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To address the challenges of active metal leaching and sluggish redox cycling in heterogeneous metal-
catalyzed peroxymonosulfate (PMS) activation, this study proposes a double heteroatom co-anchoring
and regulation strategy to design a sulfur-nitrogen co-doped carbon-supported cobalt nanoparticle cata-
lyst (Co-S-CN). This strategy successfully constructs a “S$2"-Co®” dual micro-reduction environment, signif-
icantly accelerating the Co®*/Co%* redox cycle. Experimental results demonstrate that the Co-S-CN+PMS
system achieves 100% phenol degradation within 5min while exhibiting exceptional resistance to anion
interference (SO4%~, Cl-, HCO5~, H,PO4~). Low cobalt leaching rate (<1%) across various pH conditions
confirms strong metal anchoring via S-N synergy. Structural characterizations verify the existence of S
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NonrﬂdiFal ) and Co% and co-optimizing cobalt valence cycling. Electron paramagnetic resonance (EPR) and quench-
SR”g“"nltrl"ge“ co-anchoring ing experiments indicate the reaction proceeds primarily via a nonradical pathway, with singlet oxygen
edox cycle

('0,) as the key reactive species. Density functional theory (DFT) calculations reveal that S-N synergy
enhances PMS adsorption strength (adsorption energy optimized from —3.51eV to —3.77 eV), increases
charge density (Bader charge increased from 0.75 e to 0.80 e), and optimizes the electronic structure of
Co 3d orbitals (d-band center upshifted from —1.341eV to —1.330eV). This work provides a strategy for

rational design of highly active and stable catalysts.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The presence of recalcitrant organic pollutants in aquatic en-
vironments poses severe threats to both ecological systems and
human health [1,2]. In recent years, advanced oxidation pro-
cesses (AOPs) have been extensively utilized for the remediation of
aqueous contaminants [3]. Among these, peroxymonosulfate (PMS)
AOPs (PMS-AOPs) have garnered significant research attention ow-
ing to their potent oxidative capability, operational simplicity, and
broad pH applicability [4,5]. The efficacy of PMS-AOPs in pollutant
degradation fundamentally relies on the design of efficient cata-
lysts to activate PMS, generating radical species (e.g., sulfate radi-
cal (SO4"™) [6], hydroxyl radical (*OH) [7], superoxide radical (O,"~)
[8]) and nonradical species (singlet oxygen (10,)) [9]. Nonradical
species have the following characteristics [10]: (I) Long half-life. (II)
Low sensitivity to interference from background anions. (III) High
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selectivity towards electron-rich organic pollutants. Consequently,
nonradical species demonstrate significant superiority in contami-
nant purification processes [11].

However, efficient generation of nonradical species requires ef-
fective PMS activation. Transition metal catalysts have been exten-
sively validated for superior PMS activation performance [12], with
cobalt-based systems exhibiting exceptional capability due to their
distinctive valence electron configuration [13,14]. Although cobalt-
based heterogeneous catalysts have been extensively explored for
persulfate activation, their practical application is often hampered
by inadequate stability and significant metal leaching. While cobalt
single-atom catalysts can enhance atomic utilization efficiency and
stability [15], their synthesis remains challenging and metal load-
ing is typically low. In contrast, cobalt nanoparticles (Co NPs) offer
greater practical applicability potential but are hindered by aggre-
gation tendencies [16,17]. More critically, leaching of toxic cobalt
ions causes significant secondary pollution, severely constraining
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their practical implementation in heterogeneous catalysis. Further-
more, efficient redox cycling between different cobalt oxidation
states (e.g., Co®*/Co3*) is crucial for sustainable operational life-
time [18].

