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Ultrasmall CoSn bimetallic sites coordinated with the N-rich C2N framework create an asymmetric electronic environment for efficient

PMS activation. The resulting CoSn/C2N catalyst enables rapid sulfachloropyridazine degradation through a dominant 1O2-mediated

nonradical pathway.
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ABSTRACT: Precise construction of asymmetric bimetallic coordination sites is important for developing efficient Fenton-like
catalysts, but stabilizing such structures on nitrogen-rich carbon supports remains challenging. Herein, an ultrasmall CoSn
particle-supported C2N catalyst (CoSn/C2N) was prepared through a supramolecular assembly-assisted pyrolysis strategy using
melamine, cyanuric acid, CoPc, SnPc, and oxalic acid as precursors. The obtained CoSn/C2N exhibited a flower-like architecture
assembled from ultrathin wrinkled nanosheets, with highly dispersed CoSn particles mainly distributed at 1.0–1.2 nm. XANES, EXAFS
fitting, and WT-EXAFS analyses revealed the partially oxidized states of Co and Sn, confirmed Co–Sn coordination, and demonstrated
strong coupling between the bimetallic particles and the C2N. Benefiting from this unique local structure, CoSn/C2N efficiently activated
peroxymonosulfate for sulfachloropyridazine degradation, achieving complete removal within 10 min with an apparent rate constant of
0.25 min-1, higher than those of Co/C2N and Sn/C2N. The CoSn/C2N/PMS system maintained high activity over a broad pH range,
resisted interference from common ions and humic acid, and retained complete removal after five cycles. Quenching experiments and
EPR spectra identified singlet oxygen as the dominant reactive species, indicating a 1O2-mediated nonradical oxidation pathway. This
work provides a feasible strategy for designing C2N-confined bimetallic catalysts for antibiotic wastewater treatment.

KEYWORDS: asymmetric coordination; C2N; High-efficiency activation; Fenton-like reaction

1 Introduction
Antibiotic residues in aquatic environments have become

an increasingly serious environmental issue because of their
continuous discharge, biological persistence, and potential
contribution to the spread of antibiotic resistance[1,7,11].
Large amounts of antibiotics are used in pharmaceutical
production, livestock breeding, aquaculture, and clinical
treatment, but a considerable fraction cannot be fully
metabolized and is released into wastewater streams[2-6].
Among various antibiotic contaminants, sulfonamides are
frequently detected in pharmaceutical and livestock
wastewater due to their broad-spectrum antibacterial activity,
high consumption, and relatively stable molecular
structures[8-10]. Sulfachloropyridazine (SCP), as a
representative sulfonamide antibiotic, contains electron-rich
aromatic rings, sulfonamide groups, and heterocyclic
structures, which make it resistant to conventional biological
treatment. Even at trace concentrations, residual SCP may
induce ecological risks and promote the development of
resistant microorganisms. Therefore, developing efficient and
reliable treatment technologies for SCP-containing
wastewater is of great importance. Advanced oxidation

processes (AOPs) have attracted extensive attention because
they can generate highly reactive oxygen species capable of
decomposing refractory organic pollutants[12-15]. In
particular, peroxymonosulfate (PMS)-based oxidation systems
have been widely investigated owing to their high oxidation
potential, broad pH adaptability, and relatively easy activation
under mild conditions. However, the efficiency and selectivity
of PMS activation strongly depend on the structure and
electronic properties of the catalyst.[16-17] Therefore,
designing advanced catalysts with well-defined active sites
and controllable reaction pathways remains essential for
improving antibiotic degradation.
Transition-metal-based Fenton-like catalysts are among the

most effective materials for PMS activation because
transition-metal sites can mediate electron transfer and
promote the cleavage or transformation of PMS. Conventional
PMS activation systems are usually associated with the
generation of sulfate radicals and hydroxyl radicals, which
possess strong oxidation ability toward various organic
pollutants[18-21]. Nevertheless, radical-dominated pathways
often suffer from several limitations in practical water
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selective, and easily consumed by coexisting inorganic ions,
natural organic matter, and background water matrices[22].
These side reactions reduce the effective utilization of
oxidants and may weaken pollutant degradation in real
wastewater. Recently, nonradical PMS activation pathways
have emerged as attractive alternatives. Among them, singlet
oxygen-mediated oxidation has received increasing attention
because singlet oxygen exhibits relatively high selectivity,
better resistance to common water constituents[23-27], and
lower dependence on strongly acidic conditions. The
formation of singlet oxygen is closely related to the surface
electronic structure, local coordination environment, and
interfacial electron-transfer behavior of catalysts. In this
regard, bimetallic catalysts provide an effective platform for
tuning PMS activation pathways[28-30]. Compared with
monometallic catalysts, bimetallic systems can create
metal–metal interactions, redistribute electron density, and
generate asymmetric coordination environments. Such
structural features may modify PMS adsorption and activation
behavior, thereby regulating the generation of reactive oxygen
species[31-33]. However, bimetallic nanoparticles are prone
to aggregation during high-temperature synthesis, which
reduces the exposure of active sites and weakens structural
stability. Constructing ultrasmall bimetallic particles within a
confined nitrogen-rich carbon framework is therefore a
promising strategy to improve metal dispersion and stabilize
active coordination structures [34, 51-52].
C2N, as a nitrogen-rich two-dimensional carbon material,

provides a unique platform for anchoring metal species
because of its abundant nitrogen sites[35-36, 53], ordered
porous structure, and strong metal–support interactions. The
electron-rich nitrogen atoms in C2N can coordinate with metal
centers, restrict particle growth, and modulate the local
electronic structure of supported metal species. These
characteristics make C2N suitable for constructing confined
bimetallic catalysts with well-dispersed active sites [54-55].
Inspired by this, herein we developed an ultrasmall CoSn
particle-supported C2N catalyst through a supramolecular
assembly-assisted pyrolysis strategy. Melamine and cyanuric
acid were used as nitrogen-rich precursors to form a
hydrogen-bonded supramolecular framework, while cobalt
phthalocyanine and tin phthalocyanine served as Co and Sn
sources. Oxalic acid was introduced as an auxiliary
component to assist morphology regulation and precursor
assembly. After pyrolysis, ultrasmall CoSn particles were
uniformly anchored on a flower-like C2N-derived nanosheet
framework[37]. Structural characterizations revealed
homogeneous Co/Sn distribution, narrow particle-size
distribution, partially oxidized Co and Sn species, and clear

Co–Sn coordination, confirming the formation of a distinct
bimetallic local structure rather than separated metal or oxide
phases. The catalytic behavior of CoSn/C2N was evaluated by
PMS activation toward SCP degradation, with Co/C2N and
Sn/C2N used as comparison samples[38]. In addition,
quenching experiments and electron paramagnetic resonance
measurements were performed to identify the dominant
reactive oxygen species and clarify the oxidation mechanism.
This work aims to reveal the role of C2N-confined CoSn
bimetallic coordination in regulating PMS activation and
provides a feasible strategy for designing nonradical
Fenton-like catalysts for antibiotic wastewater
treatment[39-40].

