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HIGHLIGHTS

o N-HCMS@CuSA achieved 100% BPA
degradation in 12 min with an ultra-low
dosage.

o Cu-Ny sites triggered a highly selective
direct electron transfer (DET) pathway.

¢GOS and DFT quantitatively linked
degradation rates to  half-wave
potentials.

e The DET regime ensured exceptional
resistance to humic acid and real
wastewater.
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ABSTRACT

In advanced oxidation processes based on peroxydisulfate (PDS) activation, establishing a highly selective direct
electron transfer (DET) pathway in complex water matrices remains a critical scientific bottleneck. Herein, a
hollow mesoporous carbon-anchored Cu single-atom catalyst (N-HCMS@CuSA) was developed for PDS activa-
tion, which selectively undergone direct electron transfer pathway and exhibited exceptional intrinsic activity for
organic pollutants degradation. The system of N-HCMS@CuSA /PDS achieved 100% degradation of bisphenol A
(BPA) within 12 min at an ultra-low catalyst dosage of 0.125 g/L, delivering a turnover frequency (TOF) of 4.90
min L. A quantitative correlation was established between the reaction rates (kops) and the half-wave potentials
(¢1,2) of pollutants. Electrochemical analysis, EPR, and radical scavenging experiments revealed that a direct
electron transfer (DET) mechanism overwhelmingly dominated the BPA degradation. The construction of a
galvanic oxidation system (GOS) provided direct evidence for the interfacial electron flow from BPA to PDS. DFT
calculations revealed that the intrinsic Cu—Ny sites modulate the electronic structure of copper centers to induce
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effective elongation of the O—O bond in adsorbed PDS, thereby minimizing the energy barrier for electron
transfer. The N-HCMS@CuSA/PDS achieved over 90% BPA removal efficiency with low copper leaching
(0.01-0.02 mg/L) during 10 h of continuous operation. Ultimately, this work not only provides an efficient
strategy for high oxidant utilization but also highlights the immense potential of this uniquely configured DET
system as a robust pre-treatment strategy to mitigate organic fouling in membrane-based water reclamation

facilities.

1. Introduction

The development of city and industry has driven human civilization
and social progress. However, the increasing diversity and complexity of
organic pollutants in aquatic environments threaten ecological security
and human health. As a typical environmental endocrine disruptor,
bisphenol A (BPA) has attracted growing attention for its potential
health and environmental hazards. [1,2]. Furthermore, in modern
desalination facilities and advanced water reclamation plants, the
presence of endocrine-disrupting chemicals (EDCs, such as BPA) in
source water poses a critical challenge. These ubiquitous trace organic
contaminants not only threaten the safety of the product water but also
provoke severe and irreversible organic fouling on reverse osmosis (RO)
and nanofiltration (NF) membranes [3]. Conventional pre-treatment
strategies often rely on chlorination, which inevitably generates highly
toxic halogenated disinfection byproducts. Therefore, developing highly
efficient, selective, and non-halogenated advanced oxidation processes
(AOPs), such as PDS activation, as an integrated pre-treatment step is of
paramount importance for protecting desalination membranes and
ensuring intake water quality standards [4]. In recent years,
peroxydisulfate(PDS)-based advanced oxidation processes (PDS-AOPs)
have attracted significant attention for their high catalytic activity in
eliminating recalcitrant organic pollutants in aquatic environments and
for their diverse oxidation pathways (both radical and non-radical)
[5,6]. This process effectively removed organic contaminants from
water by generating reactive oxygen species (ROS), including hydroxyl
radicals (¢OH), sulfate radicals (SO5™), and superoxide radicals (037),
et al. [7-9]. However, the radicals generally suffer from a short life span
and competitive reactions with water matrix substances [10,11]. Inter-
estingly, non-radical pathways involving singlet oxygen (10,), electron
transfer processes (ETP), and highly valent metals [12,13]exhibit su-
perior resistance to interference with highly selective degradation to-
ward electron-rich pollutants [14-16].

Recent research advances have revealed multiple effective PDS
activation pathways, including thermal, ultraviolet, ultrasonication, and
catalytic approaches [17-19]. Heterogeneous catalysts were proved for
effective activation of PDS [20]. Single-atom catalysts (SACs) with well-
defined active sites, controllable electronic structure and significantly
increases 100% metal atom utilization efficiency are used for effective
PDS activation with generation of reactive species [21-23]. Meng et al.
[24] investigated the activation of PDS by Co single atoms for phenolic
compound degradation, demonstrating that CoNC-MSi exhibited
outstanding degradation, maintaining over 96% phenolic degradation
efficiency beyond seven cycles. Metal centers with different coordina-
tion configurations can trigger diverse PDS activation pathways,
including radical, non-radical, and radical-non-radical synergistic
mechanisms [25]. Furthermore, most studies indicated that direct
electron transfer(DET) have been confirmed as the dominant mecha-
nisms for SACs activating PDS [26,27].DET possesses three significant
advantages: (i) it preferentially acts on groups with high electron density
or great oxidizability, leading to highly selective degradation of target
pollutants; (ii) maintaining high degradation activity in complex real-
world aquatic matrices with high tolerance to radical quenchers like
HCOg3, Cl7, and natural organic matter,; and (iii) it mitigates the reliance
on non-selective radical pathways, achieving targeted detoxification
while inhibiting the formation of toxic byproducts [28].