Researchers have established that incorporating metal species
and nitrogen heteroatoms into carbon matrices forms metal-
nitrogen-carbon (M-N-C) composites, where electron-rich pyridinic
and pyrrolic N sites form strong metal-nitrogen coordination
structures that effectively inhibit aggregation of metal active
centers [19,20]. Compared to carbon atoms, nitrogen possesses
higher electronegativity, inducing electron accumulation around N
and effectively reducing electron cloud density on adjacent carbon
atoms, thereby facilitating PMS adsorption and activation [21]. Xu
et al. [22] demonstrated that N atoms bonding with metallic Co
to form CoNy sites not only enable uniform distribution of active
metal components on porous carbon nitride but also enhance
catalyst stability and activity through N-mediated confinement
of Co atoms. Similarly, studies show that bimetallic species can
be anchored by N heteroatoms, reducing leaching losses and
contamination during application [23]. Although N heteroatom
coordination effectively anchors active components and delivers
good catalytic activity, its limited electron-donating capacity and
insufficient modulation depth of metal d-orbitals constrain further
catalytic enhancement. To achieve deeper electronic structure
modulation of metal centers, introducing foreign electrons into the
unoccupied 3d orbitals of central metal atoms is considered. This
means that substituting heteroatoms for nitrogen can directly reg-
ulate the electronic structure of active metal centers [24]. Sulfur,
possessing an additional p-orbital electron and lower electroneg-
ativity (x =2.58) than nitrogen, serves as an ideal heteroatom
substitute [25,26]. Furthermore, thiophene sulfur (C-S-C) formed
by sulfur incorporation in carbon matrices can itself function as an
active site for PMS activation [27]. Building upon this foundation,
this study proposes the synergistic anchoring of Co-NPs by S
and N to profoundly modulate the 3d orbital electronic structure
of Co atoms, aiming to significantly enhance catalytic activity.
More crucially, to establish a “dual micro-reductive environment”
through the combined reducing properties of low-valent sulfur
(S%) and zero-valent cobalt (Co?), which will more effectively pro-
mote redox cycling (Co?+/Co3*) at the metal active center, thereby
improving catalytic efficiency and stability. Two critical issues
urgently require resolution: (I) The mechanism of S, N synergistic
regulation on the electronic distribution of metal nanoparticles
and its impact on PMS activation performance remains unclear,
hindering further performance optimization and mechanistic
understanding. (II) Difficulty in achieving efficient redox cycling
between different metal valence states. Notably, the mechanistic
role of constructed “S2--Co%” dual micro-reductive environment in
promoting redox cycling has rarely been explored.

In conclusion, this study proposes the synergistic anchoring and
modulation of metallic Co-NPs by sulfur and nitrogen, with in-
depth investigation of their structure-activity relationships and ac-
tivation mechanisms. The main research objectives encompass six
key aspects: (I) Construction of a cobalt nanoparticle catalyst syn-
ergistically anchored by sulfur and nitrogen (Co-S-CN), with multi-
technique characterization employed to validate the S, N-anchoring
mechanism. (II) Investigation of the chemical states and surface
microenvironment in Co-S-CN. (III) Comprehensive evaluation per-
formance of Co-S-CN in PMS activation, including efficiency, stabil-
ity, and anti-interference capability. (IV) Identification of reactive
oxygen species and elucidation of the PMS activation mechanism.
(V) Elucidation of sulfur’s modulation mechanism on metallic Co
nanoparticles and the S, N-synergistic mechanism through density
functional theory (DFT) calculations.

Comprehensive experimental details, including chemicals and
reagents, catalyst characterization, experimental procedures, ana-

Chinese Chemical Letters 37 (2026) 112676

Fig. 1. (a) The flowchart of the preparation process of Co-S-CN and Co-CN. (b-d)
TEM images of Co-S-CN. (e) HRTEM images of Co-S-CN. (f) SAED image of Co-S-CN.
(g-j) EDS mapping images of Co-S-CN.

lytical techniques, kinetic study, electrochemical characterization
and density functional theory were systematically documented in
Texts S1-S7 (Supporting information). The catalyst was synthesized
via a two-step protocol: (1) Polyaniline (PANI, 0.5g) and cobalt
chloride hexahydrate (CoCl,-6H,0, 0.2 x 10-3 mol) were mixed and
ground in an agate mortar for 10 min, and calcined in an N, at-
mosphere at 900°C (5°C/min, 4h) to obtain the catalyst Co-CN;
(2) Co-CN (0.1g) and a certain quality of thiourea (CH4N,S, 0.05-
0.25g) were mixed and ground for 15 min, calcined in an N, at-
mosphere at 550°C (5°C/min, 4h) [28,29]. The resulting catalysts
were named Co-S-CN-1, Co-S-CN-2, Co-S-CN-3, Co-S-CN-4, and Co-
S-CN-5, respectively. Comparative phenol degradation tests (Fig. S1
in Supporting information) identified Co-S-CN-4 as optimal, here-
after designated Co-S-CN. Control materials included Co-CN and CN
(direct PANI pyrolysis at 900 °C under identical conditions).

