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H I G H L I G H T S

• A multiscale framework is developed to distinguish active-site chemistry from confinement-induced mesoscale effects in PMS activation.
• Nanoconfinement improves both pollutant degradation kinetics and PMS utilization efficiency.
• Singlet oxygen and electron-transfer processes jointly dominate nonradical oxidation in nanoconfined systems.
• Nanoconfinement enhances interfacial PMS activation on Co-N4 sites by promoting adsorption and charge transfer.
• Catalytic enhancement in hollow mesoporous architectures is linked more to transport and microenvironment effects than to macroscopic curvature.
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A B S T R A C T

Peroxymonosulfate (PMS)-based advanced oxidation processes have attracted considerable attention for the 
removal of refractory organic pollutants, yet their practical efficiency is still limited by the insufficient coupling 
between intrinsic active-site reactivity and interfacial mass transport. Here, the Co single-atom catalysts (Co- 
SACs) confined within hollow mesoporous carbon are constructed, and the effects of the nanoconfined envi
ronment on catalytic performance and reaction mechanism are systematically investigated. Compared with its 
unconfined counterpart, the nanoconfined catalyst exhibits accelerated pollutant degradation kinetics and 
improved PMS utilization efficiency (PUE). Combined quenching experiments, electrochemical analysis, and 
probe tests indicate that pollutant oxidation predominantly proceeds through a nonradical pathway involving 
singlet oxygen (1O2) and electron transfer process (ETP). Density functional theory calculations suggest that the 
confined structure strengthens PMS adsorption on the Co-N4 sites and promotes interfacial charge transfer as well 
as the formation of the surface-bound PMS complexes (PMS*). COMSOL simulations further show that the 
mesoporous channels and hollow cavity could collectively enhance PMS activation by promoting reactant 
enrichment, accelerating fluid transport, and regulating the local microenvironment. From a multiscale 
perspective, this work elucidates how nanoconfinement influences PMS activation and suggests that the 
enhanced catalytic performance of hollow mesoporous architectures is more closely associated with 
confinement-induced mass-transfer regulation and microenvironment effects than with macroscopic curvature 
alone. This work provides mechanistic insight into PMS activation in nanoconfined Co-SACs systems and offers 
guidance for the rational design of highly efficient catalysts for nonradical oxidation processes.
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1. Introduction

Peroxymonosulfate (PMS)-based Fenton-like advanced oxidation 
processes have attracted considerable attention owing to their strong 
oxidative capacity, broad operational pH range, and high efficiency for 
the removal of refractory organic contaminants (Zhao and Zhang, 2025). 
Compared with conventional homogeneous Fenton systems, heteroge
neous PMS activation enables the generation of reactive species, 
mass-transfer behavior, and oxidation pathways to be regulated at the 
solid-liquid interface, thereby offering improved catalytic efficiency and 
stability (Guo et al., 2024). In this context, nanoconfinement has 
emerged as an effective strategy for enhancing PMS activation. Confined 
spaces can enrich reactants at catalytic interfaces, increase effective 
collision frequency, shorten diffusion distances, and modulate interfa
cial charge distribution as well as the local microenvironment, thereby 
influencing the formation and transformation of reactive intermediates 
(Dai et al., 2023; Fu et al., 2025; Terra et al., 2022). In particular, hollow 
structures, mesoporous channels, and hierarchically porous nano
reactors have often been associated with enhanced nonradical oxida
tion, such as singlet oxygen (1O2) generation and electron-transfer 
oxidation mediated by surface-bound PMS complexes (PMS*), result
ing in improved degradation kinetics and oxidant utilization (Zhao et al., 
2026). Despite these advances, the mechanistic origin of nanoconfine
ment remains insufficiently understood. The understanding of whether 
the enhancement is mainly attributable to the electronic modulation of 
active sites or to mesoscale effects, including local enrichment, accel
erated transport, and microenvironment stabilization, is still far from 
clear.

Single-atom catalysts (SACs) have attracted extensive attention in 
Fenton-like oxidation systems because of their maximum atomic utili
zation, well-defined active centers, and tunable coordination environ
ments (Zhu et al., 2025). Among various SACs, Co-based SACs (Co-SACs) 
are especially attractive because of their strong affinity toward PMS and 
high activation efficiency, which are beneficial for selective oxidation 
and efficient pollutant degradation (Xiao et al., 2023; Yin et al., 2023). 
Recent advances further suggest that integrating SACs with confined 
nanostructures is a promising strategy to boost catalytic performance 
beyond the intrinsic activity of isolated metal sites alone (Yin et al., 
2023; Fang et al., 2024). For example, Xu et al. (Xu et al., 2023) 
developed a Co single-atom catalyst confined in N-doped hollow carbon 
spheres for PMS activation, showing that coupling Co-N4 sites with a 
hollow carbon framework can markedly improve catalytic activity and 
durability. However, the role of confinement in that work was mainly 
associated with support effects and single-atom stabilization, rather than 
with an explicit mesoscale analysis of transport or microenvironment 
regulation. Notably, Meng et al. (Meng et al., 2024) exhibited that 
confining Co-SACs within mesoporous silica nanochannels enhanced 
local reactant enrichment and interfacial mass transport. More impor
tantly, the confined environment alters the coordination environment 
and electronic structure of the Co sites, shifting the PMS activation 
pathway from a 1O2-dominated route to a surface-mediated electron 
transfer process (ETP). This suggests that confinement in Co-SACs sys
tems may play a role that extends beyond enhancing diffusion and 
adsorption to reshaping the electronic states of the active sites and 
redirecting the dominant reaction pathway. Nevertheless, most existing 
studies have focused primarily on the relationship between the local 
electronic structure of SACs and catalytic pathways (Mi et al., 2021; Zou 
et al., 2022), whereas the influence of surrounding spatial architecture 
on mass transport, reactant enrichment, and interfacial potential dis
tribution remains insufficiently understood. As these factors are often 
intrinsically coupled in practical confined catalysts, their respective 
contributions to PMS activation are still difficult to distinguish.