2 Results and discussion
2.1Morphology and structure analysis of catalysts
Melamine and cyanuric acid were employed as

nitrogen-rich precursors to construct a hydrogen-bonded
supramolecular assembly through molecular self-organization.
During thermal treatment, melamine and cyanuric acid
undergo condensation and polymerization reactions,
providing a carbon nitride-like framework enriched with
nitrogen coordination sites[41]. In this synthesis, cobalt
phthalocyanine (CoPc) and tin phthalocyanine (SnPc) were
introduced as metal-containing molecular precursors, while
oxalic acid was used as an auxiliary carbon source and
structure-regulating agent. These components were uniformly
mixed in solvent to form a homogeneous supramolecular
intermediate, in which the metal centers and
nitrogen-containing organic building blocks were spatially
integrated at the molecular level.
Subsequent pyrolysis of the supramolecular intermediate at

850 °C under an argon atmosphere promoted the
carbonization of the organic precursors and the in situ
construction of Co/Sn-containing nitrogen-doped carbon
materials. During this process, the nitrogen-rich framework
derived from melamine and cyanuric acid provided abundant
coordination sites for anchoring metal species, while the
planar macrocyclic structures of CoPc and SnPc facilitated the
homogeneous dispersion of Co and Sn species within the
carbon matrix. Meanwhile, oxalic acid contributed to the
regulation of the porous and layered morphology by
participating in carbonization and gas-releasing
decomposition during pyrolysis. As illustrated in Figure 1, the
integrated supramolecular assembly strategy enables the
formation of a hierarchically stacked, flower-like carbon
architecture with highly dispersed Co/Sn-related active sites.
(Fig. 1(a))
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Figure 1 (a) Schematic illustration of the synthesis process of CoSn/C2N. (b) SEM image of CoSn/C2N. (c) TEM image of CoSn/C2N. (d)
HAADF-STEM image and corresponding elemental mapping images of CoSn/C2N. (e) HAADF-STEM image of CoSn/C2N. (f) Enlarged
HAADF-STEM image of CoSn particles anchored on C2N. (g) Particle size CoSn particles of the CoSn/C2N.
As displayed in Fig. 1(b) and Fig. S1 and S2 in the

Electronic Supplementary Material (ESM), the sample
exhibits a three-dimensional flower-like architecture
composed of numerous curved and wrinkled nanosheets.
These nanosheets are loosely stacked rather than densely
packed, suggesting the formation of an open layered
framework after thermal treatment. The TEM image further
confirms the sheet-like morphology of CoSn/C2N, in which
the nanosheets show transparent contrast, folded edges, and
overlapping regions, indicating their ultrathin nature and
flexible structural characteristics (Fig. 1(c)). The preservation
of this wrinkled nanosheet morphology suggests that the
supramolecular precursor can effectively direct the formation
of a two-dimensional carbon-based framework during
pyrolysis. Elemental mapping images reveal that C, N, and
the metal elements are uniformly distributed throughout the
nanosheet architecture, confirming the successful

incorporation of Co and Sn species into the nitrogen-doped
carbon matrix (Fig. 1(d)). No large metal aggregates can be
observed from the elemental distribution, suggesting that the
CoSn species are well dispersed within the carbon framework.
The high-resolution STEM images further show numerous
bright contrast domains distributed on the nanosheets, which
can be assigned to CoSn nanoparticles or nanoclusters
anchored on the carbon support (Figs.1(e) and 1(f)). These
particles are highly dispersed and closely associated with the
surrounding carbon matrix, indicating that the nitrogen-rich
framework derived from the precursor can effectively
stabilize the CoSn species during high-temperature pyrolysis.
The particle size distribution was obtained based on the
statistical analysis of the bright CoSn particles observed in
HAADF-STEM images. As shown in Fig. 1(g), the particle
size mainly falls in the range of approximately 1.0–1.2 nm,
with the dominant distribution centered around 1.0–1.1 nm.
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particles with a relatively narrow size distribution. The small
particle size can be associated with the uniform dispersion of
metal-containing precursors in the supramolecular
intermediate and theanchoring effect of the nitrogen-rich C2N
framework[42-44]. Overall, these structural characterizations
demonstrate that CoSn/C2N possesses a flower-like nanosheet
architecture, homogeneous Co/Sn distribution, and highly
dispersed ultrasmall CoSn particles supported on the C2N.
The XRD patterns (Fig. S3-S5 in the ESM) show no
characteristic diffraction peaks of g-C₃N₄ or large-size
metallic/oxide crystals, further supporting the formation of the
C₂N framework and the highly dispersed nature of the CoSn
species.
Raman spectroscopy was employed to further confirm the

nature of the carbon support. As shown in Fig. S6-S8 in the
ESM, the Raman spectra of CoSn/C2N, Co/C2N, and Sn/C2N
all exhibit characteristic D and G bands. The Iᴅ/Iɢ ratio of
CoSn/C2N was determined to be approximately 0.85, which is
consistent with typical values reported for C2N -based
materials. This result, together with elemental analysis (C/N ≈
2.0) and XRD patterns (Fig. S3-S5), confirms that the support

is C2N rather than g-C3N4 or N-doped carbon. High-resolution
XPS analysis reveals that the distinct C-N bond in C 1s
confirm the formation of the C2N framework, while the
well-defined Co-N bond in N 1s and the binding energy shifts
in Co 2p and Sn 3d jointly evidence the Sn-induced charge
transfer and asymmetric electronic distribution (Fig. S9 in the
ESM).
As shown in Fig. S10 in the ESM, the N2

adsorption-desorption isotherms of CoSn/C2N, Co/C2N, and
Sn/C2N exhibit typical Type IV curves with H3 hysteresis
loops, confirming the open framework assembled from
stacked nanosheets. Notably, CoSn/C2N shows the highest
BET surface area of 225.0 m2/g and pore volume of 1.08
cm3/g, and an average pore size of 13.7 nm. These values are
significantly higher than those of Co/C2N (190.0 m2/g, 0.90
cm3/g, 12.8 nm) and Sn/C2N (165.0 m2/g, 0.78 cm3/g, 11.8
nm). indicating that the bimetallic CoSn sites and oxalic acid
assistance create a highly accessible hierarchical porous
structure for efficient catalytic reactions.
.

Figure 2 (a) Co K-edge XANES spectra of CoSn/C2N and reference samples. (b) Co K-edge Fourier-transformed EXAFS spectra of CoSn/C2N and

reference samples. (c) Co K-edge k-space EXAFS fitting curve of CoSn/C2N. (d) Sn K-edge XANES spectra of CoSn/C2N and reference samples. (e) Sn

K-edge Fourier-transformed EXAFS spectra of CoSn/C2N and reference samples. (f) Sn K-edge k-space EXAFS fitting curve of CoSn/C2N. (g–i)

Wavelet-transform EXAFS maps of CoSn/C2N and related reference samples.