The catalyst preparation process is illustrated in Fig. 1a, where
the first calcination step yielded Co-CN, followed by a second cal-
cination step producing Co-S-CN. Scanning electron microscopy
(SEM) characterization of CN (Fig. S2 in Supporting information),
Co-CN (Fig. S3 in Supporting information), and Co-S-CN (Fig. S4 in
Supporting information) revealed that the introduction of Co and
S did not alter the spherical interconnected structure of the CN
material, corresponding energy dispersive spectroscopy (EDS) map-
ping confirmed the successful incorporation and homogeneous dis-
persion of Co and S. Further analysis of the geometric structure
and morphology of Co-S-CN by transmission electron microscopy
(TEM) clearly revealed well-dispersed Co NPs within the carbon
matrix (Figs. 1b-d), demonstrating the synergistic anchoring effect
of S and N on the Co NPs [30]. High-resolution transmission elec-
tron microscopy (HRTEM) indicated that the Co NPs on the car-
bon support ranged from 5nm to 10nm in size (Fig. 1e), with
observed lattice fringes of 0.22nm and 0.32 nm corresponding to
the Co® (111) and graphitic carbon (002) crystal planes, respec-
tively [31,32]. The corresponding selected area electron diffraction
(SAED) image (Fig. 1f) exhibited the diffraction rings correspond-
ing to Co (111) crystal planes. EDS elemental mapping confirmed
the uniform distribution of C, N, and S and further verified the
existence of Co NPs form (Figs. 1g-j). Collectively, the TEM re-
sults substantiated that the Co NPs in Co-S-CN were synergisti-
cally anchored within the carbon support by S and N, exhibiting
excellent dispersion. Further analysis of the specific surface area
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Fig. 2. (a) XRD patterns, (b) Raman spectra, and (c¢) FT-IR spectra of CN, Co-CN, and Co-S-CN. (d) N 1s, (e) S 2p, and (f) Co 2p XPS spectra of Co-CN, and Co-S-CN. (g) EIS, (h)

CV, and (i) Tafel slope of CN, Co-CN, and Co-S-CN.

and pore structure of catalyst via automated physisorption revealed
N, adsorption-desorption isotherms and pore size distributions for
CN, Co-CN, and Co-S-CN as shown in Figs. S5a-c (Supporting in-
formation). Co-S-CN exhibited a specific surface area of 41.1 m?/g,
slightly lower than that of Co-CN (53.8 m?/g), indicating that sul-
fur incorporation induced structural rearrangement within the car-
bon material. The average pore size increased from 12.9nm for
Co-CN to 18.6nm for Co-S-CN. This larger pore size is highly ad-
vantageous for catalytic reactions, as it facilitates enhanced mass
transport of reactants and products, thereby improving the ac-
cessibility of active sites. This textural modification, combined
with the electronic structure modulation, collectively contributes
to the superior performance of Co-S-CN despite its reduced surface
area.

As shown in Fig. 2a, X-ray diffraction (XRD) analysis revealed
two broad diffraction peaks at 23.5° and 44.3° for CN, Co-CN, and
Co-S-CN, corresponding to the (002) and (100) planes of graphitic
carbon [32], demonstrating the structural disruption of PANI dur-
ing high-temperature calcination and its transformation into low-
crystallinity disordered carbon intermediate between graphitic and
amorphous carbon [33]. Additionally, three distinct characteristic
peaks at 44.2°, 51.4°, and 75.7° were observed for Co-CN and Co-
S-CN, assignable to the (111), (200), and (220) planes of Co® (PDF
#15-0806), confirming the presence of Co® in these catalysts [34].
Notably, the characteristic peaks of Co® intensified with increas-
ing sulfur content (Fig. S6 in Supporting information). The pres-
ence of Co° can establish a reductive microenvironment, facili-
tating the reduction of Co3* to Co%*, which is more conducive
to catalytic reactions [35]. The defect characteristics of the cata-
lysts were assessed by Raman spectroscopy, where the Ip/l; ra-
tio typically evaluates the defect density/graphitization level [36].