Recent studies have demonstrated that single-atom catalysts

supported on nitrogen-functionalized carbon materials (i.e., M-N-C
SACs) exhibit exceptional efficiency and durability in Fenton-like
catalysis [29,30]. Unlike iron-, cobalt-, and manganese-based catalysts
that readily cleave the O—O bond of PDS to trigger radical pathways,
Cu-based catalysts offer distinct mechanistic advantages for non-radical
processes [31,32]. Distinct from the Fe-based catalysts that typically
trigger the radical-generating cleavage of the O—O bond, the unique d-
electron configuration of Cu centers facilitates inner-sphere interaction
with PDS, leading to the formation of a reactive surface complex. This
unique inner-sphere complexation facilitates the establishment of an
efficient electron-conducting bridge, thermodynamically favoring the
direct electron transfer (DET) pathway from target pollutants to PDS
[33,34]. Inspired by these findings, several Cu-based single-atom cata-
lysts derived from nitrogen-doped carbon materials have been applied in
recent years to activate PDS for degrading organic pollutants demon-
strating outstanding catalytic performance [35,36]. Pan et al. [37]
discovered that the Cu(IIl) oxidation and electron transfer processes
induced by the Cu—N, site on the single-atom catalyst dominate
pollutant degradation during PDS activation. It is important to note that
existing PDS activation systems typically exhibit multiple coexisting
pathways, which often participate simultaneously. Such complexity
makes it challenging to establish a direct correlation between the
dominant pathway and specific structural elements [38]. Models of PDS
activation dominated by a single pathway of direct electron transfer
(DET) are rarely reported. More importantly, the catalytic efficiency of
DET in practical applications is often severely constrained by sluggish
interfacial mass transfer and low local pollutant concentrations in bulk
solutions. To break through this bottleneck, rational catalytic system
construction at the is urgently required.

Herein, we rationally designed a single-atom catalyst with Cu—Ny
moieties anchored on nitrogen-doped mesoporous carbon (N-
HCMS@CuSA). The catalyst efficiently activated PDS and promoted the
degradation of phenolic compounds. The primary objectives of this
study are as follows: (1) To investigate the catalytic performance and
practical applicability of the N-HCMS@CuSA/PDS system, particularly
under continuous flow conditions; (2) To unveil the non-radical mech-
anism by establishing a quantitative correlation between the half-wave
potentials (¢1,2) of pollutants and their oxidation rates (kops); (3) To
elucidate the intrinsic active sites and confirm the interfacial electron
transfer pathway through DFT calculations; and (4) To assess the
degradation pathways and toxicity evolution of BPA. The above findings
aim to provide theoretical insights into designing high-performance
single-atom catalysts for environmental remediation.

2. Experimental methods
2.1. Synthesis of N-HCMS

Details of the materials are described in Text S1. Ammonia solution
(NH4OH, 0.1 mL, 25 wt%) was combined with deionized water (30 mL)
and agitated for over 1 h. To this mixture, 3-aminophenol (0.1 g) was
added, and agitation was continued for 30 min. The reaction mixture
was then supplemented with formaldehyde solution (0.14 mL) and
maintained at 30 °C for a further 30 min with stirring. Finally, the
resulting solution was introduced into a mixture of deionized water (50
mL), ethanol (20 mL), and ammonia solution (1 mL, 25 wt%), followed
by approximately 5 min of mixing. Following the addition of 0.2 g of
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CTAB, 10 mL of TEOS was added. After reacting for 10 h, 35 mL of DMF
was introduced to dissolve the oligomers. The product was collected by
centrifugation, carbonized under a N> atmosphere, and then the silica
template was etched with 10 wt% hydrofluoric acid to obtain N-HCMS.

2.2. Synthesis of N-HCMS@CuSA

20 mL of mixture containing Cupric(II) acetylacetonate (0.3 g) and
EtOH (99 wt%) was ultrasonically dispersed as the Cu precursor. Sub-
sequently, 0.2 g of the carrier (N-HCMS) was ultrasonically dispersed in
deionized water for 1 h. The prepared dispersion and the Cu precursor
were subjected to ultrasonic treatment in an acetone solution (50 mL)
for 4 h. The solvent was evaporated under vacuum at 80 °C for 12 h. The
solid sample was dried and calcined in Ny at 800 °C at a rate of 5 °C/min
for 3 h. Finally, the dried sample was added to 0.5 M HySO4 and
maintained at 60 °C for 6 h to ensure complete leaching of Cu clusters
and unreacted Cu ions. It was then thoroughly washed with deionized
water until the pH was neutral, dried, and stored for later use.

2.3. Analytical methods

The performance of Cu-based single-atom catalysts were evaluated
through the degradation reaction of BPA. A mixture of 0.125 g/L cata-
lyst and 1.05 mM PDS was dispersed in 40 mL of BPA solution (10 mg/
L), and continuously stirred in a beaker (unless otherwise specified). At
fixed intervals, 1 mL of reaction solution was mixed with 0.5 mL of
methanol to quench residual radicals. Filtrates were collected after
filtration through 0.22 pm membrane for subsequent analysis. The
quenching experiments were conducted by adding methanol, tert-
butanol, furfuryl alcohol, oxalic acid, and EDTA-2Na during degrada-
tion. D20 replaced deionized water as the solvent to validate the
mechanism of '0,. For stability testing, the catalysts were washed with
deionized water and ethanol after reaction, dried at 60 °C, and reused in
subsequent cycles. Each experiment was repeated three times. Detailed
characterization methods were provided in Text S2.