Against this background, the widely discussed curvature effect in 
hollow structures deserves re-examination. Previous studies have 
frequently relied on highly curved carbon-based molecular models, such 
as small-radius nanotubes or strongly bent carbon frameworks, to 

represent the inner surfaces of hollow catalysts and to explain their 
superior catalytic performance. Based on these idealized geometries, the 
enhanced activity has often been attributed to curvature-induced mod
ulation of adsorption energetics, orbital coupling, charge redistribution, 
and the electronic structure of active sites (Tang et al., 2024; Mao et al., 
2026). While these studies have provided valuable insight into the 
possible local electronic effects of curved interfaces, caution is still 
required when directly extrapolating such interpretations to practical 
hollow architectures. Therefore, the beneficial effects of hollow archi
tectures in practical catalytic systems may be more closely associated 
with confinement-induced mesoscale phenomena, such as reactant 
enrichment, transport regulation, residence-time extension, and inter
facial potential redistribution, rather than with geometric curvature 
alone. To address this issue, the present work employs a multiscale 
strategy in which density functional theory is used to elucidate the 
intrinsic reaction steps and electronic responses of PMS activation at 
Co-SACs active sites, while COMSOL simulations are used to capture 
confinement-induced reactant enrichment, fluid transport, and con
centration spatial distributions (Tian et al., 2025). This combined 
framework enables a scale-consistent evaluation of how hollow confined 
structures regulate PMS activation pathways and catalytic performance, 
and helps distinguish the respective roles of intrinsic active-site chem
istry and mesoscale confinement effects.

Herein, Co-SACs supported on hollow mesoporous carbon were used 
as the model to decouple intrinsic SACs reactivity from confinement- 
induced mesoscale effects in PMS activation. By tailoring the cavity 
size and shell architecture, and integrating catalytic evaluation, oxidant 
utilization analysis, reactive-species probing, spectroscopy, theoretical 
calculations, and multiphysics simulations, we show that hollow nano
confinement regulates PMS activation by enhancing mass transport, 
redistributing reactants, and modulating the interfacial microenviron
ment. On this basis, a multiscale framework bridging active-site chem
istry and confinement-enhanced mesoscale regulation is established. 
This work provides a mechanistic basis for disentangling the respective 
roles of intrinsic active-site chemistry and confinement-induced meso
scale effects in PMS activation, and offers guidance for the rational 
design of high-performance nanoconfined Co-SACs for advanced 
oxidation processes.

2. Experimental section

2.1. Materials and chemicals

Details of the chemicals used in this study are provided in the Sup
porting Information SI (Text S1).

2.2. Synthesis of catalysts

The detailed synthesis procedures are provided in the Supporting 
Information (Text S2 and Figure S1), including the preparation of hol
low mesoporous carbon sphere templates (Tian et al., 2024), deposition 
of the SACs-containing carbon layer, carbonization, and acid leaching 
with HCl.

Briefly, 38 mL of ethanol and 10 mL of deionized (DI) water were 
mixed at room temperature, followed by the addition of 5.0 mL of tet
rapropoxysilane (TPOS). CoCl2⋅6H2O (0.03 g), 1,10-phenanthroline 
(0.10 g), and carbon spheres (60 mg, prepared as described in Text 
S3) were then added. The mixture was ultrasonicated for 20 min to 
achieve uniform dispersion and subsequently reacted at 60 ◦C for 6 h 
under reflux with stirring. The resulting solids were dried and calcined 
at 800 ◦C for 2 h under a N2 atmosphere with a heating rate of 2 ◦C min⁻ 
(Zhao and Zhang, 2025). The calcined samples were then immersed in 1 
M HCl for 24 h to remove residual Co clusters and unreacted Co species 
(Liu et al., 2022). After acid treatment, the samples were thoroughly 
washed with DI water until neutral pH and dried to obtain 
CoNC@HMCS0.2, CoNC@HMCS0.5, and CoNC@HCS. The former two 
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samples possessed hollow mesoporous confined structures, whereas 
CoNC@HCS served as the unconfined control.

2.3. Characterization

Details of the catalyst characterization methods are provided in the 
Supporting Information (Text S3).

2.4. Catalytic degradation experiments and analytical methods

The catalytic degradation experiments for diclofenac sodium (DCF) 
and the related experimental procedures are described in Text S4. The 
degradation conditions for DCF and the corresponding kinetic equations 
are provided in Text S5. Detailed analytical methods are presented in 
Text S6, and the analytical procedures for the target contaminants are 
summarized in Table S1.

2.5. Theoretical calculations

Detailed methods for the DFT calculations and finite element simu
lations are provided in Texts S7 and S8, respectively.

