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Oxygen vacancy engineering in heterogeneous catalysts has attracted considerable interest for perox-
ymonosulfate (PMS) activation. In this study, nano-Co;04-encapsulated montmorillonite catalysts with
tunable oxygen vacancy (Oy) concentrations (denoted as Co304—Mt-xOy, x=2, 4, 6) were synthesized
for enhanced PMS activation. These Oy defects not only modulate the electronic structure of Co304 but
also strengthen PMS and contaminant adsorption. The optimized Co304—Mt-xOy/PMS system exhibited
exceptional ofloxacin (OFL) degradation efficiency, achieving 2.74-3.43-fold enhancement over Oy-free
Co304—Mt. Density functional theory calculations and experimental studies revealed that the perfor-
mance improvement stemmed from Oy formation, which synergistically enhanced redox pair cycling,
strengthened PMS adsorption, and promoted active species generation during electron transfer. Further
studies demonstrated that Oy sites selectively drive PMS decomposition to generate high-valent cobalt-
oxo species (Co(IV)=0) and singlet oxygen (10,) as the dominant reactive species for OFL oxidation. The
in-depth investigation into the catalytic mechanism revealed that the Co(IV)=0 species facilitated O,"~
generation in surpassing the reaction energy barrier, which subsequently converted to '0,. This non-
radical pathway endowed the system with robust anti-interference capability against complex water ma-
trices. The critical role of Oy in PMS activation was mechanistically confirmed through experimental and
theoretical analyses. Furthermore, Co304—Mt-40y demonstrated outstanding chemical stability and recy-
clability, highlighting its practical potential. This work provides fundamental insights into vacancy defect
engineering for advanced PMS activation and offers strategic guidance for designing high-performance

catalysts.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The Fenton-like process has drawn considerable attention
as a prospective technology for water decontamination [1,2].
Specifically, extensive research has been conducted on the ad-
vanced oxidation processes (AOPs) relying on peroxymonosulfate
(PMS) due to their various oxidation pathways that can generate
highly reactive radicals (e.g., *OH (1.9-2.7V vs. NHE) and SO4"~
(2.5—-3.1V/NHE)) or highly selective non-radical species including
singlet oxygen (105, 2.2V vs. NHE), high-valent metal, and metals-
PMS complex [3,4]. It is notable that non-radical species (e.g., 10,
and Co(IV)=0) have gained extensive attention in the selective oxi-
dation of organic contaminants owing to their inherent merits like
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potent electrophilicity and selectivity, a long half-life, and strong
resilience to environmental interference [5,6]. Nevertheless, the or-
dinary production procedures of the non-radical species through
PMS activation by metallic nanoparticles or complexes presented
unsatisfactory results with low selectivity [7].

Defect engineering has emerged as a highly promising strategy
for optimizing heterogeneous catalytic PMS activation, demonstrat-
ing significant potential to selectively modulate the PMS activation
pathway toward non-radical species generation [8,9]. Vacancy de-
fects can adjust the electronic structure of metal oxides, leading to
the formation of unsaturated coordination sites [10]. Additionally,
these defects optimize the adsorption energy of reactants on the
catalyst surface. As a result, the reaction energy barrier between
the catalyst and PMS is reduced, enhancing catalytic activation and
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accelerating the degradation of pollutants [11]. Recent researches
have extensively explored various types of vacancy defects, such
as oxygen vacancy (Oy), nitrogen vacancy (Ny) and sulfur vacancy
(Sy), due to their substantial potential in water treatment applica-
tions [12-14]. Among them, Oy is among the most extensively in-
vestigated in PMS-activated systems [15]. In metal oxides, oxygen
atoms within the crystal structure can be released under external
conditions, such as elevated temperatures, leading to the forma-
tion of Oy. For example, Wu et al. synthesized a series of Fe-Co
LDH catalysts with varying levels of Oy by modulating the calci-
nation temperature and demonstrated the significant role of Oy
in PMS activation [16]. Besides, it has been reported that Oy had
the potential to improve site exposure and facilitate mass diffu-
sion in cobalt-related catalysts, as well as enhance the adsorption
of PMS on catalyst surfaces [17]. The localization of sufficient elec-
trons around the Oy supports a single-electron-transfer non-radical
process, which can induce the formation of 10, via direct elec-
tron transfer [18,19]. Whereas, some recent studies have revealed
that 10,, derived from the transformation of superoxide radicals
(0,°7), may serve as the predominant reactive species responsible
for pollutant degradation in Oy-enriched metal oxide/PMS systems
[20]. Meanwhile, the role of Oy in Oy-rich catalysts for PMS acti-
vation remains controversial, as Oy typically coexist with reducing
metal active sites. These metal sites can also directly activate PMS
through electron transfer processes, complicating the attribution of
catalytic activity [21]. Therefore, further studies are required to re-
veal the role of Oy on PMS activation and elucidate the underlying
mechanism.