X-ray absorption spectroscopy was employed to further
investigate the electronic structure and local coordination
environment of CoSn/C2N. As shown in Fig. 2(a), the Co

K-edge XANES spectrum of CoSn/C2N is located between
those of Co foil and Co3O4, indicating that the Co species in
CoSn/C2N possess a partially oxidized electronic state.
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Research ArticleRegarding the reference samples, Co foil shows a typical
metallic pre-edge feature, whereas CoO and Co3O4 exhibit
distinct absorption edge shifts toward higher energies
corresponding to their +2 and +3 oxidation states, respectively.
To more precisely determine the Co oxidation state,
first-derivative Co K-edge XANES spectra were analyzed. As
shown in Fig. S11 in the ESM, the edge position of CoSn/C2N
is located between those of CoO and Co3O4, confirming a
mixed valence state of approximately +2.32, which is
consistent with the XANES analysis and the Co 2p XPS
results. Compared with Co/C2N, CoSn/C2N displays an
obvious change in the near-edge spectral feature, suggesting
that the introduction of Sn modifies the electronic structure
around Co sites. The Fourier-transformed Co K-edge EXAFS
spectra further reveal the coordination features of Co species
(Fig. 2(b)). Co foil exhibits a dominant Co–Co scattering peak,
while Co3O4 shows characteristic Co–O and higher-shell
Co-related scattering peaks. Additionally, the CoO reference
displays a prominent Co–O scattering peak at a shorter radial
distance compared to Co3O4, offering a clear baseline for
comparison. (Fig. S12-S14 in the ESM) In contrast,
CoSn/C2N shows a relatively weakened metal–metal
scattering contribution and a distinct coordination feature
different from those of Co foil, Co3O4, and Co/C2N. The
appearance of the scattering contribution assigned to Co–Sn
coordination suggests the formation of bimetallic CoSn
particles on the C2N support. The EXAFS fitting curve agrees
well with the experimental data, further confirming the
rational local coordination environment around Co in
CoSn/C2N (Fig. 2(c) and Fig. S15-S16 in the ESM). The Sn
K-edge XAFS spectra were also analyzed to clarify the
chemical state and coordination structure of Sn in CoSn/C2N.
As shown in Fig. 2(d), the absorption edge of Sn-CoSn/C2N is
shifted to higher energy compared with Sn foil and is closer to
that of SnO2, indicating that Sn species are in an
electron-deficient state[45-46]. In the Sn K-edge
Fourier-transformed EXAFS spectra, SnO2 shows a strong
Sn–O scattering peak and pronounced high-shell scattering,
whereas Sn foil presents typical Sn–Sn coordination features
(Fig. 2(e) and Fig. S17-S19 in the ESM).
The fitting of the Sn K-edge EXAFS spectrum further

verifies the local structure around Sn in CoSn/C2N[47]. As
shown in Fig. 2(f) and Fig. S20-S21 in the ESM, the fitted
curve matches well with the experimental oscillation,
demonstrating the reliability of the proposed Sn coordination
configuration. The coexistence of Sn–O and Sn–Co
coordination suggests that Sn species are partially oxidized
and structurally coupled with Co species in the bimetallic
particles. Such a local structure is consistent with the XANES
results, in which both Co and Sn show non-metallic electronic
characteristics due to their interaction with the surrounding
C2N framework and neighboring metal atoms.
Wavelet-transform EXAFS analysis was further used to
distinguish the backscattering atoms and provide
complementary information in both R and k spaces. As shown
in Figs. 2(g)–2(i), Co/C2N and CoSn/C2N display different
WT intensity distributions at the Co K-edge, indicating that
the coordination environment of Co is significantly changed
after the introduction of Sn. The WT maximum of CoSn/C2N
appears in a region different from that of Co/C2N, further
supporting the presence of Co–Sn coordination. In addition,
the Sn K-edge WT contour plot of CoSn/C2N exhibits
characteristic intensity maxima associated with Sn-related
metal coordination, which is distinguishable from the features
of simple Sn–O coordination. These WT results provide
additional evidence for the formation of CoSn bimetallic
particles on the C2N support. Overall, the combined XANES,
EXAFS fitting, and WT-EXAFS analyses demonstrate that Co
and Sn are successfully integrated into the C2N framework to
form ultrasmall CoSn particles. The species are highly
dispersed as small clusters on the C2N support, rather than
existing as bulk metal or oxide crystals. The coexistence of
Co–Sn, Sn–Co, and metal–support coordination features
confirm the formation of a distinct CoSn/C2N structure with
intimate interaction between the bimetallic particles and the
nitrogen-rich carbon framework. (Table S1 and S2 in the
ESM). These XAFS, XPS, and WT-EXAFS results
collectively confirm the three aspects of asymmetry: unequal
coordination numbers, charge redistribution, and
heteronuclear Co–Sn sites.
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Figure 3 Fenton-like properties of CoSn/C2N. (a) Degradation of SCP in different catalytic systems. (b) The k1 values of SCP in different catalytic

systems. (c) Effect of initial pH. (d) Effects of adding anions, cations and HA to CoSn/C2N/PMS system on SCP degradation within 10 min.(e)

Comparison of pollutant removal efficiencies of CoSn/C2N with other recently reported catalysts versus PMS dosage. (f) Recycling performance of the

CoSn/C2N/PMS system for SCP degradation over five consecutive cycles (10 min per cycle, total 50 min). Reaction condition: [catalyst] = 0.1 g/L, [PMS]

= 0.1 g/L, [Pollutants] = 20.0 mg/L, [anions and cation] = 1 mM, [HA] = 5 mg/L and initial pH=3.0~9.0±0.2.

2.2Catalytic properties of Fenton-like reactions
Sulfachloropyridazine (SCP) is a typical sulfonamide

antibiotic frequently detected in pharmaceutical and livestock
wastewater, was selected as the target contaminant to evaluate
the catalytic activity of the CoSn/C2N system toward PMS
activation[48]. To exclude the possibility that the enhanced
catalytic activity of CoSn/C₂N originates from a higher
loading of either Co or Sn rather than a genuine bimetallic
synergy, the actual Co and Sn contents were determined by
ICP-OES. The results show that CoSn/C₂N contains
11.8 wt% Co and 10.9 wt% Sn, while Co/C₂N contains
approximately 12.7 wt% Co and Sn/C₂N contains
approximately 12.9 wt% Sn. The Co loading in CoSn/C₂N is
comparable to that in Co/C₂N, and the Sn loading is
comparable to that in Sn/C₂N, indicating that the superior
performance of CoSn/C₂N is not due to a higher content of
either individual metal, but rather arises from the synergistic
interaction between Co and Sn within the bimetallic
system.As shown in Fig. 3(a), CoSn/C2N exhibited a much
faster SCP degradation rate than the monometallic Co/C2N
and Sn/C2N counterparts under identical reaction conditions.
In the CoSn/C2N/PMS system, SCP was completely removed
within 10 min, whereas Co/C2N and Sn/C2N showed only