3. Results and discussion

3.1. Characterizations of catalysts

In this study, two nanoconfined catalysts (CoNC@HMCSx) and one 
unconfined catalyst (CoNC@HCS) were synthesized. While maintaining 
comparable chemical compositions among the three samples, pro
nounced differences in their three-dimensional architectures were 

deliberately engineered (Figure S1). Scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) analyses reveal that 
all samples exhibited spherical morphologies with narrow size distri
butions (Figs. 1a, 1b and Figure S2). Specifically, CoNC@HCS displayed 
a smooth surface and a hollow carbon-sphere structure with a shell 
thickness of ~6 nm. In contrast, CoNC@HMCSx featured a distinct 
hollow mesoporous framework with an average mesopore size of ~10 
nm, and a substantially larger mean particle diameter (D ≈ 600 nm) than 
that of CoNC@HCS (D ≈ 300 nm), which lacked discernible pore 
channels. According to the cavity-to-sphere diameter ratios (r/R) of 
~0.2 and ~0.5, the two CoNC@HMCSx samples were denoted as 
CoNC@HMCS0.2 and CoNC@HMCS0.5, respectively. Consistent with the 
TEM observations, Brunauer-Emmett-Teller (BET) measurements show 
that CoNC@HMCS0.2 and CoNC@HMCS0.5 possess high specific surface 
areas (SSAs) of 556 and 771 m2⋅g-1, respectively (Table S2). Their N2 
adsorption-desorption isotherms exhibit typical type-IV characteristics 
with pronounced hysteresis loops (Sing, 1989), and the corresponding 
pore-size distributions are centered at ~10 nm, confirming the meso
porous nature of the hollow frameworks (Figure S3). By comparison, 
CoNC@HCS exhibits a much lower SSA of 155 m2⋅g-1 and shows no 
evident mesoporous contribution in the pore-size distribution.

The surface of the carbon spheres together with the mesoporous 
channels provides abundant anchoring sites for stabilizing Co-SACs. The 
energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. 1c 
and Figure S4) reveals a homogeneous distribution of Co, N, and C 
throughout the carbon-sphere framework. Inductively coupled plasma 
(ICP) analysis further quantifies the low Co loadings, following the order 
of CoNC@HMCS0.5 (0.27 wt%) > CoNC@HMCS0.2 (0.25 wt%) >
CoNC@HCS (0.24 wt%) (Table S3). Accordingly, the EDS signal of Co is 
noticeably weaker than that of the major elements. The discrete bright 

Fig. 1. SEM image and the particle size distribution (a); TEM images of the structure characteristics (b); EDS layered image of CoNC@HMCS0.2 (c); TEM images of 
the mesoporous and AC–HAADF-STEM images of Co-SACs sites (highlighted by yellow circles) (d); Schematic diagram of the catalyst structures (e); Normalized Co 
K-edge XANES spectra of the Co-SACs and reference samples (CoPc, Co foil, CoO, and Co2O3) (f); Co K-edge FT-EXAFS spectra of the Co SACs and reference samples 
(CoPc, Co foil, CoO, and Co2O3) (g).
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spots are clearly observed in the aberration-corrected high-angle 
annular dark-field scanning transmission electron microscopy 
(AC–HAADF-STEM) image (Fig. 1d), indicative of atomic-level disper
sion of Co species. Meanwhile, X-ray diffraction (XRD) patterns show 
only the characteristic reflections of amorphous graphitic carbon at 
(002) and (100) for all catalysts (Figure S5) (Tang et al., 2024), with no 
detectable diffraction peaks attributable to Co-containing crystalline 
phases, further supporting the highly dispersed nature of the Co species.

X-ray photoelectron spectroscopy (XPS) measurements indicate that 
the three catalysts exhibit highly similar elemental compositions and 
valence-state features, suggesting similar surface chemical environ
ments among the three catalysts (Figure S6). Considering that the low Co 
loading may lead to a limited signal-to-noise ratio and increase uncer
tainty in the deconvolution of Co-related XPS peaks, Co K-edge X-ray 
absorption spectroscopy (XAS) is further employed to elucidate the 
oxidation-state distribution and local coordination environment of Co 
species. The absorption edge position of CoNC@HMCS0.2 lies between 
those of Co foil and CoO, suggesting that Co atoms are positively charged 
with an average oxidation state between 0 and +2 (You et al., 2025) 
(Fig. 1f). Moreover, the Fourier-transform k3-weighted EXAFS spectrum 
of CoNC@HMCS0.2 exhibits a pronounced peak at 1.4–1.6 Å, resembling 
that of CoPc and assignable to the first-shell Co-N coordination (Meng 
et al., 2024) (Fig. 1g). Quantitative EXAFS fitting yields a first-shell 
coordination number of 3.62 for Co-N, indicating that Co is predomi
nantly present in a Co-N4-like configuration (Figure S7 and Table S4). In 
the wavelet-transform (WT)-EXAFS contour map, CoNC@HMCS0.2 
shows the maximum intensity centered at ~5 Å-1, further supporting 
atomically dispersed Co-N coordination (Figure S8). Collectively, these 
results demonstrate that the catalytically active sites consist primarily of 
isolated Co-SACs coordinated with N ligands and these Co sites in 

CoNC@HMCSx are located within a hollow mesoporous confined ar
chitecture, in sharp contrast to the relatively open, unconfined structure 
in CoNC@HCS (Fig. 1e).