BPA concentrations were determined using high-performance liquid
chromatography (HPLC, Waters Co.) equipped with an Agela Venusil
C18 column (4.6 x 260 mm, 5 pm). HPLC analytical methods for various
organic compounds were detailed in Table S1.

2.4. DFT calculation

We employed the Gaussian 16 and VASP software packages to
perform DFT calculations, while completing geometric optimization and
energy calculations under the detailed conditions described in Supple-
mentary Text S3.

3. Results and discussion
3.1. Characterization

The N-HCMS@CuSA catalyst were fabricated following the proced-
ure illustrated in Fig. la. As evidenced by the scanning electron mi-
croscopy (SEM, Fig. S1) and transmission electron microscopy (TEM,
Fig. S2) images, both N-HCMS and N-HCMS@CuSA exhibited a distinct
hollow spherical architecture. Notably, no aggregation of Cu nano-
particles was observed on the surface of catayst. To further scrutinize the
atomic dispersion of the Cu species, high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) was
employed (Fig. 1b). The monodispersed bright spots corresponding to
isolated Cu atoms were observed over the hollow mesoporous carbon
matrix, confirming the atomic dispersion of Cu species in HCMS@CuSA.
Furthermore, energy-dispersive X-ray spectroscopy (EDS) elemental
mapping (Fig. 1c—e) confirmed the homogeneous distribution of C, N,
and Cu throughout the catalyst, corroborating the absence of Cu nano-
particles. The X-ray diffraction (XRD) patterns of both the N-HCMS and
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N-HCMS@CuSA catalysts exhibited only a typical broad diffraction peak
around 23°, which is attributed to the amorphous structure of the carbon
layer (Fig. 1f) [39]. Notably, no characteristic peaks of crystalline Cu
species (such as Cu nanoparticles or copper oxides) were detected in the
N-HCMS@CuSA, excluding the existence of crystalline Cu species [40].
These results suggest that the Cu atoms are highly dispersed at the
atomic level across the carbon matrix.

To elucidate the electronic structure and coordination environment
of the Cu atoms in N-HCMS@CuSA, X-ray absorption near-edge struc-
ture (XANES) and extended X-ray absorption fine structure (EXAFS)
measurements were examined. The XANES spectra demonstrated that
the absorption edge position of N-HCMS@CuSA was located between
the Cuy0 and CuO (Fig. S3a), indicating that the Cu atoms were coor-
dinated in Cu(I) and Cu (II) forms. The Fourier-transform extended X-ray
absorption fine structure (FT-EXAFS) spectrum of N-HCMS@CuSA
(Fig. 1g) exhibited a prominent peak at 1.50 A, which was ascribed to
the first coordination shell of Cu—N bonding [41,42]. No characteristic
signals of Cu—Cu and Cu—O were observed, indicating the absence of
metallic crystalline Cu species. Furthermore, the corresponding WT-
EXAFS analysis substantiated the lack of Cu—Cu and Cu—O bonds in
N-HCMS@CuSA (Fig. 1i, Fig. S3b). Notably, the maximum k value at
~5.2 A™! corresponded to Cu—N coordination; this feature aligns well
with the profile of phthalocyanine copper (CuPc) [43]. The fitting re-
sults of EXAFS (Fig. 1h, Table S2) yielded indicated that Cu atom was
coordinated with 4 N in the first shell with an average distance of 1.95 A.

The N5 adsorption-desorption isotherms and pore size distribution
curves of N-HCMS and N-HCMS@CuSA were exhibited Fig. 2a. Both
samples possessed Type IV isotherms with H4-type hysteresis loops at
relative pressures (P/P, > 0.4), indicative of rich mesoporous structures
[44]. Meanwhile, the obvious upward curves under the relative pres-
sures (P/Py > 0.9) for catalysts, ascribing to the cavity structure. The
pore size distribution was calculated using the Barrett-Joyner-Halenda
method based on the desorption branches [45]. Results showed that
the average pore size of N-HCMS@CuSA (3.7 nm) was smaller than that
of N-HCMS (9.7 nm). Owing to the unique porous shell structure, N-
HCMS@CuSA(134.4 ng’l) possessed higher specific surface area
compared to N-HCMS(22.3 m2g~!) , which was beneficial to exposing
active sites for activation (Table S3).

X-ray photoelectron spectroscopy (XPS) analysis was conducted to
elucidate the chemical states and elemental composition of N-HCMS and
N-HCMS@CuSA (Fig. 2b-d, Fig. S4). The distinct peak centered at
400.61 eV can be clearly found from the XPS spectrum(Fig. 2b), indi-
cating the successful nitrogen doping [46,47]. Upon the introduction of
Cu atoms, a new peak emerged near 398.4 eV in the N 1 s spectrum,
which was assigned to the Cu—N interaction. Meanwhile, N 1 s XPS
spectra of N-HCMS@CuSA catalysts showed a significant shift (1.24 eV)
and a notable decrease in content of pyridine N in N-HCMS@CuSA as
compared with that N-HCMS (Fig. 2c-d). This phenomenon implied that
Cu single atoms were primarily coordinated with pyridinic N species to
form a stable Cu—N4 configuration. [48].