moderate degradation efficiencies of approximately 54.9%
and 61.4%, respectively. The significantly improved
degradation efficiency of CoSn/C2N suggests that the
simultaneous incorporation of Co and Sn species into the C2N
framework is essential for promoting PMS activation.
Compared with the single-metal systems, the bimetallic CoSn
particles supported on C2N may provide more favorable
interfacial electronic interactions and facilitate the activation
of PMS, thereby accelerating the oxidative degradation of
SCP. To further quantify the catalytic reaction rate, the
degradation kinetics were analyzed using the
pseudo-first-order kinetic model. As displayed in Fig. 3(b),
the apparent rate constant of CoSn/C2N was calculated to be
approximately 0.25 min⁻ 1, which was obviously higher than
those of Sn/C2N and Co/C2N. Specifically, the k value of
CoSn/C2N was about 2.8 times that of Sn/C2N and 3.4 times
that of Co/C2N, confirming the superior kinetic behavior of
the bimetallic catalyst. This result indicates that the enhanced
catalytic activity cannot be simply attributed to the individual
contribution of Co or Sn species, but is more likely associated
with the synergistic effect between Co and Sn within the
confined C2N. The C2N support with abundant nitrogen sites
may also contribute to stabilizing the CoSn particles and
modulating their local coordination environment, which is
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activation.
The effect of initial solution pH on SCP degradation was

then investigated to evaluate the environmental adaptability of
the CoSn/C2N/PMS system. As shown in Fig. 3(c), CoSn/C2N
maintained high SCP degradation efficiency over a wide pH
range from acidic to alkaline conditions. SCP could be
completely degraded within 10 min at pH 3, 5, 7, and 9,
indicating that the catalytic system is not strongly restricted
by the initial pH of the solution. Although slight differences in
the degradation rate were observed at the early stage of the
reaction, the final removal efficiencies remained almost
unchanged. This broad pH tolerance is important for practical
water treatment, because real wastewater usually presents
variable pH conditions depending on its source and
composition. To examine the applicability of CoSn/C2N in
complex water matrices, the effects of common inorganic ions
and natural organic matter on SCP degradation were further
studied. As shown in Fig. 3(d), the presence of Na+, K+, Ca2+,
Mg2+, NO3⁻ , and Cl⁻ had little influence on the degradation
of SCP, and nearly complete removal could still be achieved
within 10 min. In comparison, humic acid and SO42⁻ caused
slight inhibition, with SCP removal efficiencies remaining at
approximately 96.4% and 94.3%, respectively. The inhibitory
effect of humic acid may be related to the competitive
consumption of reactive species or the occupation of active
sites on the catalyst surface, while SO42⁻ may partially
interfere with the oxidation process through interaction with
reactive intermediates. Nevertheless, the CoSn/C2N/PMS
system still retained high degradation efficiency in the
presence of these interfering substances, demonstrating its
good anti-interference capability and potential applicability in
complicated aqueous environments.
The catalytic performance of CoSn/C2N was further

compared with previously reported catalysts for sulfonamide
antibiotic degradation, as summarized in Fig. 3(e) and Table
S3 in the ESM. Compared with these reported PMS-based
oxidation systems, CoSn/C2N exhibited a competitive
degradation rate under relatively mild reaction conditions.
The high activity of CoSn/C2N can be attributed to the
rational construction of CoSn bimetallic particles on the C2N
support, where the interaction between Co, Sn, and the
nitrogen-rich carbon framework may promote electron
redistribution and accelerate PMS activation. This comparison
highlights the advantage of using C2N as a confined support
to stabilize bimetallic particles and construct efficient
catalytic interfaces for antibiotic degradation.
The mineralization degree of SCP by the CoSn/C2N/PMS

system was further evaluated by TOC removal measurements
(Fig. S22 in the ESM). The TOC removal efficiency reached
11.04% at 10 min, 21.11% at 30 min, and 34.45% at 60 min.
Although the TOC removal is lower than the parent
compound degradation efficiency—which is consistent with
the selective nature of 1O2-mediated oxidation that
preferentially attacks specific functional groups rather than
fully mineralizing the entire molecular skeleton—the 34.45%
TOC removal at 60 min still demonstrates significant
mineralization capability, confirming that a considerable
proportion of SCP is converted to CO2 and H2O rather than
merely transformed into other organic intermediates.
The reusability of CoSn/C2N was finally evaluated through

cyclic degradation experiments. As shown in Fig. 3(f),
CoSn/C2N maintained approximately 98% SCP removal after
five consecutive cycles (total reaction time: 50 min),
indicating that the catalyst possessed good operational
stability during repeated use[49]. Although a slight decrease
in the degradation rate was observed after cycling, the final
removal efficiency was still maintained, suggesting that the
main catalytic structure of CoSn/C2N was largely preserved.
The slight decrease in kinetic rate may be caused by the
partial occupation of surface-active sites by reaction
intermediates or the inevitable loss of catalyst during the
recovery process. To further verify the structural stability, the
spent CoSn/C2N catalyst after cycling was characterized by
SEM and XRD. As shown in Fig. S23 and Fig. S24 in the
ESM, the catalyst retained its original flower-like nanosheet
morphology without obvious particle agglomeration or
structural collapse, and the XRD pattern showed no
significant changes in the crystal structure, confirming the
good structural stability of CoSn/C2N during the catalytic
reaction. To evaluate the metal leaching risk, ICP-OES
analysis was performed on the filtrate after the reaction,
showing Co leaching below 0.1 mg/L and Sn leaching below
0.05 mg/L. To further confirm whether the leached Co2+ ions
contribute to SCP degradation, a control experiment was
conducted using a Co(NO3)2 solution with Co2+ concentration
equivalent to the leached amount, in the absence of the
catalyst (Fig. S25 in the ESM). Under the same conditions
with PMS addition, almost no SCP degradation was observed,
confirming that the leached trace metal ions make a negligible
contribution to the catalytic degradation. Overall, these results
demonstrate that CoSn/C2N is an efficient and reusable PMS
activation catalyst for SCP degradation, with high catalytic
activity, broad pH adaptability, strong resistance to common
coexisting substances, and good cycling stability.
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Figure 4 Quenching experiments for SCP degradation with different scavengers, including MeOH, TBA, and L-histidine in the (a) CoSn/C2N/PMS, (b)

Co/C2N/PMS, and (c) Sn/C2N/PMS systems. EPR spectra recorded with DMPO as the spin-trapping agent for detecting •OH and SO₄•⁻ at 0, 5 and 10

min in the (d) CoSn/C2N/PMS, (e) Co/C2N/PMS, and (f) Sn/C2N/PMS systems. EPR spectra recorded with TEMP as the spin-trapping agent for detecting
1O2at 0, 5 and 10 min in the (g) CoSn/C2N/PMS, (h) Sn/C2N/PMS, and (i) Co/C2N/PMS systems.