3.2. Catalytic degradation performance and reactive species identification 
during PMS activation

In this work, DCF was selected as a representative contaminant to 
systematically evaluate the catalytic performance of the different cata
lysts. Notably, the nanoconfined CoNC@HMCSx/PMS systems achieved 
complete DCF degradation within 8 min, with CoNC@HMCS0.2/PMS 
exhibited a higher pseudo-first-order rate constant (kobs = 1.2203 min-1) 
than CoNC@HMCS0.5/PMS (kobs = 0.7690 min-1). In contrast, the un
confined CoNC@HCS/PMS system showed substantially suppressed 
PMS activation, achieving only 47.3% DCF removal with a much lower 
kobs of 0.0782 min-1. These results indicate that nanoconfinement 
markedly enhances PMS activation, while tuning confinement-related 
structural parameters, such as cavity size, can further regulate the 
local reaction microenvironment and thereby influence catalytic per
formance. To clarify the origin of activity, Co-free HMCS0.2 and 
NC@HMCS0.2 were examined as control samples. Both controls showed 
poor PMS activation, resulting in only 11.8% and 25.4% DCF removal, 
respectively, indicating that Co sites serve as the primary active centers 
for PMS activation (Fig. 2a). In addition, single-factor control experi
ments demonstrated that adsorption and direct PMS oxidation contrib
uted negligibly to DCF removal (Figure S9), excluding them as dominant 
pathways. Besides the accelerated degradation kinetics, the nano
confined CoNC@HMCSx catalysts also exhibited markedly improved 
PMS utilization. The PMS utilization efficiency (PUE) was defined as the 
ratio of PMS equivalents consumed for contaminant mineralization to 

Fig. 2. Degradation rates of DCF with different reaction systems (a); corresponding kobs and PUE of different catalyst/PMS systems (b); comparison with other 
reported catalysts in PUE for pollutant oxidation (c); effects of different scavengers on DCF degradation kinetics (d); EPR spectra obtained using TEMP as trapping 
agent (TEMP-1O2 = TEMPO) (e); the consumption of PMS and the relative content of 1O2 (f); probe experiment of PMSO (g); open-circuit potentials (OCP) changes 
(h) and current-time (i-t) curves (i) upon sequential addition of PMS and DCF; Experimental conditions: [Catalysts] = 0.06 g⋅L− 1, [PMS] = 1 mM, [DCF] = 20 mg⋅L− 1 

and initial pH = 6.75.
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the total amount of PMS decomposed within the same time window 
(Text S9) (Wei et al., 2022), and was quantified based on TOC abatement 
(Figure S10) and PMS consumption (Figure S11). The CoNC@HCS/PMS 
system exhibited a low PUE of only 40.1%, whereas 
CoNC@HMCS0.2/PMS and CoNC@HMCS0.5/PMS achieved significantly 
higher values of 84.6% and 69.4%, respectively (Fig. 2b). These values 
are higher than those reported for many nonradical catalytic systems 
(Fig. 2c and Table S5). Collectively, these results demonstrate that 
nanoconfinement not only accelerates DCF degradation but also sub
stantially improves oxidant utilization, highlighting the critical role of 
the hollow mesoporous confined architecture in regulating PMS acti
vation efficiency.

Selective scavenger-quenching experiments were performed to sys
tematically determine the identities of reactive oxygen species (ROS) 
produced during PMS activation over different catalysts. In the 
CoNC@HMCS0.2/PMS system, the addition of methanol (MeOH; scav
enger for •OH) (Wu et al., 2022), tert‑butanol (TBA; scavenger for SO4

•− ) 
(Wu et al., 2022), p-benzoquinone (p-BQ; scavenger for O2

•− ) (Cai et al., 
2024), or dimethyl sulfoxide (DMSO; scavenger for surface-bound rad
icals) (Wang et al., 2023) exerted negligible effects on DCF degradation. 
In contrast, inhibition of DCF degradation was observed only after the 
addition of 2,2,6,6-tetramethylpiperidine (TEMP; scavenger for 1O2) 
(Gao et al., 2020). Notably, the inhibitory effect was relatively minor in 
the nanoconfined CoNC@HMCSx/PMS systems but most pronounced in 
the unconfined CoNC@HCS/PMS system, indicating that 1O2 partici
pates in all systems, albeit with different relative contributions 
(Figure S12 and Fig. 2d). EPR spectroscopy using TEMP as a 
spin-trapping probe further verified substantial 1O2 generation in all 
systems (Miao et al., 2021), and the time-normalized signal intensity of 
the TEMP-1O2 adduct followed the order: CoNC@HMCS0.5/PMS >
CoNC@HMCS0.2/PMS > CoNC@HCS/PMS (Fig. 2e). Notably, p-BQ 
addition did not alter the TEMP-1O2 signal, suggesting that 1O2 forma
tion was not derived from O2

•− conversion. In parallel, no appreciable 
O2
•− signal was detected, whereas only a weak •OH signal was observed, 

supporting a predominantly nonradical pathway (Figure S13) (Xu et al., 
2023). Moreover, 1O2 was quantified using 1,3-diphenylisobenzofuran 
(DPBF) as the chemical probe, and the ratio of 1O2 production to PMS 
consumption was compared (Liu et al., 2020), yielding the order 
CoNC@HMCS0.2 (38.45%) < CoNC@HMCS0.5 (53.28%) < CoNC@HCS 
(88.69%) (Fig. 2f). Collectively, the scavenger tests, EPR results, and 
DPBF quantification indicate that nanoconfinement changes the relative 
contribution of 1O2 during PMS activation and suggests the participation 
of additional nonradical pathways in the mesoporous-confined systems.