As shown in Fig. 2b, the Ip/Ig values followed the order Co-S-CN
(1.03) > Co-CN (1.02) > CN (0.98), indicating that Co-S-CN has
more defects. This is primarily attributed to the larger atomic ra-
dius of sulfur (1.03A) compared to carbon (0.75A) and nitrogen
(0.71A). Therefore, sulfur incorporation induced local lattice dis-
tortion, hindering the maintenance of a planar configuration, and
consequently generating more defects, which also provides supe-
rior active sites for PMS activation. Fourier transform infrared (FT-
IR) spectroscopy detected functional groups and chemical bonds in
CN, Co-CN, and Co-S-CN, showing several common characteristic
peaks for all three catalysts (Fig. 2c), such as O-H (3418cm™1),
C-H (2975, 2910, 2879cm~1!), C-N/C=N (1600-1200 cm~1), C-O
(1100 cm~1) [37,38]. Significantly, unlike CN, new vibration peaks
appeared in the 500—800 cm~! region for Co-CN and Co-S-CN, at-
tributed to the coordination of Co with N or S within the material,
forming Co-N and Co-S bonds [39], providing further evidence for
the potential synergistic anchoring of Co by S and N.

X-ray photoelectron spectroscopy (XPS) was employed to an-
alyze the elemental composition and surface chemical states of
the materials, as shown in Figs. 2d-f and Fig. S7 (Supporting in-
formation), with corresponding contents listed in Table S1 (Sup-
porting information). The N1s XPS spectrum of Co-S-CN (Fig. 2d)
was deconvoluted into four characteristic peaks assigned to pyri-
dinic N (398.5eV), Co—Ny (399.8eV), pyrrolic N (400.8eV), and
graphitic N (402.3eV) [40]. The pyridinic N content in Co-S-CN
(40.4%) was more than double that in Co-CN (18.2%). Since pyri-
dinic N readily bonds with metals, this suggests that sulfur intro-
duction may enhance the anchoring effect of nitrogen. The Co—Ny
content in Co-S-CN (17.9%) was slightly lower compared to Co-CN
(20.5%), possibly due to partial substitution of N in Co-N bonds
by S to form Co-S bonds. As shown in Fig. 2e, sulfur species in
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Fig. 3. (a) Degradation curves and (b) kinetic constants of phenol in PMS, Co-S-CN, Co-CN+PMS, and Co-S-CN+PMS reaction systems. (c) Phenol mineralization rate at Co-S-
CN+PMS reaction system. (d) Effect of phenol degradation with different salts in Co-S-CN+PMS reaction system. (e) Repeated use experiment of Co-S-CN. (f) Co concentration
and leaching rate at different pH in Co-S-CN+PMS system. Conditions: [pH]=7, [Catalyst] =30 mg, [PMS]=1.25 mmol/L, [Phenol] =50 mg/L, normal temperature.

Co-S-CN were identified as S2~ (161.5 and 162.6eV), C-S-C (164.0
and 165.4eV), and oxidized sulfur (C-SOx-C) (167.3 and 169.1eV)
[41,42]. It is worth noting that the presence of S~ can promote the
Co3+/Co?*+ redox cycle [43]. C-S—C constituted the dominant form
at 55.5%, importantly serving not only to effectively bond with and
anchor metals but also to provide excellent active sites for PMS ac-
tivation. The Co 2p XPS spectrum (Fig. 2f) revealed that the Co°
content in Co-S-CN (26.7 %) increased compared to Co-CN (18.7 %),
indicating that the introduction of S increased the content of
Co%, and this result is consistent with that of XRD. Therefore, the
dual micro-reduction environment “S%-Co®” constructed on the
catalyst surface can effectively promote the reduction of Co3* to
Co2*t, which is beneficial for achieving efficient redox cycling dur-
ing catalytic reactions [34].

To further elucidate the electron transfer capability of the cat-
alysts, electrochemical analyses were performed. The electrochem-
ical impedance spectroscopy (EIS) results show that Co-S-CN ex-
hibits a smaller diameter of the Nyquist arc, indicating the low-
est charge transfer resistance and the most efficient electron trans-
fer ability (Fig. 2g) [44]. From the cyclic voltammetry (CV) curves
(Fig. 2h), it can be observed that Co-S-CN possesses a stronger re-
duction capability compared to Co-CN and CN, which can be at-
tributed to the dual reducing environment provided by “S2--Co0”.
Generally, a smaller Tafel slope suggests a faster electron trans-
fer rate [45]. As shown in Fig. 2i, the Tafel slope of Co-S-CN is
45.9mV/dec, which is lower than those of Co-CN (62.5mV/dec)
and CN (100.6 mV/dec). In conclusion, Co-S-CN has the potential
for faster electron transfer rate.