3.2. PDS activation performance of N-HCMS@CuSA

The catalytic performance of N-HCMS@CuSA was evaluated by the
degradation of BPA with PDS activation. As shown in Fig. 3a, PDS alone
only 19.6% removal of BPA. Adsorption indicated that approximately
21.3% of BPA was rapidly adsorbed onto the N-HCMS@CuSA surface.
An experiment using the Cu?*/PDS system was conducted; this yielded a
removal efficiency of 22.4%, representing a marginal increase of only
3.4% compared to PDS alone, indicating that the Cu?' potentially
released from the catalyst played a negligible role in the degradation
process. In the presence of PDS, the metal-free N-HCMS substrate
reached a removal efficiency of 44.3%. In remarkably contrast with the
pseudo-first-order rate constant (kops) of the Text S4 0.352 min~!
(Fig. 3b), which was significantly superior to that of the N-HCMS/PDS
system (0.045 min 1), representing a 7.5-fold improvement. To further
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Fig. 1. (a) Synthesis pathway of N-HCMS@CuSA catalyst; (b) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of N-
HCMS@CuSA and corresponding (c) C-site; (d) Cu-site; and (e) N-site EDS distribution maps; (f) X-ray diffraction pattern of N-HCMS@CuSA and N-HCMS; (g) FT-
EXAFS spectrum of N-HCMS@CuSA; (h) R-space fitting curve of the EXAFS spectrum for N-HCMS@CuSA; (i) WT-EXAFS spectra of different samples.
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Fig. 2. (a) N, adsorption-desorption isotherms and pore size distribution curves of N-HCMS and N-HCMS@CuSA; (b) the full survey scan for N-HCMS@CuSA; (c) XPS

N spectrum of N-HCMS; (d) XPS N spectrum of N-HCMS@CuSA.

quantify the intrinsic activity of the atomic Cu sites, the TOF was
calculated based on the actual Cu loading of 0.16 wt% determined by
ICP-OES. Remarkably, the N-HCMS@CuSA delivered a high TOF of 4.90
min~! (details in Text S5). This confirmed that the atomically dispersed
Cu—Ny sites are maximally accessible and highly efficient for PDS
activation. To highlight the specific activation superiority of our system
toward PDS, a comparative degradation experiment was conducted
using peroxymonosulfate (PMS) as an alternative oxidant. As illustrated
in Fig. S5, the N-HCMS@CuSA/PMS system exhibited a significantly
lower BPA degradation efficiency (only 56% within 12 min) compared
to the complete removal achieved by the PDS system. Furthermore,
optimization experiments indicated that even at a catalyst dosage of 5
mg and PDS dosage of 10 mg, the system achieved complete BPA
degradation within 12 min (Fig.S6), demonstrating the catalyst's supe-
rior intrinsic activity and atom utilization efficiency. A comparison with
state-of-the-art catalysts (Fig. 3c and Table S4) presented that N-
HCMS@CuSA presented outstanding efficiency in activating PDS for
BPA degradation. The results demonstrated the exceptionally high ac-
tivity of N-HCMS@CuSA in the heterogeneous activation of PDS for BPA
degradation. The TOC removal was further measured as an indicator of
BPA mineralization. The N-HCMS@CuSA exhibited mineralization ef-
ficiency of 69.7% within 60 min (Fig. S7). Given that the degradation
process was often sensitive to pH, the effect of solution pH was exam-
ined. The results showed that nearly complete degradation of BPA was
achieved within 12 min over a wide pH span (3-9) (Fig. S8), demon-
strating that N-HCMS@CuSA may be performed efficiently for the major
role in the PDS activation process under neutral pH condition. The
findings underscored the high efficiency of the N-HCMS@CuSA/PDS
system across a broad pH spectrum. Regarding the structural stability,
the leaching of Cu ions was found to be negligible. Specifically, Cu?*
leaching rates were limited to 0.16% and 0.19% under acidic and
alkaline conditions, respectively, and dropped to 0.01% at pH 6

(Fig. S9). In addition, the BPA degradation was completed within 12 min
in the buffered system of pH 6 (Fig. S10). The sustained high efficiency
in the buffered environment confirms that the superior performance of
N-HCMS@CuSA is derived from its intrinsic catalytic activity rather
than pH acidification. In terms of reusability, the material maintained a
degradation efficiency of 73.2% after five consecutive cycles (Fig. S11),
demonstrating its ability to sustain catalytic performance during
repeated operations. Furthermore, XRD analysis (Fig. S12) showed no
discernible changes in the diffraction patterns compared to the fresh
catalyst, corroborating its excellent structural integrity, demonstrating
its ability to sustain degradation efficiency for repeated operation.

To evaluate the practical feasibility of the N-HCMS@CuSA/PDS
system, BPA degradation experiments were conducted in real water
matrices, including tap water and surface water (collected from
Wuliangsuhai Lake). The detailed physicochemical parameters of these
water samples including TOC and representative anions (e.g., Cl ™, 5042(,
HCO3, and F~) were summarized in Table S5. Remarkably, the system
achieved complete removal within just 12 min in both water samples
(Fig. S13). These results attested to acceptable adaptability of the N-
HCMS@CuSA/PDS system, demonstrating its capability to maintain
effective catalytic performance with complex aqueous matrices.