Beyond 1O2, high-valent metal-oxo oxidation and ETP are also 
widely considered as potential nonradical pathways for PMS activation 
(Wang and Wang, 2020). First, methyl phenyl sulfoxide (PMSO) was 
employed as a diagnostic probe, yet no discernible signatures attribut
able to high-valent Co species (Co(IV)) were observed (Fig. 2g) (Zhou 
et al., 2021). This result argues against a dominant oxidative route 
dominated by additional formation of high-valent cobalt species under 
nanoconfinement. With respect to electronic conductivity and 
charge-transport properties, the three catalysts exhibited comparable 
Raman ID/IG ratios, indicating similar degrees of graphitization and 
only minor differences in the carbon framework (Zhao et al., 2017) 
(Figure S14). In contrast, electrochemical analyses revealed pronounced 
distinctions: CoNC@HMCS0.2 displayed the highest specific capacitance 
and the lowest charge-transfer resistance, followed by CoNC@HMCS0.5, 
as evidenced by cyclic voltammetry (CV) and electrochemical imped
ance spectroscopy (EIS) (Figure S15) (Zhou et al., 2021). These results 
suggest that the nanoconfinement architecture effectively enhances 
electron mobility and accelerates interfacial charge-transfer kinetics. 
Notably, PMS consumption by CoNC@HMCS0.2 and CoNC@HMCS0.5 
exhibited a clear pollutant dependence, the PMS depletion behavior 
changed markedly in the presence of DCF. This observation suggests that 
an ETP pathway involving the PMS* may contribute non-negligibly to 
contaminant oxidation. Consistently, chronoamperometric (i-t) and 

open-circuit potential (OCP) measurements (Ren et al., 2020) showed 
rapid and significant current and potential responses upon addition of 
PMS and DCF for CoNC@HMCS0.2 and CoNC@HMCS0.5, whereas no 
comparable responses were detected for the unconfined CoNC@HCS 
(Figs. 2h and 2i). Moreover, the robust response maintained in the 
presence of NaClO4 further supports the operation of a nonradical pro
cess under nanoconfinement (Figure S16) (Wang et al., 2021). These 
results collectively suggest that the hollow mesoporous confined archi
tecture promotes local enrichment and interaction of PMS and pollut
ants, shortens the effective charge-transfer distance, and thereby favors 
short-range electron-transfer oxidation.

3.3. DFT analysis

Previous studies have suggested that nanoconfinement may promote 
oxidant activation and pollutant degradation by facilitating proton and 
charge transfer at confined interfaces (Li et al., 2025; Zuo et al., 2024). 
The accumulation and redistribution of protons and charges within 
confined spaces may also generate inner/outer interfacial potential 
differences, thereby altering local reactive environments and modu
lating reaction barriers and pathways (Yi et al., 2023; Tian et al., 2025). 
DFT calculations show that the PMS adsorption energy (Eads) on the 
Co-N4 configuration is − 2.81 eV in the confined structure and − 2.71 eV 
in the unconfined structure (Figure S17 and Fig. 3a), indicating stronger 
PMS binding in the confined model (Liu et al., 2023). Upon PMS 
adsorption, the CoNC@HMCSx/PMS system exhibits an upward shift of 
the Co 3d-band center from − 1.355 eV to − 1.222 eV, toward the Fermi 
level, suggesting an enhanced propensity for interfacial charge transfer 
(Nørskov et al., 2011) (Fig. 3b). Compared with the unconfined 
CoNC@HCS/PMS model, the confined CoNC@HMCSx/PMS model 
shows a more pronounced positive shift in the Co 3d-band center. In 
parallel, stronger orbital hybridization between Co 3d and PMS O 2p 
states is observed (Figs. 3b and c), accompanied by an additional 8.6% 
interfacial charge transfer (Fig. 3d), which favors PMS adsorption and 
facilitates the formation of PMS* (Zhang et al., 2023). These results 
support the view that confinement-enhanced interfacial electronic in
teractions promote PMS activation toward PMS* formation. This inter
pretation is also consistent with previous DFT studies based on Gibbs 
free-energy analyses (Meng et al., 2024; Wang et al., 2025), which 
suggested that strengthened PMS binding and an increased deprotona
tion barrier under nanoconfinement favor the conversion of PMS to 
PMS*, followed by pollutant oxidation via a mediated electron-transfer 
pathway (Fig. 3e).