The catalytic performance of Co-S-CN was evaluated by acti-
vating PMS for phenol degradation. Parameter optimization inves-
tigated the effects of catalyst dosage (10, 15, 20, 25, 30, 35mg)
(Fig. S8 in Supporting information), PMS concentration (0.75, 1.00,
1.25, 1.50 mmol/L) (Fig. S9 in Supporting information), pH (3, 5,
7, 9, 11) (Fig. S10 in Supporting information), and phenol con-
centration (25, 50, 75, 100mg/L) (Fig. S11 in Supporting infor-
mation). Optimal conditions were established as pH 7, catalyst
dosage 30 mg, PMS concentration 1.25 mmol/L, and phenol concen-
tration 50 mg/L, subsequent experiments employed these parame-
ters. Notably, Co-S-CN exhibited broad pH applicability (3-11) for
PMS activation. Fig. 3a compares phenol degradation across differ-
ent processes, with corresponding pseudo-first-order kinetic con-

stants derived (Fig. 3b and Fig. S12 in Supporting information). Re-
sults demonstrated near-complete phenol removal (~100%) within
5min in the Co-S-CN+PMS system, whereas degradation remained
incomplete after 20min in the Co-CN+PMS system. The reaction
rate constant for Co-S-CN+PMS was 3.0-fold higher than for Co-
CN+PMS. As shown in Fig. 3c, total organic carbon (TOC) analysis
further revealed 71.3 % mineralization of phenol within 30 min, in-
dicating abundant reactive species in the Co-S-CN+PMS system en-
abling both highly selective degradation and deep mineralization.
To elucidate environmental adaptability, the influence of various
salts (NaCl, NaHCO3, Na,S0,4, NaH,PO,4) on phenol removal was in-
vestigated (Fig. 3d and Figs. S13-S16 in Supporting information).
The results show that different concentrations of salt have almost
no inhibitory effect on the removal of phenol, which also proves
the universality of Co-S-CN. Furthermore, Co-S-CN maintained high
removal efficiency after five consecutive reuse cycles (Fig. 3e),
demonstrating excellent stability. As shown in Fig. 3f, cobalt leach-
ing concentration and leaching rate in the Co-S-CN+PMS system
exhibited pH dependence, with active metallic Co being more sus-
ceptible to leaching under acidic conditions, while leaching dimin-
ished progressively as pH increased. However, overall leaching re-
mained minimal (0.05-0.10mg/L), corresponding to leaching rates
of merely 0.47 % - 0.93 %, which not only verifies the excellent sta-
bility of Co-S-CN but also demonstrates the synergistic anchoring
effect of S and N on the Co NPs. Furthermore, as shown in Fig. S17
(Supporting information), the homogeneous catalytic contribution
from the leached metal ions at this concentration was negligible,
confirming that the PMS activation was predominantly governed
by the heterogeneous catalyst.

Meanwhile, degradation experiments were conducted on vari-
ous pollutants including phenol, sulfamethoxazole (SMX), bisphe-
nol A (BPA), and benzoic acid (BA) (Fig. S18 in Supporting infor-
mation). The results demonstrated that all pollutants except BA
achieved 100% degradation within 20min of reaction, confirm-
ing the broad applicability of this system. Comparative analysis
with reported cobalt-based catalysts for PMS activation and phe-
nol degradation (Table S2 in Supporting information) revealed that
the Co-S-CN+PMS system developed in this study achieved phe-
nol degradation within shorter timeframes, utilizing lower cata-
lyst and oxidant dosages compared to most reported systems; this
demonstrates its superior degradation efficiency, with the notably
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Fig. 4. EPR spectra of *OH/SO4"~ (a), O,"~ (b), and '0; (c) for PMS, Co-S-CN, and Co-S-CN+PMS systems. (d) Effects of different quenching agents (TBA, MeOH, PBQ, and FFA)
on phenol degradation and (e) kinetic constants for Co-S-CN+PMS system. Influence of PBQ on the signal strength of O,*~ (f), and 0, (g) in the Co-S-CN+PMS system. (h)

0, and (i) '0, for Co-CN+PMS and Co-S-CN+PMS systems.

enhanced mineralization capability being of particular significance.
Consequently, considering both comprehensive performance and
cost-effectiveness, the proposed Co-S-CN catalyst exhibits a distinct
advantage for PMS-activated phenol degradation.