Among transition metals, cobalt (Co) is recognized as the most
efficient activator for PMS activation [17]. Recent studies have ex-
tensively documented Co?t-mediated PMS systems, with particular
attention given to the non-radical species generation pathway [22].
However, some critical challenges remain, such as secondary pollu-
tion from Co%* leaching and inefficient catalyst recovery [23], both
of which hinder its practical application. While stable cobalt oxides
can mitigate metal leaching and address recovery issues, they of-
ten suffer from rapid deactivation due to nanoparticle aggregation
and sluggish Co(III)/Co(Il) redox cycling [24]. Encapsulating cobalt
oxides (e.g., Co304, CoOyx) onto the metal support presents a viable
strategy to mitigate Co?* leaching, suppress nanoparticle aggrega-
tion and enhance mass transfer kinetics. Natural montmorillonite
(Mt) has emerged as a superior alternative to traditional tem-
plate materials (e.g., carbonaceous materials, zeolites, and meso-
porous matrices) for immobilizing metal oxide catalysts, owing to
its unique combination of abundant availability, cost-effectiveness,
layered architecture, and cation exchange capacity [25]. The two-
dimensional lamellar structure of Mt, composed of outer tetrahe-
dral silicon layers and an inner octahedral sheet, not only facili-
tates the efficient flow of aqueous matrices but also enhances the
oxidative degradation of pollutants [26]. Crucially, native cations
(e.g., K*, Na*, and Ca2*) adsorbed on basal surfaces or within in-
terlayer spaces can be easily exchanged, enabling the strategic in-
corporation of active Co(Il) to tailor catalytic properties [27]. Fur-
thermore, the interlayer domain of Mt functions as a nanoconfined
"microchemical reactor”, significantly improving mass transfer ki-
netics and prolonging the residence time for contaminant degra-
dation [28]. Additionally, the dynamic expansion and contraction
of these nanoconfined spaces provide a high surface area for the
tunable dispersion of active species and create abundant adsorp-
tion sites for organic molecules, further optimizing catalytic per-
formance [29].

In this study, a series of nano-Co304-encapsulated montmoril-
lonite catalysts with varying levels of Oy was synthesized for PMS
activation. Ofloxacin (OFL), a frequently identified fluoroquinolone
antibiotic in surface water and wastewater, was designated as the
target pollutant to evaluate their catalytic efficiencies. The rela-
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tionship between Oy levels and OFL degradation was established.
Results showed that Oy in nano-Co304-encapsulated montmoril-
lonite catalysts can selectively induce the activation of PMS to pro-
duce 10, and Co(IV)=0. The underlying mechanism was further
revealed through comprehensive experiment and theoretical calcu-
lation. The findings offer significant insights into the Oy-mediated
heterogeneous Fenton-like reaction for the selective oxidation of
emerging organic contaminants in water and wastewater.

The typical synthesis steps of Co304—Mt-Oy are shown in Fig.
1a. Typically, Co304—Mt was firstly synthesized via a combina-
tion of solvent-thermal and high-temperature calcination tech-
niques (Text S1 in Supporting information). After that, Co304—Mt-
xOy with varied contents of Oy was obtained chemical etching
reduction and subsequent oxidation (Text S1), where x was the
reduction/oxidation cycle times. As shown in Fig. 1b, the X-ray
diffraction (XRD) pattern of Na-Mt exhibited characteristic diffrac-
tion peaks of montmorillonite (JCPDS No. 29-1498) at 26 =7.08°,
19.76°, 29.40°, 36.04°, and 61.82°, corresponding to the (001),
(100), and (440) crystal planes, respectively. For pristine Co30Qy,
the observed peaks at 19.0°, 31.3°, 36.9°, 38.5°, 44.9°, 55.7°, 59.4°,
and 65.2° were assigned to the (111), (220), (311), (222), (400),
(422), (511), and (440) planes of spinel Co304 (JCPDS No. 42-
1467) [30]. Notably, the absence of impurity phases confirmed the
high crystallinity and phase purity of the synthesized Co304. The
Co304—Mt composite demonstrated a biphasic structure contain-
ing both montmorillonite and Co304 components, confirming suc-
cessful immobilization of Co30,4 nanoparticles on the montmoril-
lonite carrier. Whereas, the characteristic diffraction peak inten-
sity of Co304 and Mt in Co304—MT was reduced in comparation
with that of pure Co304, which meant that Co304 particles were
well dispersed and crystallinity was reduced in the presence of
montmorillonite carrier. The XRD patterns of Co304—Mt-40y and
Co304—Mt were basically the same, which indicated that the crys-
tal structure of the catalyst was not affected after chemical etching
of Oy. However, Nevertheless, the slightly diminished peak inten-
sity observed in Co304—Mt-40y may be attributed to partial lattice
distortion induced by increased Oy concentration [31].

The isotherm adsorption curves of all samples showed the char-
acteristic of typical type IV curve (Fig. 1c), implying the meso-
porous properties of the catalysts. The pore size distribution fur-
ther verified the abundance of micropores and mesopores in these
catalysts (Fig. S1 in Supporting information). The surface area of
C030,4—Mt-40y was detected to be 61.646 m?2/g, which was about
twice that of Co304,—Mt (33.264 m?/g). Hence, the generation of
Oy can increase the specific surface area of Co304—Mt, favoring
the utilization of active sites in the catalytic reactions. The exis-
tence and content of Oy in different samples were further mea-
sured by electron paramagnetic resonance (EPR). From Fig. 1d,
the asymmetric EPR signals at g=2.004 were clearly observed in
Co304—Mt-40y catalysts, which was attributed to the unpaired
electrons on the capture surface Oy [32,33]. The intensity of Oy
signals significantly enhanced by increasing the number of REDOX
cycles in the preparation process. To be specific, the Oy content
of Co304—Mt-60y reached 3.59 times than that of Co304—Mt (Fig.
le). The full-scan spectrum of X-ray photoelectron spectroscopy
(XPS) showed that Co, Al, Si and O were the dominant compo-
nents in Co304—Mt-40y (Fig. S2 in Supporting information). The
C 1s core level peak of 284.8eV is used as energy reference for
charge correction. The high-resolution XPS spectrum were further
obtained to determine the valence distributions of Co in the dif-
ferent samples. Two components of Co 2p;, and Co 2p;), spin-
orbit doublets were observed in the high-resolution Co 2p XPS
spectra (Fig. 1f). The Co 2p3; XPS spectra suggested the pres-
ence of Co(Ill), Co(1l) and satellite species in Co304—Mt-40y with
the peaks centered at around 794.8, 781.4 and 788.5eV, respec-
tively [34]. Based on the area intensity, the Co304—Mt-40y pos-



X.-q. Cao, X. Liu, Y. Wang et al.

