, of
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different catalysts and key theoretical parameters (Fig. 6(d)). This
correlation confirmed the structure-activity relationship linking
these calculated parameters to the TC degradation performance via
PMS activation. In summary, this DFT investigation elucidated the
synergistic Fe single-atom/nanoclusters mechanism in activating
PMS from multiple perspectives, including electronic structure,
adsorption behavior, and charge transfer, providing a theoretical
foundation for understanding the high efficiency of this composite
catalytic system.

3.5 Pollutant degradation pathways

TC initial solution exhibited distinct fluorescence signatures of
fulvic-like (Region IV; Ex/Em: 250-280/280-380 nm) and humic-

{; ri%xy‘m;bi$t
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like substances (Region V; Ex/Em: 250-350/380-550 nm) (Fig.
S25(a) in the ESM) [49]. During TC degradation, signals of organic
intermediate products shifted to Region V after 5 min,
accompanied by a gradual attenuation of fluorescence intensity.
Figure S25(b) in the ESM summarized the calculated Fukui
function values for TC, which delineated three distinct categories of
reactive sites. Fukui function analysis identified three categories of
reactive sites: nucleophilic centers (high f values), susceptible to
substitution or addition; electrophilic sites (high f* values), prone to
nitrification and halogenation; and radical-sensitive sites (high f
values), vulnerable to attack by ‘OH and SO,~ [48]. The frontier
molecular orbitals of TC exhibited a clear spatial separation
between the highest occupied molecular orbital (HOMO)
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(-6.418 V) and the lowest unoccupied molecular orbital (LUMO)
(-2.254 eV) (Fig. S25(c) in the ESM). As indicated by the LC-MS
data presented in Fig. S25(d) in the ESM, distinct TC degradation
mechanisms were identified within the FeMn-NC/PMS system. In
Pathway I, initial deamination (Al) and deamidation (A2) were
triggered by ‘OH and SO,", leading ultimately to A-ring cleavage
(A3) mediated by 'O,. Pathway II involved concurrent deamination
(B1) and demethylation (B2), after which 'O, facilitated the opening
of the A-ring (B3). Pathway III was initiated via radical-based
deamidation (C1), followed by a combined deamination and
demethylation step (C2), and terminated with 'O,-promoted A-ring
opening (C3).

3.6 The proposed mechanism

Figure 7 illustrated the synthesis pathway of FeMn-NC and its
catalytic mechanism in the PMS system. Fe-NC contained only
single-atom Fe sites (FeN,C), whereas FeMn-NC featured a dual-
active-site structure comprising single-atom Fe and Fe nanoclusters
(93.17 % Fe' and 6.83 % Fe,sMn, ,C). During the one-step synthesis,
the adsorption of Mn* onto Fe-ZIF and subsequent pyrolysis
promoted the formation of Fe nanoclusters through two
mechanisms: Carbothermal reduction of Mn* generated metallic
Mn, which reduced high-valent Fe species to Fe’, and partial
substitution of carbon by Mn in the pyrolysis intermediate FeC,
induced the formation of the Fe ;Mn,,C phase. This indicated that
Mn served not only as a structural promoter to facilitate
nanocluster formation but also as an electronic modulator through
doping, thereby enhancing electron transfer between the catalyst
and PMS. Furthermore, KSCN (quenching single-atom iron sites)
[50] and NaH,PO, (quenching iron clusters) [51] quenching
experiments clearly revealed the distinct roles of single-atom Fe
sites and Fe nanoclusters in the PMS activation system (Fig. S24 in

complementary catalytic roles. Single-atom Fe sites primarily
governed a non-radical pathway, favoring 'O, generation. Fe
nanoclusters enhanced PMS adsorption (Figs. 6(c1)-6(c3)),
elongated the O-O bond (Figs. 6(c4) and 6(c5)), and promoted
formation of SO,~ and O, thereby reinforcing the radical pathway
(Figs. 5(d) and 5(e)). Additionally, Fe nanoclusters improved
interfacial electron-transfer efficiency, as evidenced by increased
ECSA, reduced Tafel slope, and a positive shift in open-circuit
potential (Figs. 4(a)-4(d)). Interactions between Fe nanoclusters
and single-atom Fe sites further enhanced electron delocalization
(Fig. 6(a)) and shifted Fe 3d orbitals toward the Fermi level
(Fig. 6(b)), facilitating electron transfer during catalysis. In
summary, the synergistic interplay between single-atom Fe and Fe
nanoclusters in FeMn-NC enabled concurrent non-radical and
radical pathways, optimized the electronic structure of active sites,
and enhanced electron-transfer efficiency, collectively improving
PMS activation and overall pollutant degradation.