3.4. Modeling of confinement-induced mass transfer and 
microenvironment

Previous studies investigating cavity curvature effects often employ 
DFT models with significantly curved carbon substrates to represent the 
‘curved interface’ (Tang et al., 2024; Mao et al., 2026; Liang et al., 
2025). However, it should be noted that the curvature radius in such 
models is typically at the nanometer or sub-nanometer scale, whereas 
the actual catalyst cavities often span tens to hundreds of nanometers, 
the local catalyst-reactant contact may differ substantially from such 
highly curved molecular-scale models. For sub-nanometer molecules 
such as PMS, the molecular size is far smaller than the cavity diameter, 
such that the actual reaction contact is confined to a limited local region 
of the inner surface. Therefore, directly extrapolating the ‘curvatur
e-enhanced effect’ from highly curved models to sub-micrometer gap 
space (Li et al., 2023) may overestimate the contribution of cavity 
curvature to adsorption energy, orbital coupling, and charge transfer, 
and lacks clear geometric consistency (Wen et al., 2021). To address this, 
COMSOL used the actual structural features of the carbon spheres 
derived from electron microscopy as modeling parameters (Figure S18) 
(Tian et al., 2024), to simulate mesoscopic effects induced by cavity 
geometry, including local concentration enrichment, transport 
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variation, and reduced diffusion distances.
Compared with the non-mesoporous hollow sphere (CoNC@HCS), 

the mesoporous hollow structure exhibits a pronounced pressure 
gradient between the external surface and the interior cavity (Fig. 4a 
and Figure S19). This pressure drop across the mesoporous channels 
indicates that the surrounding solution can be driven through the pores 
into the hollow interior, thereby establishing internal fluid pathways 
within the nanoreactor. Such transport substantially enhances the 

contact between the reactant solution and the catalyst surface, effec
tively increasing the accessible catalytic interface (Tian et al., 2023). 
Under this pressure-driven transport, a noticeable fluid acceleration 
occurs inside the mesoporous channels. To visualize the internal hy
drodynamic behavior, a two-dimensional model based on the central 
cross-section (y = 0) was constructed for hollow spheres with different 
cavity ratios (r/R = 0.2 and 0.5, R = 300 nm) (Figure S20). The velocity 
mapping revealed that the mesoporous channels serve as high-velocity 

Fig. 3. The adsorption energy of PMS on CoNC@HMCSx and CoNC@HCS (a); PDOS of CoNC@HMCSx/PMS (b) and CoNC@HCS/PMS (c); CDD map (yellow and 
green regions indicate electron accumulation and depletion, respectively) (d); the schematic illustration of the Fenton-like reaction for CoNC@HMCSx (e).

Fig. 4. Equivalent surface of pressure distribution in the fluid field with the sphere model (CoNC@HMCS0.2) (a); 3D color mapping of the spatial flow velocity 
distribution on the cross-section (CoNC@HMCS0.2) (b); Fluid velocity distribution across CoNC@HMCS0.2 and CoNC@HMCS0.5 (c); Spatial distribution of PMS 
concentration in the CoNC@HMCS0.2 and CoNC@HMCS0.5 (d-f); Spatial distribution of 1O2 concentration in the CoNC@HMCS0.2 and CoNC@HMCS0.5 (g-i).
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regions, while the hollow cavity maintains relatively slower flow 
(Fig. 4b). The elevated flow velocity in the channels facilitates the rapid 
transport of PMS molecules, resulting in a spatial distribution of PMS 
concentration that closely follows the flow field, with clear enrichment 
along the pore channels (Fig. 4b, Figures S21 and S22). Further nu
merical analysis reveals that cavity size significantly influences the in
ternal hydrodynamics. In the smaller cavity model (r/R = 0.2), the flow 
velocity within the pores is higher and more uniform, indicating more 
efficient mass transfer and reduced transport resistance (Fig. 4c). 
Correspondingly, PMS molecules can reach the cavity center more 
rapidly, leading to a higher average PMS concentration within the hol
low region (Figs. 4d-f). In contrast, the larger cavity (r/R = 0.5) exhibits 
a stronger velocity gradient between the pores and the cavity interior, 
which slows down internal mass transport. Despite the slower PMS 
transport, the larger cavity provides a greater internal surface area for 
catalytic reactions, favoring 1O2 accumulation, as reflected by the higher 
simulated 1O2 concentration (Figs. 4g-i). Based on the short-time 
approximation of the Fickian diffusion model, PMS transport in 
HMCS0.2 and HMCS0.5was assessed from the linear correlation between 
Qt/Q∞ and t1/2. The apparent diffusion parameter (D /r2

0) increased 
from 3.46 × 10-4 s-1 for HMCS0.5 to 5.73 × 10-4 s-1 for HMCS0.2, indi
cating an approximately 1.66-fold improvement in apparent PMS 

transport (Text S6 and Figure S23). These results suggest that meso
porous channels primarily promote oxidant transport, whereas the 
hollow cavity provides a relatively stable microenvironment for cata
lytic reactions.

Overall, the hollow mesoporous architecture establishes a coopera
tive transport–reaction framework. The mesoporous channels act as 
accelerated pathways for oxidant delivery, promoting rapid PMS 
transport and local enrichment near the catalytic interfaces (Meng et al., 
2024). Meanwhile, the hollow cavity provides a relatively stable 
microenvironment that enables sustained catalytic reactions and facili
tates the accumulation of reactive intermediates (Diao et al., 2025). The 
cavity size therefore plays a key role in regulating the balance between 
mass transport efficiency and reactive surface availability. Smaller 
cavities favor faster oxidant transport and higher local PMS concentra
tion, whereas larger cavities may expose more accessible inner interfa
cial space (Han et al., 2022) that promotes the generation of 1O2. This 
mesoscale coupling between transport and reaction provides a mecha
nistic explanation for how cavity geometry modulates catalytic perfor
mance beyond conventional surface active-site effects.