@

Ethylene glycol

Chinese Chemical Letters 37 (2026) 112112

P4
vi e

# L Acrylic acid H,0
\ ﬁ —_— f— ) L0,
] ' 180°C_ —§ M " 450°C Redox,
(«o(NEoz-rian el il T Ml e
.| # 2h - 12h - 15h 3
-
. 90
e * C:0, = |© @ .
« montmorillonite & 754 :
’:-s'\ . j Na-Mt[ =0 —&— Na-Mt - !
- R Co,0;Mi| 50601 —e—Cos0, s £-2.004 1 |
‘? & s . . 845 —A— Co0,0,-Mt > : / N\
2 _Mt-4f ° = ~
§ .t CO;O'A. it Ov g —¥— C0,0,-Mt-40v ;é’j A—— o0 Mt
= Co,0, <301 = C0,0,-Mt-20v
LAk s ER | —— C0,0,-Mt-40v
£ 15
| JCPDS#42|-I467 & ' C0,0,-Mt-60v
1 L | L
T T T T T T 0 T T T T
10 20 30 40 50 60 70 0.0 0.2 0.4 0.6 0.8 1.0 1.99 2.00' 2.01 2.02
2 Theta (degree) Relative pressure (P/P) Magnetic field (G)
0
’ (e) 26.98 () [Co2p Co,0, )
- .
254 Coqm So ;
22.73 52.7% 9%, 4‘\‘Ilv
8 20+ 18.73 . o COOFME CoTh, 3
] & . Co (1) S
2 154 2 Co ) 54.4% >
g 7 32.6% ‘G
10 8 ~ 5
6 7.52 = Co 2pCO:0s MEAQY CoZs k]
Co (1) 78.5%
51 32.0%,
0- T T T T T T T T T T T
Co0ME, 0, MY 6, MAQY ) M60¥ 810 805 800 795 790 785 780 775 ~ 536 534 532 530 528

Binding energy (eV)

Binding energy (eV)

Fig. 1. (a) Schematic illustration of the synthesis of the Co304—MT-Oy. (b) XRD, (c) BET, (d) EPR, (e) Oy contents, (f) Co 2p HR-XPS and (g) O 1s HR-XPS of the catalysts.

sessed the highest ratios of Co(II)/Co(Ill) compared to Co304 and
Co304—Mt, which was hope to significantly facilitate the activa-
tion process. Such changing trend was also observed in the pre-
vious study, which might be attributed to the stepwise formation
of Oy [35]. The O 1s XPS spectra of Co304 can be deconvolved
into three main peaks corresponding to lattice oxygen (O ), oxy-
gen vacancy (Oy) and hydroxyl oxygen (Ogy) with peak centers
of 529.7, 531.1 and 532.3eV, respectively (Fig. 1g) [36]. The O 1s
peaks of Co304—MT and Co304—MT-40y were slightly shifted to-
wards higher binding energy, which might be due to the formation
of chemical bonds between montmorillonite and Co304 nanoparti-
cles [37]. The relative abundance of OV in Co304—MT-40y (41.4%)
was higher than that in Co304—MT (33.7%), which aligned with
the EPR results. As Fig. S2 shows, the positive binding energy shifts
of Al 2p and Si 2p spectrum of Co304—Mt and Co304—MT-40y,
were observed, further suggesting that a Co-0-Al(Si) bond might
be formed between Co304 and montmorillonite [38].

From the scanning electron microscope (SEM) images, a massive
scale structure and smooth surface was observed in the montmo-
rillonite (Fig. 2a). The prepared Co30,4 nanoparticles are in a spher-
ical shape of about 20 nm, but a large number of nanoparticles ac-
cumulate into large clusters and are easily agglomerated (Fig. 2b).
Compared with Na-Mt, the surface of the Co304—Mt-40y sample
became very rough and loose (Fig. 2c). In addition, the EDS ele-
ment mapping showed that Co, Mg, O, Si, and Al elements were
evenly dispersed on the surface of Co304—Mt-40y (Fig. 2d). The
transmission electron microscope (TEM) images of Co304—Mt-40y,
further proved that Cos;04 nanoparticles with a diameter of 5-
10nm were uniformly fixed on the interlayer and surface of mont-
morillonite (Figs. 2e-g), which might be due to the confinement
effect preventing the agglomeration of Co304 nanoparticles effec-
tively. This is because nano-confinement effect and interaction in
confined space can significantly affect the physical and chemical
properties of Co30y4, leading to a smaller size and higher dispersion
[39]. Characteristic lattice fringes of 0.23, 0.24, 0.28, and 0.46 nm
were observed via HRTEM, corresponding to the (222), (311), (220),