A continuous-flow setup was constructed to assess the practical po-
tential of the N-HCMS@CuSA system using a catalyst-loaded poly-
urethane sponge as detailed in Text S6. The influent mixture of PDS and
BPA was pumped upward at a flow rate of 2 mL min~' through the
reactor (Fig. 3d and Fig. S14). Continuous-flow experiments were con-
ducted using a catalytic filter loaded with 110 mg of N-HCMS@CuSA
over a 10-h reaction period. SEM analysis confirmed the dense fibrous
morphology of the loaded sponge (Fig. S15). The system demonstrated
superior performance and maintained a BPA degradation efficiency
exceeding 94% throughout the process, which significantly out-
performed control groups including N-HCMS-loaded PU/PDS, pristine
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PU/PDS, and N-HCMS@CuSA-loaded PU alone (Fig. 3e). Furthermore,
the catalyst exhibited excellent stability with a maximum copper
leaching concentration of only 0.02 mg/L detected during long-term
continuous operation. Collectively, these results confirm the high effi-
cacy and structural integrity of the N-HCMS@CuSA-loaded PU/PDS
system against complex actual wastewater matrices, making it excep-
tionally suitable as a robust pre-treatment strategy to mitigate organic
fouling in downstream membrane processes. As depicted in Fig. 3f, the
degradation performance remained largely unaffected, achieving 100%
BPA removal even in the presence of various interfering anions
including ClI™~, HPOg4, NOg3, SO%’, and HCO3. Furthermore, the humic
acid (HA) had a negligible impact on the efficiency. This exceptional
anti-interference capability highlights the good resistance of the N-
HCMS@CuSA/PDS system toward target pollutants. The N-
HCMS@CuSA system demonstrates scalability potential for engineering
applications. Specifically, the macroscopic immobilization of the pow-
der catalyst within the PU sponge framework effectively addresses the
ubiquitous separation challenges associated with nanomaterials, pre-
cluding the need for energy-intensive post-treatment steps. Moreover,
the demonstrated stability under continuous-flow conditions un-
derscores the high compatibility of this structured catalyst with indus-
trial fixed-bed column configurations. In addition, driven by the
overwhelmingly dominant DET mechanism, the system exhibits resis-
tance to background interference from ubiquitous anions and organic
matter (TOC) present in real water matrices. This specific feature

minimizes the futile consumption of the oxidant and maintains steady
performance in complex practical environments, highlighting its
tremendous potential as a reliable pre-treatment strategy for advanced
desalination and wastewater reclamation.

The N-HCMS@CuSA catalyst exhibited exceptional versatility in
degrading various persistent organic pollutants via PDS activation. As
presented in Fig. 3g and h, removal efficiencies exceeding 98.8% were
achieved within 12 min for 4-chlorophenol (4-CP), BPA, phenol (PhOH),
and 2-(2H-benzotriazol-2-yl)-4,6-di-tert-pentylphenol (UV-328). In
contrast, atrazine (ATZ) demonstrated limited degradation (kobs =
0.033 min 1), with a removal efficiency of only 31.5%. It indicated that
the N-HCMS@CuSA/PDS system possessed specific oxidative selectivity
toward electron-rich organic substrates.

The cyclic voltammetry(CV) measurements were conducted to
determine the redox potentials of the pollutants [49]. The half-wave
potential (¢1/2) served as a key indicator of the oxidizability of these
compounds (Fig. S16). Specifically, for BPA, the anodic peak (1la)
located at 0.622 V (Fig. 4a) corresponded to a calculated ¢;,2 value of
0.476 eV, based on Eq. S2 (Text S7). Fig. 4b summarized the ¢; /5 values,
which followed the increasing order: BPA < 4-CP < PhOH < UV-328 <
ATZ. Subsequently, a correlation was established between kqps and ¢1,/2
(Fig. 4c). A strong linear correlation (R2 = 0.942) was observed for the
four oxidized pollutants (BPA, 4-CP, PhOH, UV-328), whereas ATZ
showed a significantly higher ¢,/ value. Generally, contaminants with
low ¢1/2 values demonstrated high oxidation rates, while ATZ with its



X. Fan et al.

Desalination 637 (2026) 120500

Aoas — b

——1Circle High ¢, R’=0.942
oy 16 i 03
<2 015
o ~12 Moderate Y
; 0.10 % Low ¢y, ¢y, values "3 0.2 .
g 0.05 / ~0.8 values H -
= j Q '
3 0.00{ ; Ey | 0.1
-0.05{ 0.4 ‘ | ¥=0.30725-0.17943x
H—/ i7 2
b | \ 0.0 R?=0.992

y=0.58278-0.52787x

-1.0-0.5 0.0 05 1.0 15 2.0

d Potential (V)
c

BPA 4-CP PhOH UV-328 ATZ

04 06 08 1.0 12 14 1.6
912 (eV)

1.0 —— MeOH 50mM
\ k —¥— TBA 50mM 0.4 o 0378
0.8 . — — PBQ50mM 0.8
—&— FFA 50mM 0.3
= 0.61 —— Control e - 0.64
Q ,\;\7\ .E Q
O o4 \ e £0.2 O 0.4l . a
*—4 £
2 N S 0.1 0.21
0.0- TNy A A A a4 —=__
’ 0.0 0{
0 2 4 6 8 10 12 &o\ \96 & &a & T 3 4 ¢ & 10 1
g Tione (ouin) h ¢ A s Time (min)
N-HCMS@Cu-SAC+PDS 11 0\ — —Blank
— —EDTA

N-HCMS@CuSA+PDS

pemsarp| e smiee| st

Intensity (a.u.)
Intensity (a.u.)