To clarify the reactive oxygen species responsible for SCP
degradation, radical quenching experiments and EPRh
spin-trapping measurements were carried out for CoSn/C2N,
Co/C2N, and Sn/C2N systems. Methanol (MeOH) and
tert-butanol (TBA) were selected as scavengers for radical
species, in which MeOH can quench both SO4·⁻ and ·OH,
while TBA is generally more sensitive toward ·OH. As shown
in Figs. 4(a)–4(c), the addition of MeOH or TBA caused
negligible suppression of SCP degradation in all three systems.
For CoSn/C2N, the SCP removal process was almost
unchanged after adding MeOH or TBA, suggesting that
conventional radical species were not the dominant oxidants.
Similar results were also observed for Co/C2N and Sn/C2N,
where the degradation curves in the presence of MeOH or
TBA remained close to those of the corresponding
unquenched systems[50,56]. These results indicate that
neither ·OH nor SO4·⁻ played a decisive role in SCP
oxidation. In contrast, the introduction of L-histidine, a typical
quencher for singlet oxygen, significantly inhibited SCP
degradation. In the CoSn/C2N/PMS system, SCP removal was
strongly suppressed after the addition of L-histidine, and only
about 9.6% of SCP was removed within 10 min. Similar
inhibition was also observed in the Co/C2N and Sn/C2N
systems, with final SCP removal efficiencies of
approximately 11.2% and 12.1%, respectively. The sharp

decrease in degradation efficiency after L-histidine addition
demonstrates that 1O2 is the predominant reactive oxygen
species in these PMS activation systems. Therefore, the
oxidation of SCP over CoSn/C2N, Co/C2N, and Sn/C2N is
mainly governed by a singlet-oxygen-mediated pathway
rather than the conventional sulfate-radical or
hydroxyl-radical pathway.
To rule out the involvement of high-valent metal-oxo

species in the CoSn/C2N/PMS system, PMSO was employed
as a chemical probe, as PMSO can be selectively oxidized to
PMSO2 by high-valent metal-oxo species. In the PMS-alone
control system, PMSO was slowly oxidized by PMS to
PMSO2 (Fig. S26 in the ESM). Notably, as shown in Fig. S27
in the ESM, the consumption rate of PMSO in the
CoSn/C2N/PMS system is nearly identical to that in the
PMS-alone control system, and the addition of the CoSn/C2N
catalyst does not accelerate the oxidation of PMSO. This
result demonstrates that no high-valent metal-oxo species
(such as high-valent cobalt-oxo species) are involved in the
CoSn/C2N/PMS system, further confirming that SCP
degradation proceeds primarily through the non-radical ¹O2

pathway.
EPR spectroscopy was further employed to directly verify

the generation of reactive oxygen species. DMPO was first
used as the spin-trapping agent to detect ·OH and SO4·⁻ . As
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DMPO–SO4·⁻ signals were detected for CoSn/C2N, Co/C2N,
or Sn/C2N at 0, 5, and 10 min. The absence of detectable
DMPO-radical adduct signals is consistent with the quenching
results, further confirming that free radicals are not the major
active species under the present reaction conditions. This
result also suggests that the PMS activation process over these
C2N-based catalysts does not mainly proceed through a
free-radical-dominated route. TEMP was then used as the
spin-trapping agent to detect singlet oxygen. As shown in Figs.
4(g)–4(i), no obvious TEMP-related signal was observed at 0
and 5 min, indicating that 1O2 was not generated before the
reaction. After 10 min of reaction, distinct characteristic
signals assigned to TEMP–1O2 appeared in the CoSn/C2N,
Sn/C2N, and Co/C2N systems. The emergence of these signals
provides direct evidence for the formation of 1O2 during PMS
activation. Together with the significant inhibition caused by
L-histidine, the TEMP-EPR results strongly confirm that 1O2

is the dominant reactive oxygen species responsible for SCP
degradation.
Based on the above results, a nonradical oxidation

mechanism can be proposed for SCP degradation over
CoSn/C2N. During the reaction, PMS is activated on the
surface of the C2N-supported metal sites, leading primarily to
the generation of singlet oxygen rather than ·OH or SO4·⁻ .
The nitrogen-rich C2N framework may provide anchoring
sites and interfacial environments for the CoSn particles,
while the coexistence of Co and Sn may regulate the local
electronic structure of the bimetallic sites. Such structural
characteristics are favorable for PMS adsorption and
nonradical activation, thereby promoting the formation of 1O2.
To quantitatively compare the 1O2 yields among the three
catalysts, chemical probe methods were employed. As shown
in Fig. S28 in the ESM, the CoSn/C2N system exhibits the
highest 1O2 yield, significantly higher than those of Co/C2N
and Sn/C2N, confirming that the bimetallic CoSn sites are
more effective in promoting the non-radical pathway. Notably,
the nearly 100% 1O2 selectivity observed in the CoSn/C2N
PMS system is comparable to that the CoSn/C2N/PMS system
(Fig. S29 in the ESM), where amorphous engineering of the
carbon nitride support drives a high-spin Co state that also
favors exclusive 1O2 generation. This comparison suggests
that the asymmetric coordination environment of Co, whether
induced by bimetallic Sn coupling or by amorphization of the
support, promoting the non-radical pathway. The quantitative
detection of reactive oxygen species was performed using
chemical probe methods. As shown in Fig. S30 in the ESM,
ABDA was employed as the probe for 1O2 detection via
UV-Vis spectroscopy, TPA was used for •OH detection via
fluorescence spectroscopy, and HBA was used for SO₄•⁻

detection via HPLC. Based on these methods, the
concentrations of the three reactive species in the CoSn/ C2N
/PMS system were quantitatively determined. Compared with
the monometallic Co/C2N and Sn/C2N systems, CoSn/C2N
maintains the same dominant 1O2-mediated pathway but may
possess a more efficient interfacial activation process due to
the interaction between Co, Sn, and the C2N support. Overall,
the combined quenching and EPR results demonstrate that
SCP degradation over CoSn/C2N is mainly driven by a

1O2-dominated nonradical pathway, while ·OH and SO4·⁻

contribute negligibly to the oxidation process.
To gain atomic- level insight into the interfacial electronic

interaction and reaction pathway of PMS activation, DFT
calculations were carried out. The differential charge density
diagrams (Fig. S31a-b in the ESM) visualize charge
redistribution after PMS adsorption on two catalyst models.
Obvious charge accumulation (yellow) and charge depletion
(blue) can be observed at the interface between PMS molecule
and the catalyst surface for both Co/C2N and CoSn/C2N,
demonstrating interfacial charge transfer during PMS
adsorption. Compared with Co/C2N, the CoSn/C2N bimetallic
site exhibits more pronounced charge rearrangement,
indicating stronger electronic coupling between PMS and the
asymmetric CoSn active site.
Fig. S31c in the ESM presents the Gibbs free- energy

profiles along the PMS activation pathway, including the
initial state (I), PMS adsorption (*PMS, II), formation of
*SO5•⁻ intermediate (III), transition state (TS, IV), and
generation of *SO42⁻ intermediate (V). At the *PMS
adsorption step (Stage II), CoSn/C2N shows a much more
negative Gibbs free energy than Co/C2N, which confirms that
the asymmetric CoSn coordination environment greatly
thermodynamically favors PMS adsorption. Throughout the
whole reaction coordinate, CoSn/C2N maintains more
favorable free- energy values for intermediate adsorption.
Although the two catalysts exhibit comparable transition- state
energy barriers, the optimized PMS adsorption and intensified
interfacial charge transfer over CoSn/C2N jointly facilitate the
PMS- activated non- radical pathway.
To gain deeper insight into the degradation process, the