@11

24 nm
\//‘\0
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023 nm=

Fig. 2. SEM images of (a) Na-Mt, (b) Co304, (c) Co30,—Mt-40y, and (d) element
mapping of Co;04—Mt-40y. TEM images of (e) Na-Mt, (f) Co304, (g) Co304—Mt-
40y, and HRTEM images of (h) Co30y4, (i) Co304—Mt-40y.

and (111) crystal planes of Co304 nanoparticles (Figs. 2h and i),
respectively. These observations agreed with the XRD results. Ad-
ditionally, evident grain boundaries between Co3;04 nanoparticles
were observed, suggesting the presence of abundant defects due
to the formation of numerous grain boundaries. This is consistent
with the observation of significant lattice distortion in the catalyst,
as indicated by the red circle in Fig. 2i, which implied the existence
of Oy [40].
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Fig. 3. (a) Kinetics of OFL degradation in different systems, and (b) the corresponding degradation rate (ko). (c) The linear relationship between Oy content of Co304—Mt-
xOy and ks of OFL. (d) Effects of solution pH on the degradation of OFL in the Co304—Mt-40y/PMS system, and (e) the corresponding ks values. (f) Zeta potential of
Co304—Mt-40y changed with varying solution pH. Experiment conditions: [OFL]o =20 mg/L and T=20 °C, if not specified catalyst dosage =0.2 g/L, [PMS]o, = 1.0 mmol/L and

pHo=70.

The adsorption properties of the modified montmorillonite cat-
alysts for OFL were evaluated. Merely 5.1% OFL can be adsorbed
by Na-Mt after 60 min (Fig. S3a in Supporting information), since
OFL as a macromolecular organic matter is hard to enter the mont-
morillonite layer. The adsorption of OFL with Co304 was 25.1%,
while it was markedly increased to 69.1% with Co304—MT (Fig.
S3a). With the increase of Oy content, the adsorption efficiency of
Co304—Mt-20y, Co304—Mt-40y and Co304—Mt-60y for OFL grad-
ually increased to 73.0%, 76.0% and 80.3% after 60 min, respec-
tively, indicating that Oy might play an important role in the ad-
sorption process. The adsorption of OFL by the catalysts conformed
to the quasi-secondary kinetic curve (Fig. S3b in Supporting infor-
mation), suggesting that the process was primarily governed by
chemisorption [41]. Previous studies have demonstrated that the
enhancement of the catalyst’s adsorption capacity can facilitate the
catalytic degradation of pollutants [42]. Given the significant ad-
sorption capacity of these catalysts for pollutants, in this study,
the catalysts were pre-mixed with the pollutants for 30 min prior
to the catalytic experiments. This pre-treatment ensured that the
adsorption capacity of the catalysts was nearly saturated, thereby
minimizing the influence of adsorption on the outcomes of the cat-
alytic degradation experiments. PMS alone can only degrade 5.5%
of OFL within 60 min, and the removal efficiency slightly increased
to 13.1% with the activation of PMS by Na-Mt (Fig. 3a). Under the
same conditions, 83.9% of OFL was degraded in the Co304/PMS
system with the reaction rates (ko) of 0.041 min-! (Fig. 3b). The
kops value of OFL degradation significantly enlarged to 0.161 min-!
by the Co304—Mt/PMS system, which might be attributed to the
optimal dispersion of Co304 on montmorillonite surface abundant
in hydroxyl groups. Besides, the interlayer structure of montmo-
rillonite offers a localized environment for the accumulation of
PMS and pollutants, facilitating the degradation of OFL by the
nanoconfinement effect [43]. Notably, after chemical etching of
0OV, the catalytic performance of Co304—Mt-20y, Co304—Mt-40y,
and Co304—Mt-60y catalysts was further improved, and ks of
OFL degradation were significantly increased to 0.441, 0.487 and
0.553min"!, respectively (Fig. 3b), suggesting that the augmenta-
tion of OV content could markedly enhance the catalytic reac-
tion. As shown in Fig. 3c, the ks of OFL degradation was linearly
correlated (R =0.98) with the Oy content in the Co304—Mt-xOy,
which evidenced the crucial role of OV for PMS activation. Due

to their comparable catalytic performance between Co304—Mt-40y
and Co304—Mt-60y, Co304—Mt-40y requiring a simpler prepara-
tion process was selected for further study. The catalytic activity
of Co304—Mt-40y was compared with the reported relating cata-
lysts of PMS. The modified kg, (m-kqps) was calculated by multi-
plying the observed rate constant by the pollutant concentration
and then dividing by the catalyst dosage. As shown in Table S2
and Fig. S4 (Supporting information), the Co304—Mt-40y is one of
the most efficient PMS heterogeneous activators, with an m-kqp,
of 97.88 x 1073 min!, which is 1.1-36 times greater than those of
reported Co-based and Ov-mediated heterogeneous catalysts.