N-HCMS+PDS

N-HCMS+PDS ~
| 0.21 \T\ T
i
.0 ;by

—y—PMSO
—— Oxlate

08{ %
_ —p— Dichromate
= 0.6 >*‘f »

— »

3460 3480

3460 3480 3500 3520 3540 3560
Magenetic field (G)

3500
Magenetic field (G)

|/

3520 3540

3560 0 2 4 6 8 10 12

Time (min)

Fig. 4. (a) CV curve of BPA; (b) ¢1,» values of different pollutants; (c) correlation between 1,2 values and ks of different pollutants; (d) effect of quenchers on BPA
degradation in the N-HCMS@CuSA/PDS system; (e) and corresponding reaction rate constants; (f) effect of deuterated water on BPA degradation in the N-
HCMS@CuSA/PDS system; EPR spectra of (g) 10, and (h) sulfate radical (SO4*~/-OH) in different N-HCMS@CuSA,/PDS/BPA systems; (i) effects of PMSO, oxalate,
EDTA, and dichromate on BPA degradation kinetics. (catalyst dosage = 0.125 g/L, [PDS]o, = 0.25 g/L, [BPA]g = 10 mg/L , [EDTA], = [Oxlate]o = 10 mM ,

[PMSO]o = 0.2 mM, [Dirchromate], = 20 Mm, T = 25 °C, pH = 6).

high potential showed suppressed kinetics. The results implied that the
degradation efficiency was intrinsically linked to the redox potential of
the contaminant.

3.3. Mechanism of activated PDS for BPA degradation

3.3.1. Identification of active species

The mechanism of BPA removal was investigated using quenching
studies to identify the reactive species. Methanol (MeOH) and tert-
butanol (TBA) were employed as scavengers for hydroxyl radicals
(OH) and sulfate radicals (SO37), respectively [50]. As depicted in
Fig. 4d, the addition of MeOH or TBA to the reaction system exerted a
negligible inhibitory effect on BPA degradation. Quantitatively, the
pseudo-first-order rate constants in the presence of MeOH (0.325 min~ 1)
and TBA (0.351 min’l) were virtually identical to that of the blank
control (0.352 min~!) (Fig. 4e). It implied that -OH and SO3~ were not
the primary active species driving the degradation process. Additionally,
EPR analyses confirmed the generation of reactive radicals of -OH and
SO5~ (Fig. 4g). These findings demonstrate that while radical-mediated
oxidation universally occurs, its contribution varies markly pollutants.
P-benzoquinone (PBQ) was employed to scavenge superoxide radicals
(03%7), the inhibitory effect was minimal, indicating that the contribu-
tion of O3~ to BPA degradation is negligible. In contrast, the addition of
furfuryl alcohol (FFA), a specific scavenger for singlet oxygen (105)
[51], significantly suppressed the degradation process. While this

inhibition is traditionally ascribed to ROS quenching, it can be more
plausibly explained by a substrate competition mechanism [52]. As an
electron-rich molecule, FFA competitively coordinates with the cata-
lyst's active sites, effectively blocking BPA access and consequently
retarding the overall degradation kinetics [53]. To further validate this
hypothesis, L-histidine was employed as another highly specific 10,
scavenger. Distinct from FFA, the presence of L-histidine exhibited little
to no inhibition of BPA degradation (Fig. S17). This outcome confirms
that the FFA-induced inhibition is primarily attributed to competitive
oxidation rather than !0, consumption. Given the potential selectivity
limitations of chemical scavengers, EPR spectra were obtained to
investigate the role of 10,. Fig. 4g displayed only a faint TEMP-'0, peak
in the N-HCMS@CuSA/PDS system, implying that the involvement of
10, was excluded. Degradation experiments were performed using
heavy water(D-0). Despite the fact that the lifetime of 10, in DO was
longer than that in HyO [54] , the BPA degradation rate and reaction
rate constant in D,O was nearly identical to that in HoO as presented in
Fig. 4f. The above results ruled out singlet oxygen as the primary active
species. Consequently, other nonradical mechanisms were present in the
N-HCMS@CuSA/PDS system.

3.3.2. Direct electron transfer pathway

The previous report has documented that certain Cu-based single-
atom catalysts activate PDS to generate high-valent Cu species via a
dominant mechanism [55]. Typically, this process involved the binding
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of PDS to Cu(II) sites to yield Cu(II)-O complexes capable of efficiently
degrading organic contaminants. To verify whether such Cu(III) species
function as the active oxidants in the N-HCMS@CuSA/PDS system, so-
dium oxalate and methyl phenyl sulfoxide (PMSO) were employed as
specific probes. Sodium oxalate was known to undergo rapid redox re-
actions with Cu(III), while PMSO serves as an indicator by impeding Cu
(I11) formation through its oxidation to PMSO, via an oxygen atom
transfer mechanism [56,57]. As displayed in Fig. 4i, the introduction of
either sodium oxalate or PMSO into the reaction system resulted in
negligible inhibition of BPA removal. This result excluded the genera-
tion of Cu(III) during the catalytic process. Besides, the degradation rate
of PE dramatically declined in N-HCMS@CuSA /PDS with the addition
of EDTA to poison the metal site. This result indicated the critical role of
Cu—Ny sites in PDS activation These results strongly suggested the ex-
istence of a non-radical pathway involving the Cu—Ny active site in the
N-HCMS@CuSA/PDS system.

The DET is increasingly recognized as a pivotal mechanism for
organic degradation in advanced oxidation processes [58]. To prelimi-
narily explore the specific degradation pathway of BPA within the N-
HCMS@CuSA/PDS system, dichromate was introduced to inhibit direct
electron transfer. Functioning as a potent electron scavenger, dichro-
mate can competitively intercept the interfacial electron transform from
the substrate [59]. Consequently, the degradation rate of BPA was
markedly suppressed upon the addition of dichromate. Therefore, sub-
sequent electrochemical analysis and galvanic oxidation system (GOS)
analyses were conducted. [60].