3.5. Degradation pathway of DCF

Density functional theory calculations revealed that the highest 

Fig. 5. The distributions of HOMO (a), LUMO (b) and ESP (c) for DCF molecule; the proposed degradation pathways of DCF (d); Toxicity evaluations of DCF and the 
intermediates, involving developmental toxicity (e), mutagenicity (e), Daphnia magna LC50 (48hr) (f), Fathead minnow (96hr) (f), T.pyriformis IGC50 (48hr) (f), 
Oral rat LD50 (f); removal rate of different organic pollutants including SMX, PBA, DCF, 4-NP, NBA, and BA (g); DCF degradation kinetics under different initial pHs 
and with environmentally relevant ions (h); DCF removal efficiencies during cyclic operation (i).
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occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) energies of DCF are approximately − 5.91 eV and − 0.92 
eV, respectively, with an energy gap of approximately 5.00 eV, reflect
ing the relatively stable electronic structure of DCF (Uzzaman et al., 
2021) (Figs. 5a and 5b). Notably, the HOMO electron density is pre
dominantly localized over the aromatic ring-NH–CO–C (aromatic 
ring) moiety, endowing this region with strong electron-donating 
capability and suggesting that this moiety is favorable for 
electron-transfer oxidation (Liang et al., 2024). Meanwhile, electrostatic 
potential (ESP) analysis (Fig. 5c) shows that the region surrounding the 
carboxyl group exhibits the most negative potential, particularly local
ized on the oxygen atoms, indicating a high electron density (Akbari 
et al., 2024) and identifying this site as a preferential target for elec
trophilic species such as 1O2 (Zhu et al., 2025). Collectively, these 
electronic features suggest that DCF is prone to undergo both ETP 
oxidation and electrophilic addition reactions in the catalytic system.

Based on these insights and LC-MS results (Figures S24 and S25), the 
pathway degradation mechanism of DCF could be proposed (Fig. 5d). 
Pathway I (DCF→P1→P2) represented a stepwise hydroxylation process 
of DCF by •OH, in which the aromatic skeleton was retained and the 
corresponding products were detected at relatively low concentrations. 
This suggested pathway I likely made only a minor contribution to the 
overall degradation process. Pathway IV (DCF→P7→P8/P9) was pre
dominantly governed by 1O2, which initiates the transformation via 
electrophilic addition to electron-rich aromatic sites (Wang et al., 2024). 
This behavior was consistent with the well-known selectivity of 1O2 
toward aromatic systems bearing electron-donating groups (-NH-), 
leading to oxidized intermediates through addition-rearrangement- 
cleavage processes. In contrast, pathway II (DCF→P3/P4) was primar
ily driven by an ETP mechanism. The relatively low ionization potential 
enables DCF to donate electrons to the catalytic system (Boerma et al., 
2014), thereby inducing bond cleavage and forming intermediates P3 
and P4. These intermediates subsequently undergo decarboxylation 
(pathway III), yielding smaller molecular products such as P5. Notably, 
the significantly higher abundance of P3-P6 (by 1–2 orders of magni
tude) in the CoNC@HMCS0.2/PMS system strongly supports the impor
tant contribution, and likely predominance, of the ETP pathway.

From an environmental perspective, different degradation pathways 
exert distinct influences on the evolution of product toxicity (Figs. 5e 
and 5f). In the 1O2-dominated pathways (I and IV), early-stage in
termediates (P1, P2, and P7) largely retain aromatic structures and may 
incorporate additional polar functional groups, which can preserve or 
even increase developmental toxicity. In contrast, the electron-transfer 
pathway (II) facilitates bond cleavage and structural fragmentation, 
giving rise to intermediates (P3 and P4) with overall reduced toxicity, 
although the persistence of chlorinated moieties may still contribute to 
mutagenic risk. As the reaction proceeds through pathway III and the 
later stages of pathway IV (P5, P6, P8, and P9), continued bond cleavage 
and ring-opening convert these intermediates into smaller molecules, 
accompanied by increased LC50 and T.pyriformis IGC50 values and thus 
lower overall toxicity. Overall, DCF degradation evolves from addition- 
dominated pathways with toxicity retention toward bond-cleavage- 
dominated deep transformation with toxicity reduction, highlighting 
the important role of electron-transfer-driven degradation in mitigating 
environmental risk.

3.6. Practical applicability of the CoNC@HMCS0.2/PMS system

The CoNC@HMCS0.2/PMS system exhibited distinct selectivity to
ward different organic pollutants (Fig. 5g) (Zhao et al., 2022). Notably, 
electron-rich compounds (SMX and PBA) were removed much more 
efficiently than electron-deficient ones (4-NP, BA and NBA). This 
behavior was attributed to the higher electron density of electron-rich 
substrates, which facilitated electron donation and enhances their sus
ceptibility to electrophilic attack (Feng et al., 2023). In contrast, 
electron-deficient compounds exhibited lower reactivity due to limited 

electron availability. These results indicate that the catalytic system has 
a pronounced selective oxidation ability toward electron-rich substrates, 
further suggesting that nonradical pathways (ETP or 1O2 involvement) 
dominate the reaction mechanism.