As shown in Fig. 3d, the removal of OFL was not obviously
changed within the pH range of 3.0-9.0, maintaining over 95%
of OFL degradation. In a strong alkaline environment (pH 11.0),
the degradation efficiency of OFL was reduced to 89.2% with the
degradation rate decreased to 0.201 min™! (Fig. 3e). The pK,; and
pK;, of PMS are 0 and 9.442, respectively [44]. Thus, PMS was
dominantly existed in the form of SO52~ that was a less oxidized
dianion and generated through deprotonation. Besides, the zeta po-
tential test revealed that the surface of Co304—Mt-40y was nega-
tively charged under strongly alkaline solution (Fig. 3f). Thus, the
electrostatic repulsion between SOs2~ and Co;0,—Mt-40y surface
could prevent their catalytic reaction. The negative charge of OFL
in alkaline conditions was not conducive to enter the montmoril-
lonite layer. Additionally, PMS became more unstable under alka-
line conditions, leading to increased unnecessary consumption (Fig.
S5 in Supporting information). The above reasons together resulted
to the inhibition of OFL degradation at pH 11.0.

To identify the role of reactive oxygen species (ROS) in the
Co304—Mt-40y/PMS system, quenching experiments were per-
formed using different scavengers. Among them, MeOH can ef-
fectively quench *OH (k-gy =(1.2-2.8) x 10°L mol!s!) and S04~
(kso, =(1.6-7.7) x 107 L mol!s1), while tert-butyl alcohol (TBA)
can be only used to quench "OH (k-gg=10°L mol!s) [45]. As
Fig. 4a shows, the degradation of OFL was hardly inhibited with
MeOH and TBA, indicating that the contributions of *OH and SO4"~
were insignificant. EPR test was performed using DMPO as elec-
tron spin trapping agents to verify the generation of *OH and SO4"~
in the Co304—Mt-40y/PMS system. From Fig. 4d, the peaks for
DMPO-"OH and DMPO-SO,4'~ adducts were not detected, demon-
strating the absence of ‘OH and SO4~ in the activation of PMS
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conditions: catalyst dosage =0.2 g/L, [PMS]o = 1.0 mmol/L, [OFL]y =20 mg/L, pHo = 7.0 and T=20 °C, if applied [MeOH]o = [TBA]y = 100 mmol/L, [FFA]y = [p-BQ]o = 10 mmol/L.

with Co304—Mt-40y. Further, p-BQ and FFA were employed as
typical scavengers for 0, (kg,-- =9.0 x 103-1.0 x 109 L mol's")
and 10, (l<102 =12 x 108 L mol-!s1), respectively [46]. The degra-
dation of OFL was obviously inhibited by p-BQ (Figs. 4a and b),
while PMS consumption was barely affected (Fig. S6 in Support-
ing information). This suggested that the inhibition of OFL degra-
dation by p-BQ was indeed caused by the scavenging for O,"~, and
hence, O, might contribute to the removal of OFL. The DMPO-
trapped EPR spectra of O,"~ directly indicated the formation of
0, (Fig. 4e). However, unlike SO4"~, ‘OH, and 10,, 05"~ typi-
cally acts as a reductant rather than an oxidant in aqueous sys-
tems due to its high solvation energy in water [47]. Previous stud-
ies have also demonstrated that O,"~ exhibited limited reactivity
in direct oxidation of organic contaminants except for the quinones
due to its low redox potential (—0.33V vs. NHE) [48], but can func-
tion as a precursor for 10, formation [49]. Hence, it is challeng-
ing for O,"~ to directly contribute to the oxidation of OFL, but
might emerge indirectly as an intermediate product of '0,. Based
on the above analysis, the degradation of OFL in the Co304—Mt-
40y/PMS system is more likely to occur predominantly via non-
radical pathways. As expected, the addition of FFA significantly
suppressed OFL degradation (Figs. 4a and b) while exhibiting neg-
ligible effects on PMS consumption (Fig. S6), suggesting that 10,
likely served as the predominant reactive species in this system.
Moreover, replacing the solvent from H,0O to D,0, which can in-
crease the lifetime of 10, by approximately tenfold [50], led to en-
hanced degradation efficiency and reaction rate constants for OFL
(Fig. 4c). This highlighted the essential role of '0, in facilitating
the degradation of OFL. Notably, a typical 1:1:1 triple-state signal
of TEM-'0, was detected in PMS solution, and the peak intensity
significantly increased once Co304—Mt-40y was introduced (Fig.
4f), strongly evidencing the generation of 10, during the catalytic
reaction.

Experimental evidence from N, purging confirmed that the pri-
mary source of 10, in the Co304—Mt-40y/PMS system stemmed
from catalyst-mediated PMS activation rather than dissolved oxy-
gen, as OFL degradation remained unaffected under anaerobic
conditions (Fig. S7 in Supporting information). Subsequent in-
vestigation focused on elucidating the formation mechanism and

evolutionary pathway of '0, within this catalytic system. Al-
though the above results have identified O,"~ as potential pre-
cursors for 10, formation, their direct conversion faces thermo-
dynamic limitations [51]. Meanwhile, the classical Haber-Weiss
reaction (05"~ —'OH— 10,) can also be ruled out, since "OH
was not detected in the system (Fig. 4d). Recent studies have
found that some metal active sites serve as critical mediators
in the transformation process from 0,~ to '0,. For exam-
ple, Yi et al. demonstrated the conversion of O, to 10, in
a molybdenum-assisted Fenton system, where Mo%* is reduced
by 0,~, yielding '0, and Mo*t (Mof++ 05"~ — 10, +Mo*t)
[51]. Similarly, Liu et al. revealed that high-valent cobalt species
(e.g, Co(IV)/Co(Ill)) can oxidize O,"~, producing 0, along-
side Co(IIT)/Co(II) (=Co(IV)/Co(1ll) 4 05"~ — 10, 4 Co(II1)/Co(I1)) [52].
Building on these findings, the formation of high-valent cobalt
species and their potential catalytic role in the 0,°~/10, conver-
sion was further explored.