intermediate products of SCP were identified using
LC-MS/MS analysis. As shown in Fig. S32 in the ESM and
Fig. S32 in the ESM in the Supporting Information, four main
intermediates (P1, P2, P3, and P4) were detected, based on
which two distinct degradation pathways are proposed. In
Pathway I, the dominant reactive species 1O2 attacks the
electron-rich sulfonamide N atom, leading to S–N bond
cleavage and the formation of P1 (m/z 130.0161) and P2 (m/z
146.0121). In Pathway II, 1O2 attacks the sulfonyl S=O group,
causing rearrangement and SO2 extrusion to form P3 (m/z
221.0593), which subsequently undergoes dehalogenation and
oxidation to yield P4 (m/z 203.1065). Both pathways
ultimately lead to ring-opening reactions and complete
mineralization into small organic acids, CO2, H2O, and
inorganic ions (NO3⁻ , SO42⁻ , Cl⁻ ). The identified attack
sites—sulfonamide N, the electron-rich C and N atoms on the
heterocyclic ring, and the sulfonyl group—are perfectly
consistent with the electrophilic nature of 1O2. Furthermore,
the ECOSAR toxicity assessment reveals that the acute and
chronic toxicities of all four intermediates are significantly
reduced compared to the parent SCP, confirming that the 1O2

-mediated non-radical pathway effectively mitigates the
ecological risks associated with antibiotic wastewater.
3 Conclusions

In summary, CoSn/C2N was successfully prepared
through a supramolecular assembly-assisted pyrolysis strategy,
in which melamine and cyanuric acid served as nitrogen-rich

Ju
st

 A
cc

ep
te

d



OpenAccess

10 / 12

Research Articleframework precursors, while CoPc and SnPc provided Co and
Sn sources for the in situ formation of bimetallic CoSn
particles. Structural characterizations confirmed that the
obtained catalyst possessed a flower-like nanosheet
morphology, homogeneous Co/Sn distribution, and ultrasmall
CoSn particles anchored on the C2N matrix. XANES, EXAFS
fitting, and WT-EXAFS analyses further verified that Co and
Sn were incorporated into a locally coordinated bimetallic
environment rather than existing as bulk metallic or oxide
phases. The coexistence of Co–Sn coordination and
metal–support interactions indicates the successful
construction of a distinct CoSn/C2N structure. For PMS
activation, CoSn/C2N displayed markedly enhanced SCP
degradation compared with Co/C2N and Sn/C2N, achieving
complete SCP removal within 10 min and a higher apparent
kinetic rate constant. The catalyst maintained efficient
degradation over a wide pH range and exhibited good
resistance to common inorganic ions and humic acid,
indicating its applicability in complex aqueous environments.
Moreover, CoSn/C2N retained complete SCP removal after
five consecutive cycles, demonstrating good reusability.
Mechanistic investigations revealed that MeOH and TBA had
negligible effects on SCP degradation, whereas L-histidine
strongly inhibited the reaction. Combined with DMPO- and
TEMP-based EPR results, these findings confirm that SCP
degradation mainly proceeds through a
singlet-oxygen-mediated nonradical pathway, while •OH and
SO₄•⁻ make limited contributions. Overall, this study
highlights the structural advantage of C2N-supported CoSn
bimetallic particles for efficient nonradical PMS activation
and provides useful insights into the design of advanced
Fenton-like catalysts for antibiotic pollutant removal.
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TEXT S1. CHEMICALS

All chemicals and reagents were analytical reagent (AR) or high-performance liquid chromatography (HPLC) grade. Cobalt

(II) phthalocyanine (C32H16CoN8), Tin (II) Phthalocyanine (C32H16N8Sn), Melamine (C3H6N6), Cyanuric acid (C3H3N3O3),

Oxalic acid (C2H2O4), Potassium peroxymonosulfate (KHSO5), Sodium thiosulfate (Na2S2O3), L-Histidine (C6H9N3O2),

Dimethyl sulfoxide (C2H6SO) was obtained from Macklin Biochemical Technology Co., Ltd (China). Sulfachloropyridazine

sodium (C10H8ClN4NaO2S), purchased from Beijing Bailing Wei Technology Co., Ltd (China). Methanol (CH3OH),

5,5-Dimethyl-1-pyrroline N-oxide (C6H11NO), 2,2,6,6-tetramethylpiperidine (TEMP) were acquired from Shanghai Aladdin

Biochemical Technology Co., Ltd (Shanghai, China). Tert-Butanol (C4H10O) was obtained from Tianjin Damao Chemical

Reagent Factory. Ethanol (C2H6O) was obtained from Tianjin Komeo Chemical Reagent Co., Ltd (China). Hydrochloric acid,

Sulfuric acid (H2SO4), and Sodium hydroxide (NaOH) were obtained from Tianjin Chemical Reagent Third Factory.

Potassium chloride (KCl), Humic acid (HA) was obtained from Tianjin Beichen Fangzheng Reagent Factory.

TEXT S2. CHARACTERIZATION

The surface morphology information of prepared catalysts was observed transmission electron microscopic (FEI Tecnai

F20). A spherical aberration corrected high-angle annular dark-field scanning transmission electron microscope

(HADDF-STEM) was applied to observe the CoSn particle on the prepared catalyst. The X-ray diffraction (XRD, SHIMADZU

XRD-6000) patterns was performed using an X-ray spectrometer equipped with a Cu-Ka radiation in the 2θ range of

10°-80° at a scan rate 5°/min. Raman spectrum was acquired with a Jobin Yvon Raman spectrometer model HR800. X-ray

photon spectroscopy (XPS) measurements were taken in an ESCALab220i-XL (Thermo Scientific) using a monochromatic

Al KR X-ray source. The X-ray absorption fine structure spectra data (Co K-edge and Sn K-edge) were conducted at BL11B

station and BL14W1 station in Shanghai Synchrotron Radiation Facility (SSRF). The XAFS data were measured at room

temperature in fluorescence excitation mode using a Lytle detector. The samples were prepared as plates of 10 mm

diameter with 1mm thickness with the addition of PVDF powder as a binder.

TEXT S3. SYNTHESIS OF COSN/C2N

The prepolymers were first prepared by a one-step method .0.5 g of melamine, 0.1 g of oxalic acid, 0.3 g of Cobalt

phthalocyanine (CoPC) and 0.3 g Tin Phthalocyanine (SnPC) were dissolved in 40 mL of DMSO solution, and 0.51 g of

cyanuric acid was dissolved in 10 mL of DMSO solution, and both solutions were sonicated for 20 min each, after which

they were mixed and stirred for 30 min. the resulting liquid, was pumped and filtered using a pumping machine, and the

resulting solid was washed with deionized water and ethanol. It was then dried under vacuum at 60℃. The resulting solid

was collected by grinding. Calcination at 850 ℃ for 8 h in an argon atmosphere at a ramp rate of 1.2 ℃ min-1 gave

CoSn/C2N.