Electrochemical analysis was used to identify the DET regime. As
illustrated in the linear sweep voltammetry (LSV) profiles in Fig. 5a, the
current density of the N-HCMS@CuSA electrode revealed a pronounced
current response upon the introduction of PDS, signifying electron
transfer from the catalyst to PDS. The subsequent addition of BPA dis-
played distinct current response, which substantiated the existence of
the continuous electron transfer pathway. Furthermore, the chro-
noamperometric response shown in Fig. 5b displayed distinct current
steps following the sequential injection of PDS (0.5 mM) and BPA (10
mg/L). Collectively, these results provided compelling evidence of
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electron transform among N-HCMS@CuSA, PDS, and BPA. In contrast,
the N-HCMS system exhibited no detectable current response upon PDS
addition, which attributed to the high impedance of the metal-free
support. Further insight is provided by the electrochemical impedance
spectroscopy Nyquist plots in Fig. 5S¢, where the semicircular region
corresponds to the charge transfer resistance, while the linear portion is
associated with mass transfer resistance [61]. The smaller semicircular
radius observed for N-HCMS@CuSA reflects a reduced resistance to
charge transfer, which supported the finding of the highest reaction rate
in the PDS/BPA system. As shown in Fig. 5d, the CV analysis showed that
N-HCMS@CuSA generated higher current density than the N-HCMS
support, proving that Cu single atoms are essential for activating PDS
and superior activity. [62,63].

A galvanic oxidation system (GOS) was constructed to probe the
electron-transfer behavior between BPA and the N-HCMS@CuSA/PDS
system (Text S8) [64].In this setup, PDS and BPA were isolated in two
cells with N-HCMS@CuSA-modified graphite flakes as electrodes. The
chambers were connected by a salt bridge and a galvanometer to
monitor [65] current. Adding PDS and BPA caused current fluctuations,
peaking at 56 pA then dropping to 26.7 pA in 12 min. This decay is due
to reaction kinetics and mass transfer limits, shifting from kinetic to
diffusion control. Similar currents with unmodified graphite sheets show
graphite's intrinsic ability to activate PDS via electron transfer. Thus,
direct electron transfer is the primary mechanism in the N-
HCMS@CuSA/PDS system.

In summary, the experimental results confirm the dominant role of
the DET pathway in the N-HCMS@CuSA/PDS system. The advantages of
DET pathway become particularly evident when contrasted with other
reported catalytic systems. Previous studies have demonstrated that Cu-
based single-atom catalysts typically activate PDS via the generation of
ROS, such as 102, or the formation of high-valent copper intermediates
(e.g., Cu(ll)) [66,67]. However, 102 and Cu(III) species can still suffer
from futile consumption by ubiquitous NOM or background inorganic
ions in complex aquatic environments, leading to reduced utilization
efficiency of the oxidant [68]. In contrast, the highly confined Cu—N4
active sites in N-HCMS@CuSA exclusively trigger a DET pathway [69].
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By serving as an efficient electron bridge, the Cu-Nu sites facilitate the
direct transfer of electrons from the electron-donating BPA to the
electron-accepting PDS [70]. Consequently, the dominance of this non-
radical bridging pathway prevents the consumption of PDS by back-
ground constituents, endowing the system with remarkable anti-
interference capabilities in real wastewater matrices [71].

3.4. DFT calculations

DFT calculations were performed to elucidate the intrinsic mecha-
nism of PDS activation by N-HCMS@CuSA. It is well established that the
adsorption configuration of reactants plays a pivotal role in the reaction
kinetics [72]. Fig. 6a and b displayed the optimized geometric structures
of HCMS and N-HCMS@CuSA, respectively. To probe the interaction
mechanism, the adsorption and activation behaviors of PDS on both
substrates were simulated. As depicted in Fig. 6¢ and d, the calculated
adsorption energy of PDS on N-HCMS@CuSA is —2.0 eV, which is
significantly more negative than that on N-HCMS (—0.39 eV). This en-
ergy difference indicates an affinity between the PDS molecule and the
N-HCMS@CuSA surface. Interaction with the catalyst causes the PDS
molecule to distort, stretching its O—O bond from 1.493 A t0 1.502 A
(Fig. S18), while the proximal S—O bond is stretched to 1.648 A
compared to 1.482 A at the N-HCMS site. This simultaneous elongation
confirms that the PDS molecule is chemically activated. Crucially, the
O—O bond remains intact rather than undergoing spontaneous cleav-
age, pointing to the formation of a metastable chemisorbed intermedi-
ate. (details in Text S9). Furthermore, role of interfacial interactions on
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electron redistribution was investigated via Bader charge analysis.
Fig. 6e demonstrated that the N-HCMS interface exhibits only negligible
charge redistribution, with a minimal charge transfer of 0.016 |e| from
the substrate to PDS. In contrast, the charge density difference analysis
visualized in Fig. 6f illustrated substantial charge accumulation upon
PDS adsorption on N-HCMS@CuSA. A significant Bader charge transfer
of 1.352 |e| was calculated from the Cu—Ny sites to the PDS molecule,
demonstrating highly efficient interfacial electron on catalyst d. These
differential charge results indicated that the incorporation of Cu—Ny
motifs effectively modulates the spin density and electronic distribution
[73]. Furthermore, Fig. 6g illustrated the Gibbs free energy profiles of
the reaction pathway. The negative adsorption energy of all the samples
indicated that PDS activation was thermodynamically favorable.
Mechanistically, the Cu—Ny active center functions as an electron
mediator; it extracted an electron from the pollutant and concurrently
shuttles electrons to the PDS. This electron injection triggers the cleav-
age of the O—O bond, yielding two SO3~ anions. Ultimately, the
generated SOZ~ species desorb from the catalyst surface to regenerate
the active site.