Notably, the addition of DMSO, a high-valent cobalt-oxo
species (Co(IV)=0) scavenger, inhibited approximately 70% of OFL
degradation (Fig. S8 in Supporting information), suggesting that
Co(IV)=0 played a significant role. The high conversion of PMSO
to PMSO, (above 87%, Fig. S9 in Supporting information) further
evidenced the generation of Co(IV)=0, since PMSO, is a known
product of oxygen transfer between Co(IV)=0 and PMSO. To fur-
ther verify the role of Co(IV)=0, we examined the degradation of a
10, probe (1,3-diphenylisobenzofuran, DPBF) with and without the
presence of DMSO. Notably, DPBF degradation decreased to 35%
with DMSO, compared to 97 % in the control (Fig. S10 in Supporting
information), confirming that Co(IV) contributed to 10, generation.
We subsequently examined the TEMP-10, signal in the presence
of DMSO. Significantly, introducing DMSO resulted in a significant
suppression of the TEMP-10, signal (Fig. S11 in Supporting infor-
mation). Hence, considering that the interlayer confinement effect
can drive quantum state transitions through valence electron re-
distribution, the generated Co(IV)=0 species facilitates O,"~ in sur-
passing the reaction energy barrier and subsequently converting to
10, [53,54].

The content of Oy before and after catalyst use was determined
by EPR method. The peak intensity of Oy was observed to decrease
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Fig. 5. (a) EPR spectra of Co304—Mt-40y catalyst before and after use. (b) Electrochemical impedance spectroscopy and (c) cyclic voltammetry spectra of Co304, Co304—Mt
and Co304—Mt-40y. (d) The calculated charge density difference of PMS adsorbed on (a) Co304—Mt and (b) Co304—Mt-40y.

following the reaction (Fig. 5a), potentially due to the occupation
of Oy sites by adsorbed oxygen, leading to the formation of rel-
atively weakly bonded surface-adsorbed oxygen and lattice oxy-
gen [55]. During the reaction process, pollutants or degradation
intermediates can also cover the Oy on the catalyst surface, in-
dicating that Oy was consumed in the activation of PMS. Similar
results were obtained by O 1s high-resolution XPS spectra before
and after the use of Co304—Mt-40y catalyst (Fig. S12c in Support-
ing information). This further implied that the Oy on the surface
of Co304—Mt-40y catalyst played an important role in PMS activa-
tion.

Electrochemical impedance spectroscopy (EIS) analysis was con-
ducted to evaluate the charge transfer capabilities of the cata-
lysts. As shown in Fig. 5b, Co30,4 displayed the smallest semi-
circle diameter, suggesting the lowest charge transfer resistance
among the tested samples. The introduction of montmorillonite
(Mt) increased the charge transfer resistance in Co304—Mt. How-
ever, Co304—MT-40y, with its abundant oxygen vacancies, exhib-
ited a significantly reduced charge transfer resistance, indicating
a more efficient electron transfer between the catalyst and PMS.
Further supporting this observation, cyclic voltammetry (CV) tests
revealed that Co304—MT-40y demonstrated higher current density
and superior reduction capability compared to Co304—Mt (Fig. 5¢),
highlighting the beneficial role of Oy in enhancing electron trans-
fer performance.

To further unveil the significance of Oy in Co304—Mt-40y,, den-
sity functional theory (DFT) calculation was conducted to compare
the adsorption energy and the charge transfer of Co304—Mt and
Co304—Mt-40y in PMS activation. Results showed that Co304—Mt-
40y had a higher adsorption energy (—3.47 kcal/mol) than that of
Co304—Mt (—3.36 kcal/mol) (Fig. 5d), indicating that the introduce
of Oy can enhance the adsorption of PMS, favoring the follow-
ing catalytic reaction. The Bader analysis results indicated that the
charge transfer to PMS was 1.092 e- for the Co304—Mt configu-
ration and 1.215 e for the Co304—Mt-40y configuration (Fig. 5d).
This increased charge transfer can substantially enhance the cleav-
age of O-H bonds, thus promoting the formation of SO5*~ and 0,"~
at the Co(Il) site [57]. Collectively, these findings indicated that the
Ov in Co304—Mt-40y played a multifaceted and critical role in ac-
tivating PMS. OVs acted as electron-rich sites that enhance PMS
adsorption via electrostatic interactions or charge transfer, particu-
larly the terminal oxygen (O;) in PMS. Additionally, OVs synergized

with neighboring metal sites (e.g., Co3*/Co2*) to form dual active
centers, promoting the electron transfer and stabilizing intermedi-
ates.