TEXT S4. SYNTHESIS OF CO/C2N
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The prepolymers were first prepared by a one-step method .0.5 g of melamine, 0.1 g of oxalic acid and 0.3 g of Cobalt

phthalocyanine (CoPC) were dissolved in 40 mL of DMSO solution, and 0.51 g of cyanuric acid was dissolved in 10 mL of

DMSO solution, and both solutions were sonicated for 20 min each, after which they were mixed and stirred for 30 min. the

resulting liquid, was pumped and filtered using a pumping machine, and the resulting solid was washed with deionized

water and ethanol. It was then dried under vacuum at 60 ℃. The resulting solid was collected by grinding. Calcination at

850℃ for 8 h in an argon atmosphere at a ramp rate of 1.2℃min-1 gave Co/C2N.

TEXT S5. SYNTHESIS OF SN/C2N

The prepolymers were first prepared by a one-step method. 0.5 g of melamine, 0.1 g of oxalic acid and 0.3 g Tin

Phthalocyanine (SnPC) were dissolved in 40 mL of DMSO solution, and 0.51 g of cyanuric acid was dissolved in 10 mL of

DMSO solution, and both solutions were sonicated for 20 min each, after which they were mixed and stirred for 30 min. the

resulting liquid, was pumped and filtered using a pumping machine, and the resulting solid was washed with deionized

water and ethanol. It was then dried under vacuum at 60 ℃. The resulting solid was collected by grinding. Calcination at

850℃ for 8 h in an argon atmosphere at a ramp rate of 1.2℃min-1 gave Sn/C2N.

TEXT S6. XAFS DATA PROCESSING

The acquired EXAFS data were processed according to the standard procedures using the Athena and Artemis

implemented in the IFEFFIT software packages. The fitting detail is described below: The acquired EXAFS data were

processed according to the standard procedures using the ATHENA module implemented in the IFEFFIT software

packages. The EXAFS spectra were obtained by subtracting the post-edge background from the overall absorption and

then normalizing with respect to the edge-jump step. Subsequently, the χ(k) data of Fourier transformed to real (R) space

using a hanning window (dk=1.0 Å-1) to separate the EXAFS contributions from different coordination shells. To obtain the

quantitative structural parameters around central atoms, least-squares curve parameter fitting was performed using the

ARTEMIS module of the IFEFFIT software packages. The following EXAFS equation was used:
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S02 is the amplitude reduction factor, Fj(k) is the effective curved-wave backscattering amplitude, Nj is the number of

neighbors in the jth atomic shell, Rj is the distance between the X-ray absorbing central atom and the atoms in the jth atomic

shell (backscatterer), λ is the mean free path in Å, ϕj(k) is the phase shift (including the phase shift for each shell and the

total central atom phase shift), σj is the DebyeWaller parameter of the jth atomic shell (variation of distances around the

average Rj). The functions Fj(k), λ, and ϕj(k) were calculated with the ab initio code FEFF8.2. The additional details for

EXAFS simulations are given below. The coordination numbers of model samples (Co foil and Sn foil) were fixed as the
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nominal values. The obtained S02 was fixed in the subsequent fitting of atomically dispersed Co and Sn samples. While the

internal atomic distances R, Debye-Waller factor σ2, and the edge-energy shift ΔE0were allowed to run freely.

TEXT S7. CATALYTIC ACTIVITY EVALUATION

1. Experimental methods for the degradation of SCP by the Catalytic.

Take 100 ml of ultrapure water in a 250 mL beaker, so there is no need for adsorption-resolution equilibrium, add 0.01 g

PMS to the beaker, stir well, then use NaOH and H2SO4 to adjust the solution of the pH = 7, add 1mL of SCP reserve solution,

and take several 1.5 mL liquid-phase vials to be used to take the samples. 100 μL of Na2S2O3 (100 mM) was added to the

vials for depletion of PMS in the sample and left to mix well, 1ml of sample was taken from the beaker and filtered using

0.22 μm filter membrane and put into the vials. Then, 10 mg catalyst was added to start the timing, and the sample was

taken using the same method at a fixed time point (1 min, 2 min, 3 min, 5 min, 7 min,10 min). SCP in the filtrate was

determined by high-performance liquid chromatography (HPLC) (1260 Infinity II, Agilent, USA).

2. Experimental method for free radical quenching in Catalytic/PMS system:

The quencher was added prior to the addition of SCP using the method described above, and the rest of the steps remained

unchanged

3. Catalytic/PMS degradation of SCP with anionic and cationic interference assays:

Add anions and cations before adjusting the pH of the solution by the above method, the rest of the steps remain

unchanged.

4. Cyclic degradation experiment:

After one SCP degradation cycle, the catalyst was collected using a 0.22 μm PTFE membrane and dried at 60 ℃. And the

obtained powder was reused for the next degradation experiment under the same experimental conditions.

TEXT S8. METHODS OF ANALYZING CONTAMINANTS

An HPLC system consisting of an Agilent Venusil MP C18 column (4.6 mm, 5 μm) was used for the determination of SCP

concentration. The mobile phase consisted of methanol and ultrapure water with the volume ratio of 40:60, the flow rate of

1 mL/min, the injection volume of 10 μL, the temperature of the column temperature box at 30 oC, and the detection

wavelength of SCP at 270 nm.

Text S9. The calculation of removal efficiency and reaction rate constant

The degradation efficiency of SCP was calculated by the equation:

Removal efficiency (�� = (C� - ��� / C� × 100 %

The pseudo-first-order kinetics model:

�� �� ln(��/C��
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where C0 and Ct represent the initial concentration of the pollutant and the concentration at a given reaction time t,

respectively. �� (min-1) is the reaction rate constant.
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Figure S1. The SEM image of Sn/C2N.
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Figure S2. The SEM image of Co/C2N.
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Figure S3. The XRD patterns of CoSn/C2N.
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Figure S4. The XRD patterns of Sn/C2N.
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Figure S5. The XRD patterns of Co/C2N.
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Figure S6. Raman spectra of CoSn/C2N.
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Figure S7 Raman spectra of Sn/C2N.
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Figure S8 Raman spectra of Co/C2N.
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Figure S9. Peak assignments based on typical binding energies of Co, Sn, C and N species in CoSn/C2N materials.
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Figure S10. N2 adsorption/desorption isotherms and pore-size distribution of CoSn/C2N, Co/C2N and Sn/C2N.
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Figure S11. First-derivative Co K-edge XANES spectra of reference samples (Co foil, CoO, Co3O4), Co/C2N and CoSn/C2N.
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Figure S12. k space FT-EXAFS fitting curves of Co foil.
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Figure S13. R space FT-EXAFS fitting curves of Co foil.
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Figure S14. Q space FT-EXAFS fitting curves of Co foil.
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Figure S15. R space FT-EXAFS fitting curves of CoSn/C2N at Co K-edge.
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Figure S16. Q space FT-EXAFS fitting curves of CoSn/C2N at Co K-edge.
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Figure S17. k space FT-EXAFS fitting curves of Sn foil.
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Figure S18. R space FT-EXAFS fitting curves of Sn foil.
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Figure S19. Q space FT-EXAFS fitting curves of Sn foil.
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Figure S20. R space FT-EXAFS fitting curves of CoSn/C2N at Sn K-edge.
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Figure S21. Q space FT-EXAFS fitting curves of CoSn/C2N at Sn K-edge.
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Figure S22. TOC removal rate during SCP degradation in the CoSn/C2N/PMS system.
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Figure S23. The SEM image of CoSn/C2N after reaction.