For the N-HCMS substrate, the activation energy barrier for PDS was
calculated to be 3.5 eV, accompanied by a highly positive overall reac-
tion free energy of +5.02 eV. These distinctively high energy values
indicate that the N-HCMS support is highly inert toward PDS, which
makes the cleavage of the O—O bond thermodynamically and kineti-
cally unfavorable to occur [74]. In addition, the N-HCMS@CuSA cata-
lyst exhibited a drastically reduced activation barrier of 1.70 eV and a
much lower reaction free energy of +0.83 eV compared to N-HCMS. This
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trend aligns perfectly with the differential charge density analysis,
confirming that Cu single atoms function as efficient electron donors to
activate PDS, thereby facilitating the electron transfer during organic
degradation. Consequently, the strong agreement between the theoret-
ical DFT calculations and the experimental ROS identification, validly
confirming the process mediated by the Cu single-atom sites.

3.5. Degradation pathways and toxicity analysis of degradation
intermediate

To elucidate the degradation mechanisms of BPA within the N-
HCMS@CuSA/PDS system, the reaction intermediates were detected
and characterized via LC-MS/MS [75]. The possible degradation path-
ways were proposed in Fig. 7a. In Pathway I, the process involved an
electron transfer-induced attack on the benzene ring, leading to ring-
opening and the formation of P9. Crucially; In Pathway II, the genera-
tion of the hydroxylated product P8 is mainly mediated by the non-
radical DET process rather than direct radical oxidation. Furthermore,
in Pathway III, the oxidative transformation of BPA is proposed to be
induced by the DET mechanism.

This interaction promoted p-cleavage (C—C bond scission) to yield
P1 or P2 [76]. Subsequently, P1 was hydroxylated to evolve into P3, P4,
or P5. Following this, P3 undergoes further oxidation via dealkylation
and hydroxylation to convert into P4 and P7, a sequence consistent with
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intermediates were ultimately mineralized into CO, and H»0. Notably,
the mass spectra displayed in Fig. S19 exhibited the high peak areas for
P1 and P2, thereby suggesting Pathway III as the predominant degra-
dation route in the N-HCMS@CuSA/PDS system.

Given the concern that degradation processes may inadvertently
yield more toxic intermediates, the Ecological Structure-Activity Rela-
tionship (ECOSAR) model was employed to rigorously assess the toxicity
evolution during BPA degradation by the N-HCMS@CuSA/PDS system
[77]. The predicted ecotoxicity values for BPA and its transformation
products were summarized in Table S6. According to the Globally
Harmonized System (GHS) of Classification and Labelling of Chemicals,
acute aquatic toxicity can be classified by threshold values: very toxic
(<1 mg/L), toxic (1-10 mg/L), harmful (10-100 mg/L), and not
classified/non-toxic (>100 mg/L). The parent BPA imposed significant
acute and chronic risks to aquatic ecosystems, specifically exhibiting
toxicity values of 6.27/0.733 mg/L for fish, 4.15/0.617 mg/L for
Daphnia magna, and 5.78/0.617 mg/L for green algae [78]. However,
the toxicity profiles manifested in Fig. 7b and ¢ demonstrated that nearly
all degradation intermediates possess substantially lower acute and
chronic toxicity toward three trophic levels. P8 retained toxicity levels
comparable to those of the parent BPA. However, as evidenced by its low
relative abundance, P8 served solely as a transient intermediate formed
via the minor Pathway II. It would undergo rapid subsequent ring-
opening and decomposition without significant accumulation, thereby
posing negligible secondary ecological risks. In conclusion, by virtue of
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exceptional catalytic activity, structural stability, and favorable detox-
ification trends, N-HCMS@CuSA stands out as a promising candidate for
the remediation of emerging organic pollutants.

4. Conclusion

In summary, a hollow mesoporous carbon-based Cu single-atom
catalyst (N-HCMS@CuSA) was developed for the highly efficient puri-
fication of organic wastewater via PDS activation. The catalyst achieves
a turnover frequency (TOF) of 4.90 min~!, which significantly surpasses
that of state-of-the-art Cu-based catalysts. This study identified a DET
regime. We established a robust positive correlation between the kyps
and the ¢;/5 of various pollutants. This thermodynamic relationship
confirmed that the degradation is governed by electron transfer effi-
ciency, where compounds with low ¢;,, were preferentially degraded.
Crucially, based on electrochemical analysis and DFT calculations, it
was established the degradation of contaminants in the N-
HCMS@CuSA/PDS system was driven by DET. DFT calculations further
elucidated that the intrinsic Cu—N,4 sites modulate the electronic
structure to induce strong Cu—O covalent interactions, effectively
elongating the O—O bond of adsorbed PDS rapid interfacial oxidation.
Benefiting from the robust carbon architecture and the efficient DET
pathway, N-HCMS@CuSA exhibited exceptional resistance to environ-
mental interference and sustained high stability in a 10 h continuous
flow operation. Moreover, toxicity assessments confirmed that the
degradation pathway yields low toxicity intermediates, ensuring bio-
logical safety. Consequently, this work not only provides a mechanistic
basis for designing stable single-atom catalysts but also highlights the
immense potential of the N-HCMS@CuSA/PDS system as a robust pre-
treatment technology to mitigate organic fouling and protect mem-
branes in advanced water reclamation facilities.
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