To characterize the evolution of cobalt species in Co304—Mt-
40y during catalytic reactions, XPS analysis was performed to track
the chemical state variations before and after the reaction. The
high-resolution XPS spectra of Co 2p and O 1s are shown in Fig S12
(Supporting information), with characteristic peaks provided in Ta-
ble S1 (Supporting information). The XPS analysis of Co 2p regions
revealed significant cobalt speciation evolution during the catalytic
process. In the Co 2p,, spectra, the Co(Ill) component at 798.16 eV
exhibited an obvious increase from 32.0% to 38.9% after reaction,
while the Co(Il) content correspondingly decreased from 68.0% to
61.0% (Fig. S12b in Supporting information). Parallel trends were
observed in the Co 2ps, region, where the Co(1ll)/Co(1I) ratio dis-
played analogous progression. These redox dynamics strongly sug-
gested that Co(Il) served as the catalytic initiator, driving the in-
terconversion cycle among Co(IV)/Co(III)/Co(Il) species. Notably, the
absence of detectable Co(IV) species is attributed to the metastable
nature of excited Co(IV), which undergoes ultrafast non-radiative
decay to the Co(Ill) ground state [56]. Compared with the fresh
catalyst, the content of Oy in Co304—Mt-40y after use slightly de-
creased (Fig. S12c in Supporting information). It is noteworthy that
the relative intensities of lattice oxygen and adsorbed oxygen in-
creased from 12.5% and 46.1% to 15.6% and 50.1%, respectively.
This phenomenon can be attributed to the consumption of oxy-
gen vacancies, which facilitated the formation of relatively weakly
bound surface-adsorbed oxygen (e.g., =Co(Il)-OH) and lattice oxy-
gen [58]. Interestingly, previous studies reported that =Co(Il)-OH
complexes could induce the formation of =Co(Ill)-0-0-SO3~ inter-
mediates upon reaction with HSOs~ of PMS, which subsequently
evolved into Co(IV)=0 species [13,59]. Hence, it can be inferred
that =Co(II) mediated the ultimate formation of Co(IV)=0 through
a two-electron transfer pathway. Accompanied by the continu-
ous Co(II)/Co(Ill)/Co(IV) cycling, '0, was generated through the
co-transformation of Co(IV)=0 and O,"~. Beyond that, =Co(III)-
mediated electron donation to HSO5~ facilitated its deprotonation
to generate SO5~ (HSO5~ — SO5°~ + H* +e7), which subsequently
underwent disproportionation reaction for the generation of '0,
(SO5*~+ SO5'~— 2504~ +10,) [60].

Based on the above results, the possible catalytic mechanism
was proposed (Fig. 6). Initially, the curled and stacked struc-
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Fig. 6. The mechanism of PMS activated with Co;0,—Mt-40y for OFL degradation.

ture of Co304—Mt-40y undergoes layer expansion in OFL solu-
tion, forming semi-confined microcavities that function as nanore-
actors. Under dynamic aqueous conditions, both OFL molecules and
PMS anions become concentrated within these expanded interlayer
spaces through adsorption and confinement effects. Within the
constrained environment, surface-bound =Co(Il) species rapidly
couple with PMS through coordination, where HSOs~ activation
via =Co(Il) triggers the generation of SO4°~, alongside oxidized
=Co(Ill) species. The cleavage of PMS 0O-O bonds initiates chain
reactions that yield O,"~ through dual electron transfer path-
ways. The transient Co(IlI)-O0SO3 intermediate undergoes radical-
mediated O-O bond reorganization, evolving into Co(IV)=0 that
ultimately cycle back to =Co(VI)/Co(Ill) redox pairs. The gener-
ated Co(IV)=0 can contribute to the degradation of OFL through
both direct and indirect oxidation process. In indirect pathway,
Co(IV)=0 subsequently mediate the conversion of accumulated
0,"~ into 10, through electron transfer processes. As a powerful
oxidizing species, Co(IV)=0 can also directly contribute to the ox-
idation of OFL. Hence, the generated '0, and Co(IV)=0 predomi-
nantly driven the degradation of OFL.

Various inorganic anions (e.g., CI-, H,PO,~, HCO3~/CO32~ and
S0,42") existed in actual wastewater, which might affect the degra-
dation of organic pollutants by AOPs to varying degrees [61,62].
It can be seen from Fig. S13 (Supporting information) and Fig. 7a
that the presence of Cl-, H,PO,~ and SO42~ at low (1 mmol/L) and
high concentration (50 mmol/L) showed negligible influence on the
system, and the OFL removal efficiency still reached >96% within
60 min. Upon the addition of 50 mmol/L HCO3~ to the system, the
degradation of OFL was slightly inhibited, resulting in a reduction
of the degradation efficiency to 90.0%. HCO;~/CO32~ can bind to
the Co(Il) site on the catalyst surface to inactivate it, thus prevent-
ing the adsorption and activation for PMS. Moreover, as a repre-
sentative organic matter, humic acid (HA) showed little effect on
OFL degradation (Fig. S14 in Supporting information). In general,
the Co304—MT-40y/PMS system showed a strong anti-interference
ability to complex water matrices, which further evidenced the sig-
nificant contribution of non-radical oxidation for OFL.