3.7 Environmental applications

The environmental applicability and economic viability of the
PMS/FeMn-NC system were systematically evaluated. The
assessment encompassed degradation efficiency of various
contaminants in different water matrices, phytotoxicity assays based
on wheat seed germination, and an economic analysis using the
Electric Energy per Order (EE/O) method.

To assess practical potential, the influence of high ion
concentration (40 mM) was investigated, revealing that dihydrogen
phosphate (through competitive adsorption) [52], along with
ammonium and calcium ions (via pH-related effects), influenced
the degradation process [53]. Despite interfering ions, the system
sustained high degradation performance for multiple pollutants,
such as dyes (RhB, MB, OG) and antibiotics (TC, OTC, CTC), in

the ESM). real water matrices, with TC removal efficiency of 89.5% and 88.9%
The dual-active-site structure endowed FeMn-NC with for tap water and river water, respectively (Figs. 8(a)-8(c)). These
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results collectively demonstrated the robustness of the system and
underscore its potential for practical application. Further
reinforcing its practical utility, the catalyst exhibited favorable
recoverability due to its magnetic properties, and demonstrated
excellent operational stability by retaining over 90% degradation
efficiency throughout a 24-hour continuous test (Figs. 8(d) and
8(e)). Economically, the PMS/FeMn-NC system showed a notably
low EE/O value of 0.0015 kWh-m™ (Fig. 8(f)), which was reduced
by a factor of 2.86 relative to the PMS/NC system (0.0043 kWh-m™),
highlighting its significantly reduced energy consumption—a
critical advantage for scalable application [54, 55].

Toxicity assessments further supported the environmental safety
of the process. TEST software predictions indicated an absence of
mutagenicity for most low-molecular-weight intermediates
(Fig. 8(g)). In terms of acute aquatic toxicity, the Fathead Minnow
LC;, (Fig. S27 in the ESM) indicated reduced toxicity for most
intermediates, with values distributed across a spectrum from toxic
to non-toxic [56]. ECOSAR analysis indicated that most
intermediates exhibited relatively low acute and chronic toxicity
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towards fish, Daphnia, and green algae, with the exceptions of Al,
B2, and C1 (Fig. 8(h)) [57]. Consistent with these findings, the
wheat seed germination test confirmed a significant reduction in
the toxicity of TC after treatment (Fig. 8(i)).

4 Conclusions

In conclusion, a FeMn-NC catalyst with dual Fe sites, comprising
single-atom Fe and Fe nanoclusters, was successfully developed to
overcome the limitations imposed by isolated active sites in
conventional SACs. The synergistic combination of these two Fe
sites enabled concurrent non-radical and radical pathways during
PMS activation, resulting in significantly enhanced overall catalytic
performance. DFT calculations revealed that the dual-site structure
strengthened PMS adsorption, elongated the O-O bond, optimized
the Fe d-band center, and increased electron delocalization,
collectively  facilitating  interfacial ~charge transfer. These
computational insights directly correlate with the observed
structural features and experimental performance of the catalyst,
demonstrating that rational integration of multiple active sites can
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effectively modulate reaction pathways and improve catalytic
activity. This work provides a theoretical and structural basis for the
design of efficient and low-cost catalysts applied in Fenton-like
reactions for wastewater purification.

Electronic Supplementary Material: Supplementary material
(supplementary information to support the main findings, includes
3 calculation methods (described in the text), along with 28
supplementary figures and 7 supplementary tables) is available in
the online version of this article at https://doi.org/10.26599/NR.
2026.94908780.
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