The preceding findings confirmed that Co-S-CN effectively ac-
tivated PMS to generate highly oxidizing reactive species. As re-
ported [46], potential reactive oxygen species (ROS) in cobalt-
based catalyst/PMS systems include SO4~, ‘OH, 0,"~, and '0,.
Therefore, electron paramagnetic resonance (EPR) spectroscopy
and quenching experiments were conducted to identify the spe-
cific reactive species and their contributions. 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO) served as the spin-trapping agent
for SO4~, "OH, and 0,"~, while 2,2,6,6-tetramethylpiperidine
(TEMP) was used for '0, [10]. In quenching experiments, tert-
butyl alcohol (TBA), methanol (MeOH), p-benzoquinone (PBQ),
and furfuryl alcohol (FFA) were employed as quenchers to
probe the existence and contribution of different ROS. TBA
is a typical *OH quencher because its reaction rate constant
with "OH (k=3.8 — 7.6 x 108 Lmol! s'1) is approximately 1000-fold
higher than with SO~ (k=4.0—-9.1 x 10° Lmol-!s1) [47]. MeOH
can quench both "OH (k=12-2.8x108Lmol's!) and S04~
(k=1.6—-7.8 x 107 Lmol!s1) [48]. PBQ is a common quencher for
0, (k=9.6 x 108 Lmol!s1) [49], and FFA is a specific quencher
for the nonradical species 10, (k=1.2 x 108 Lmol! s'1) [50].

As shown in Fig. 4a, neither PMS alone nor the Co-S-CN sys-
tem exhibited characteristic signals for “OH or SO4*~, only weak
signals corresponding to SO, ~ and "OH were detected in the
Co-S-CN+PMS system after 5min, suggesting these radicals were
unlikely the primary reactive species. However, distinct character-
istic signals for both 0, (Fig. 4b) and '0, (Fig. 4c) were detected

in the Co-S-CN+PMS system, indicating their potential as the main
species controlling pollutant degradation. Quenching experiments
further elucidated the roles of these species. The addition of TBA
and MeOH had almost no inhibitory effect on phenol degradation
(Fig. 4d, Figs. S19 and S20 in Supporting information), confirm-
ing that SO4~ and ‘OH were not the dominant active species.
Conversely, adding PBQ reduced phenol removal from 100% to
56.6 % after 5min (Fig. 4d and Fig. S21 in Supporting information),
while adding FFA (10 times the PMS concentration) reduced
it to 22.0% (Fig. 4d and Fig. S22 in Supporting information).
Comparison of pseudo-first-order rate constants with different
quenchers (Fig. 4e and Fig. S23 in Supporting information): FFA
(3.08 x 10~4s71) < PBQ (1.37 x 103 s71) < MeOH (8.90 x 10~3s71)
< TBA (9.92 x 1035~ 1) < no quencher (1.01 x 10-2s~1), it can be
concluded that 0,'~ and 0, contributed significantly to phenol
degradation. Given that 0, readily converts to 10, [51], further
investigation was required. Fig. 4f showed that PBQ addition
markedly weakened the O,°~ signal, with the weakening effect
intensifying with increasing PBQ concentration, confirming PBQ
inhibited O, generation. Crucially, inhibiting O,"~ also led to
a concurrent decrease in the 10, signal intensity (Fig. 4g). This
strongly demonstrated that 10, originated from O,~ within the
Co-S-CN+PMS system and played the predominant role in the
reaction pathway.