Ju
st

 A
cc

ep
te

d



Figure S24. The XRD patterns of CoSn/C2N after reaction.
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Fig. S25. Dissolution experiment of Co ion.
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Fig. S26. Consumption of PMSO and generation of PMSO2 in the PMS/PMSO system.
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Fig. S27. Consumption of PMSO and generation of PMSO2 in the CoSn/C2N/PMS/PMSO system.
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Figure S28. Different ROS yields in Sn/C2N, Co/C2N and CoSn/C2N systems.

Ju
st

 A
cc

ep
te

d



Figure S29. Quantitative analysis of ROS in the CoSn/C2N/PMS system
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Figure S30. Chemical equation of (a) 9,10-anthracene-diyl-bis(methylene) dimalonic acid and 1O2, (b) terephthalic acid
and •OH, and (c) p-Hydroxybenzonic acid and SO4•−.
Quantitative 1O2: Solution test with UV-Vis absorbance measurement for 1O2 detection. UV-Vis spectra were recorded using
a Jasco V-750 spectrophotometer. The chemical probe 9,10-anthracene-diyl-bis(methylene) dimalonic acid (ABDA) was
employed for the detection of 1O2. Initially, an ABDA indicator solution with a concentration of 1 mg/mL was prepared.
Since the catalyst itself exhibits absorption characteristics, 10 mg of Co-ACN or Co-CCN was fully dispersed in 95 mL of
deionized water before measurement. The baseline was first recorded, and then 5 mL ABDA was added to the reaction
system. The UV-Vis spectra were measured at various reaction times, and the concentration of 1O2 was calculated
according to the standard curve.
Quantitative SO4•−: The amount of SO4•− generated in the Co-ACN/PMS or Co-CCN/PMS system was detected using
p-Hydroxybenzonic acid (HBA) as a chemical probe. Based on the reaction stoichiometry, 1 mol of HBA reacts with 1 mol of
SO4•− to form hydroquinone which is immediately transformed to a stable by product, namely 1,4-Benzoquinone (BQ) by
the excess PMS. Ultimately, the BQ in the system is detected by HPLC and the concentration of SO4•− can be determined
after conversion.
Quantitative •OH: The concentration of •OH generated during the AOP process is quantified by Liquid photoluminescence
(PL) Spectra. Terephthalic acid (TPA) can capture •OH to form 2-hydroxyterephthalic acid (HTPA) with strong fluorescent
signal. The quantification system was consistent with the degradation experiments except that benzoic acid was used
instead of pollutants ([catalyst] = 0.1 L−1; [Temp] = 25 °C; initial pH = 7.0 ± 0.2). After adsorption for 30 min to reach
equilibrium, PMS was added to the reaction system (the concentration of PMS in the systemwas 0.075 mM). The solution
is collected at intervals, filtered, and then measured by PL emission spectroscopy at excitation wavelength of 330 nm.
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Fig. S31. (a) Differential charge density diagram of PMS adsorbed on the Co/C2N model; (b) Differential charge density
diagram of PMS adsorbed on the CoSn/C2N model; (c) Gibbs free energy profiles for PMS activation on Co/C2N and
CoSn/C2N.
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Figure S32. Illustrative LC-MS spectrum of SCP transformation products.

Ju
st

 A
cc

ep
te

d



Figure S33. Proposed non-radical 1O22-mediated degradation pathways of SCP and LC-MS identified intermediates.
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Table S1. Structural parameters extracted from the Co K-edge EXAFS fitting. (S02=0.85)

sample Path CN R(Å) σ2(10-3Å2) ΔE0(eV) R factor

Co foil Co-Co 12* 2.49±0.01 4.2±0.5 5.6±0.6 0.006

CoSn/C2N
Co-N 2.5±0.3 2.04±0.02 4.8±0.3

2.5±0.1 0.011
Co-Co/Sn 2.3±0.1 3.02±0.02 5.5±0.6

Co/C2N
Co-N 2.1±0.1 2.05±0.01 5.1±0.5

3.2±0.3 0.009
Co-Co 2.0±0.2 2.48±0.02 6.3±0.8

S02 was the amplitude reduction factor; CN was the coordination number; R was interatomic distance (the bond length

between Co central atoms and surrounding coordination atoms); σ2 was Debye-Waller factor (a measure of thermal and

static disorder in absorber-scatterer distances); ΔE0 was the edge-energy shift (the difference between the zero kinetic

energy value of the sample and that of the theoretical model). R factor was used to value the goodness of the fitting.

* This value was fixed during EXAFS fitting, based on the known structure.
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Table S2. Structural parameters extracted from the Sn K-edge EXAFS fitting. (S02=0.89)

sample Path CN R(Å) σ2(10-3Å2) ΔE0(eV) R factor

Sn foil Sn-Sn 12.0* 2.98±0.02 5.3±0.3 4.1±0.5 0.006

CoSn/C2N

Sn-N 2.3±0.2 2.01±0.01 4.4±0.5

3.2±0.2 0.011
Sn-Co/S

n
3.1±0.3 3.01±0.02 5.3±0.2

S02 was the amplitude reduction factor; CN was the coordination number; R was interatomic distance (the bond length

between Sn central atoms and surrounding coordination atoms); σ2 was Debye-Waller factor (a measure of thermal and

static disorder in absorber-scatterer distances); ΔE0 was the edge-energy shift (the difference between the zero kinetic

energy value of the sample and that of the theoretical model). R factor was used to value the goodness of the fitting.

* This value was fixed during EXAFS fitting, based on the known structure.
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Table S3. Degradation efficiency of pollutants by different catalysts.

Catalyst (g·L-1) Pollutant (mM) PMS (mM) k1 (min−1)
K1

(L·min−1g−1)
References

CoSn/C2N (0.1) SCP(0.07) 0.1 0.249 1.743 This work

CoPc/G-NH2 (0.02) Phenol (0.01) 0.2 0.226 0.565 [1]

Fe–Co–O–g-C3N4

(0.2)
SMX (0.04) 0.2 0.085 0.02125 [2]

Co-N2 (0.2) BPA (0.05) 2 0.695 0.086875 [3]

Cu-N4/C-B (0.1) BPA (0.09) 0.65 0.56 0.77538462 [4]

Cu-rGo LDH (0.25) BPA (0.09) 3 0.046 0.00552 [5]

MnSA–N–CO,S (0.2) BPA (0.04) 2 0.36 0.036 [6]

Fe-Co-DAC (0.2) BPA (0.08) 0.4 0.23 0.23 [7]

Co-N3O1 (0.1) CIP (0.002) 1 1.15 0.23 [8]

FeCo-NCB (0.1) BPA (0.05) 0.5 0.659 0.659 [9]

Run/NC-850 (0.02) CIP (0.004) 1 0.08 0.008 [10]
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