The apparent kobs for DCF degradation is affected by pH and coex
isting ions (Fig. 5h). The system maintained high activity over a broad 
pH range (acidic to neutral), indicating good pH tolerance. Slightly 
enhanced kinetics under weakly acidic to neutral conditions were likely 
associated with more efficient PMS activation and 1O2 generation (Guo 
et al., 2024). In contrast, a decrease in reaction rate was observed under 
alkaline conditions (pH ≈ 11), possibly due to PMS instability or altered 
reactive species pathways (Wacławek et al., 2022). Among the coexist
ing ions, CO3

2- inhibited the reaction, likely through quenching or 
competitive consumption of reactive species, whereas Cl-, NO3

- , and SO4
2- 

showed minimal effects, indicating strong anti-interference capability in 
complex water environments. Among all coexisting species, humic acid 
(HA) exerted the most pronounced inhibitory effect on DCF degradation. 
This strong suppression was mainly attributed to its complex structure 
with abundant electron-rich functional groups, which enabled HA to act 
as an efficient scavenger of reactive species (especially 1O2) and a 
competitive substrate in electron-transfer processes (Aeschbacher et al., 
2012). In addition, HA could adsorb onto the catalyst surface, blocking 
active sites and further hindering the interaction between PMS and the 
catalyst (Qian et al., 2020). As shown in Figure S26, DCF could be 
rapidly degraded in all tested water matrices, although the degradation 
rate in real water samples was lower than that in ultrapure water, 
indicating that complex water constituents exerted a certain inhibitory 
effect on the reaction process. Nevertheless, the system still maintained 
high removal efficiency in lake water, tap water, and Pearl River water, 
demonstrating good resistance to matrix interference.

Reusability tests revealed that CoNC@HMCS0.2 maintained stable 
DCF removal efficiency over multiple cycles, indicating excellent 
structural stability and durability (Fig. 5i). To evaluate the stability of 
the catalyst during the reaction, the concentration of leached Co in the 
post-reaction solution was measured. The results showed that the Co2+

leaching level remained low (0.09 mg⋅L− 1), indicating that the Co active 
sites possessed strong coordination stability within the carbon frame
work and that the catalyst maintained good structural integrity during 
the reaction (Figure S27). Moreover, its catalytic activity could be fully 
recovered after ethanol washing, which effectively removed the in
termediates accumulated on the catalyst surface (Guo et al., 2026; 
Zhang et al., 2023). The sustained catalytic performance further sup
ports the robustness of the nonradical pathways, which were less sus
ceptible to catalyst deactivation or active site loss. The CoNC@HMCS0.2 
column system exhibited high removal efficiencies for both DCF and Rh 
B under continuous-flow conditions (Figure S28). At the initial stage, the 
removal efficiencies of both pollutants were close to 100%. Although the 
removal efficiencies gradually decreased with time, they remained 
relatively stable overall. After 24 h of continuous operation, the removal 
efficiencies of DCF and Rh B were still maintained at approximately 78% 
and 85%, respectively, indicating good operational stability of the sys
tem under continuous-flow conditions. Overall, the 
CoNC@HMCS0.2/PMS system demonstrates high selectivity toward 
electron-rich pollutants, along with strong adaptability and stability, 
highlighting its potential for practical water treatment applications.

4. Conclusions

In this study, two nanoconfined Co-SACs (CoNC@HMCSx) were 
constructed to achieve efficient activation of PMS and rapid degradation 
of organic pollutants. Compared with the unconfined counterpart, 
CoNC@HMCS0.2/PMS exhibited not only a significantly enhanced 
degradation rate but also a markedly higher PUE of 84.6%, highlighting 
the critical role of nanoconfinement in promoting oxidant utilization. 
Mechanistic investigations revealed that the CoNC@HMCSx/PMS sys
tem was dominated by nonradical pathways, with 1O2 and ETP 
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synergistically driving pollutant oxidation. Specifically, the 1O2-medi
ated addition pathway tended to generate oxidation intermediates that 
retained aromatic structures and therefore showed limited toxicity 
reduction. In contrast, the ETP pathway facilitated bond cleavage and 
molecular fragmentation, yielding smaller products with substantially 
reduced toxicity and thereby contributing more effectively to ecological 
risk mitigation. The combined theoretical and numerical analyses 
further elucidated the role of nanoconfinement. DFT calculations sug
gested that the confined structure enhances PMS adsorption and pro
motes interfacial charge transfer, thereby facilitating the formation of 
PMS* and strengthening the nonradical oxidation process. Meanwhile, 
COMSOL simulations demonstrated that mesoporous channels enhanced 
mass transfer and local enrichment of oxidants, while the hollow cavity 
provided a relatively stable microenvironment. The cavity size played a 
crucial role in regulating fluid dynamics and reaction efficiency, with 
smaller cavities favoring faster mass transfer and higher oxidant utili
zation. In addition, the system exhibited pronounced selectivity toward 
electron-rich pollutants, maintained high activity over a wide pH range, 
and showed strong resistance to interference from most inorganic ions. 
Excellent structural stability and reusability were also confirmed 
through cyclic experiments.

Overall, this study provides a scale-consistent understanding of the 
role of cavity structures in catalysis, distinguishing it from conventional 
interpretations based on highly curved models. It highlights that mass- 
transfer regulation and microenvironment effects, rather than curva
ture itself, are more closely associated with catalytic enhancement. 
These findings offer new insights into the design of nanoconfined cata
lysts for efficient PMS utilization and selective oxidation processes.
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