To elucidate the influence of sulfur introduction, combined with
nitrogen, on the synergistic modulation of Co active sites and its
impact on reactive species generation. EPR spectroscopy was used
to compare the signals of reactive species in the Co-CN+PMS and
Co-S-CN+PMS systems. Results demonstrated that both the Co-CN
and Co-S-CN systems exhibited weak signal intensities for S04~
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and ‘OH (Fig. S24 in Supporting information), confirming that nei-
ther system was governed by these radical species. Significantly,
the EPR signal intensities for both 0,'~ and '0, were substan-
tially higher in the Co-S-CN system compared to the Co-CN system
(Figs. 4h and 1i). This unequivocally proves that the introduction
of sulfur effectively synergizes with nitrogen to modulate the Co
active sites, promoting the generation of the key reactive species
0,"~ and consequently leading to a surge in 10, production.
Comparative analysis of Co-S-CN before and after use was con-
ducted to elucidate the PMS activation mechanism. XPS analysis
of fresh and used Co-S-CN as shown in Figs. 5a—d and Fig. S25
(Supporting information), and the corresponding contents are pre-
sented in Table S3 (Supporting information). The surface chemi-
cal state of Co before and after using Co-S-CN is shown in Fig. 5a.
Compared with the fresh Co-S-CN, the content of Co® decreased
from 26.7% to 17.4%, accompanied by increases in Co%** (36.0%
to 41.9%) and Co3*+ (37.3% to 40.7%), which indicates that while
PMS oxidizes Co?t to Co®*, there is also a reduction of Co®* to
Co2*. Based on the standard redox potentials of Co3*+/Co%* (1.82V)
and Co2t/Co® (—0.28V), Co® can thermodynamically reduce Co3*
to Co%* [34]. Concurrently, the S 2p spectrum (Fig. 5b) showed a
decrease in S2~ content from 13.7% to 7.3%, as the reducing S*~
species also facilitates Co3* reduction to Co%* while itself being
oxidized to S° [52]. To underscore the synergy of this dual micro-
reduction environment, we compared it with the Co%-only sys-
tem (Co-CN). As shown in Fig. S26 (Supporting information), the
Co%+ content in used Co-CN increased only marginally from 34.7 %
to 36.5%, a significantly smaller increase compared to the Co-S-
CN. This indicates that the concurrent electron donation from both
$2- and Co? in Co-S-CN creates a more efficient redox cycle, lead-
ing to a markedly higher regeneration rate of active Co3+ sites. A
schematic illustration detailing this synergistic electron flow is pro-
vided in Fig. S27 (Supporting information). The content of C-S-C
decreased from 55.5% to 50.6%, suggesting its involvement not
only in anchoring Co nanoparticles but also in activating PMS due
to its electron-rich nature [53]. As shown in Fig. 5c, the N 1s spec-
trum indicated a decrease in graphitic N content, implying its par-
ticipation in the reaction. However, the content of Co-Ny showed
significant changes, indicating that it can effectively anchor the Co
NPs. Notably, O 1s analysis (Fig. 5d) showed a decrease in C=0 con-
tent (31.2% to 23.3%), suggesting its role where C=0 groups are
oxidized by persulfate to form epoxy groups, subsequent oxida-

tion of these epoxies by SO52~ induces '0, generation [54]. XRD
(Fig. 5e) and FT-IR (Fig. S28 in Supporting information) spectra
showed negligible structural changes before and after use, demon-
strating the effective anchoring of active components by S and N
and consequent catalyst stability. Raman spectroscopy indicated a
decrease in the Ip/Ig ratio for the used catalyst, suggesting the in-
volvement of defects in the reaction (Fig. 5f).

In summary, this study proposes a possible mechanism of
Co-S-CN activating PMS. (i) O,"~-mediated '0, generation: Metal-
lic species in Co-S-CN transfer electrons to PMS, inducing Oy~
formation (Eq. 1), while graphitic N also donates electrons to PMS
to produce O,'~ (Egs. 2-4) [55,56]. Subsequently, O, reacts with
HO," or H* to generate 10, (Egs. 5 and 6) [56]. (ii) '0, generation
via "OH and 0,°~ interaction: Oxidation of Co?+ by PMS produces
*OH (Eq. 7), and "OH reacts with Oy~ to form 10, (Eq. 8) [50]. (iii)
SO5'~ decomposition to 10,: Co3+ may be reduced by PMS, yield-
ing SO5°~, which undergoes self-decomposition to produce !0,
(Egs. 9 and 10) [57]. (iv) C=0 induced '0, pathway: C=0 groups
on Co-S-CN are oxidized by persulfate to form epoxy structures,
which are further oxidized by SO52~ to induce '0, generation
(Egs. 11 and 12) [54]. Critically, the synergistic “S2~-Co%” micro-
reductive environment facilitates the reduction of Co3* back to
Co2?* (Egs. 13 and 14) [35,43], thereby significantly promoting the
cobalt redox cycling essential for sustained catalytic activity.

Co—S—CN—Co** 4 2HSO; — Co—S—CN-Co** + 05~ + 2HSO,

(1)
HSO; + H,0 — H,0, + HSO; (2)
H,0, — H* + HO3" 3)
HO3™ — H' +05° (4)
05~ +HO3 — HO; +'0, (5)
205" +2H* — H,0, +'0, (6)
Co** + HSO5 — Co** +S02~ + *OH (7)
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*OH+ 05 — OH™ +'0, (8)
Co** + HSO; — Co** + S0 + H* (9)
2503 — 2505 +'0, (10)
Co—S—CN—C = 0 + HSO; — Co—S—CN—COO + HSO, (11)

Co—S—CN—COO + SO2~ — Co—S—CN—C =0+ 50> +10, (12)

Co® + 2Co%+ — 3Co?**+ (13)

$?~ +2Co*t — 2Co*t + S (14)

To elucidate the synergistic mechanism of S and N in PMS
activation, DFT calculations were performed. Models for CN, Co-
CN, and Co-S-CN were successfully constructed based on prior
characterization results as shown in Fig. S29 (Supporting infor-
mation). Calculation of the adsorption energies (E,qs) for PMS
on these models revealed that CN required the most energy
(Eaqs =—1.95eV) for PMS adsorption compared to Co-CN and Co-S-
CN (Fig. 6a), indicating that introducing metallic Co enhances the
affinity of catalyst for PMS. Significantly, Co-S-CN exhibited a lower
E.qs for PMS (—3.77eV) than Co-CN (—3.51eV) (Figs. 6b and c),
demonstrating a synergistic effect between S and N that promotes
PMS adsorption. Analysis of the differential charge density for ad-
sorbed PMS on CN, Co-CN, and Co-S-CN (Figs. 6d-f) showed that

S introduction effectively modulates the electronic structure and
charge distribution of the carbon nitride material [26,58]. Bader
charge analysis confirmed a higher number of electrons transferred
from Co-S-CN to PMS (0.80 e) compared to Co-CN (0.75 e) and CN
(0.73 e), further corroborating that S incorporation synergizes with
N to induce electronic redistribution within the catalytic material,
thereby enhancing PMS activation [24]. Changes in bond lengths
upon adsorption support this conclusion: the O-H bond in Co-
S-CN-PMS (0.987 A) lengthened compared to that in Co-CN-PMS
(0.983A), facilitating its cleavage and favoring SOs'~ generation,
which promotes 10, formation. Similarly, the elongation of the
S-0 bond (1.520A — 1.527A, indicating bond weakening) is con-
ducive to O, generation and its subsequent conversion to 10,.
These computational results are fully consistent with the preced-
ing quenching experiments and proposed activation mechanism.

Projected density of states (PDOS) calculations was performed
for individual atoms in Co-CN and Co-S-CN. As shown in Fig. 6g,
Co-CN exhibited relatively weak electronic states near the Fermi
level. Upon sulfur introduction (Co-S-CN, Fig. 6h), pronounced
electronic states emerged near the Fermi level, indicating that
the synergistic effect of S and N enhances electrical conductivity.
The increased electron occupancy in these states implies greater
availability of electrons for PMS activation, consistent with the
preceding Bader charge analysis and further confirming that S and
N synergistically optimize orbital configurations to facilitate inter-
atomic electron transfer. The partial density of states for Co atoms
(Fig. 6i) revealed that the d-band center in Co-S-CN (—1.330eV)
lies closer to the Fermi level than in Co-CN (—1.341eV), demon-
strating that S and N cooperatively modulate the electronic
distribution of the Co 3d orbitals, leading to enhanced reactivity
between Co-S-CN and PMS.
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In summary, this work designed and fabricated a sulfur-
nitrogen co-anchored cobalt nanoparticle catalyst, effectively
addressing the critical issue of active metal leaching. By con-
structing a “S2°-Co®” dual micro-reduction environment within
the catalyst, it significantly accelerated the Co3*/Co?* redox cycle.
Experimental validation, characterization techniques, and theoret-
ical calculations collectively elucidated the strong metal anchoring
effect and modulation mechanism enabled by S-N synergy. Re-
sults demonstrated that the Co-S-CN+PMS system achieved 100%
phenol degradation within 5min, exhibiting exceptional resistance
to salt interference (S042-, Cl-, HCO3;~, H,P0O,~). Minimal cobalt
leaching (<1%) across various pH values confirmed the strong
anchoring effect and structural stability imparted by S-N synergy.
Structural characterizations verify the existence of S2- and Co®, and
co-optimizing cobalt valence cycling. EPR and radical quenching
experiments indicated the reaction proceeds primarily via a non-
radical pathway, with 10, identified as the key reactive species.
DFT calculations revealed S-N synergy enhanced PMS adsorption
strength, increased charge density and optimized the electronic
structure of Co 3d orbitals. This study provides a strategy for
designing high-performance and stable catalysts, offering a prac-
tical paradigm for applying persulfate-based advanced oxidation
processes in wastewater purification.
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