The reusability and stability of catalysts are crucial for the long-
term economic viability of wastewater treatment processes. Con-
sequently, to assess both the reusability of Co304—MT-40y com-
posites in degrading OFL within PMS systems and the stability
of the catalysts, eight consecutive cycles of stability experiments
were conducted under identical operating conditions. As illustrated
in Fig. 7b, the Co304—MT-40y catalyst exhibited consistent high
catalytic performance over eight cycles, with the removal effi-
ciency of OFL consistently exceeding 94.6%. The degradation rate
demonstrated a marginal decrease as the number of cycles in-
creased, which might be caused by the loss of metal active sites.
The intermediate products generated during the reaction can in-
duce surface and interlayer passivation of montmorillonite. This
passivation would hinder the entry of PMS and OFL into the in-
terlayer of montmorillonite, thereby diminishing the catalytic ef-
ficiency. The Co ion leaching after the reaction was further de-
tected. Results showed that the Co ion concentration after 60-
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min reaction in the first cycle was only 0.05mg/L, and gradually
decreased as the number of cycles increased (Fig. 7c), indicating
the high chemical stability of Co304—MT-40y during PMS activa-
tion. Such a trace amount of Co%* in the solution led to a limited
degradation of OFL with PMS (Fig. S15 in Supporting information).
Hence, the contribution of the leached Co?* in the Co304—MT-
40y/PMS system was insignificant, considering that the percola-
tion is a gradual, cumulative process. The superior performance
and stability of the Co304—MT-40y catalyst can be attributed to
the nano-confinement effect of montmorillonite, which enhanced
the adsorption of PMS and OFL and subsequently improved the
utilization of catalytic sites within montmorillonite. Moreover, ear-
lier research has indicated that carbon-based catalysts are typically
prone to carbon corrosion issues [63]. In comparison, metal ox-
ides and Oy, active sites exhibit little sensitivity to such challenges.
The application of nano-confinement techniques can improve the
environmental resilience of catalysts, leading to enhanced stabil-
ity and reusability. As a result, the Co304—MT-40y, catalyst show-
cased superior performance in terms of stability and reusability.
Moreover, the Co304—MT-40,,/PMS system was almost not affected
when operated in the actual waters (tap water, surface water, and
municipal sewage) (Fig. 7d). The performance of degrading vari-
ous organic contaminants with the Co304—Mt-40V/PMS process
was further evaluated. Results showed that all these six contam-
inants (including sulfamethoxazole (SMX), sulfadiazine (SDZ), car-
bamazepine (CBZ), ciprofloxacin (CIP), enrofloxacin (ENF) and tetra-
cycline (TTC)) can be completely degraded within 10 min (Fig. S16
in Supporting information), suggesting that Co304—Mt-40V/PMS
process was effective for various organic contaminants degrada-
tion. These findings suggested that the Co304—MT-40y/PMS sys-
tem held significant potential for practical applications.

To better elucidate the degradation process of OFL, the main in-
termediate products of OFL degradation were detected using HPLC-
MS-MS. Nine transformation products (TPs), namely TP-112, TP-
150, TP-158, TP-200, TP-205, TP-279, TP-318, TP-338 and TP-378
were identified, and the key information of the intermediates was
shown in Fig. S17 and Table S3 (Supporting information). Based
on the results, three degradation pathways of OFL were proposed,
as shown in Fig. S18 (Supporting information). In Pathway I, the
piperazine ring of OFL underwent hydroxylation to form TP-378,
followed by ROS attacking the quinolone ring to generate TP-338.
Further ROS attack led to piperazine ring cleavage, ultimately form-
ing TP-158. In Pathway II, the decarboxylation of OFL occurred to
produce TP-318, after which ROS attack the quinolone ring, break-
ing the carbon-carbon double bond and inducing hydrolysis. The
piperazine ring decomposed, and the oxazine ring opened to form
TP-200, which further underwent defluorination to yield TP-150. In
Pathway III, the piperazinyl substituent of OFL was first attacked
by ROS to form TP-279, followed by oxazine ring opening, addition
reactions, and decarboxylation to generate TP-205. Finally, under
further ROS reactions, TP-112 was produced.

The Co304—Mt-40v/PMS process can effectively degrade OFL
and ultimately mineralize it into CO, and H,0. However, some in-
termediates retain an intact fluoroquinolone core, which may pose
ecological hazards. Therefore, toxicity predictions were conducted
using the ecological structure activity relationship (ECOSAR) pro-
gram to analyze the acute and chronic toxicity of the degradation
intermediates. As shown in Fig. S19 (Supporting information), the
toxicity of three intermediates (TP-378, TP-158, and TP-112) was
lower than that of OFL, while the toxicity of other byproducts be-
came higher, indicating that some intermediates carry greater eco-
logical risks. In particular, TP-318, TP-150, and TP-205 exhibited
higher toxicity, likely due to decarboxylation at the quinolone sub-
stituent position or the presence of highly toxic aniline structures.
Although some intermediates are more toxic, the system achieves a
high mineralization efficiency of 90.3% (Fig. S20 in Supporting in-
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Fig. 7. (a) Effects of common anions in water on OFL degradation in the Co304—Mt-40y/PMS process. (b) Performance of OFL degradation during the cycling tests of
Co304—Mt-40y, and (c) the leaching of cobalt ions during the cycling tests. (d) Degradation of OFL in the Co304—Mt-40v/PMS process in real waters. Experiment conditions:
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formation). Therefore, by optimizing reaction conditions to ensure
complete degradation, the potential toxicity risks posed by inter-
mediate byproducts could be largely reduced. Moreover, an analy-
sis of the degradation pathways revealed that all three intermedi-
ates in Pathway II exhibit high toxicity. This observation suggested
that future research should focus on regulating degradation path-
ways and stages to prevent the formation of toxic products.

In this study, different levels of oxygen vacancy (Oy) were suc-
cessfully constructed on the Co304-encapsulated montmorillonite
(namely Co304—Mt-x0y, X =2, 4, 6) through a two-step process in-
volving chemical etching reduction and oxidation. Results showed
that the performance of activated PMS was markedly improved
through the introduction of Oy on Co304—Mt. The degradation rate
of ofloxacin (OFL) in the Co304—Mt-xOy/PMS process was posi-
tively correlated with the content of OV, suggesting the signifi-
cant role of Oy for PMS activation. Comprehensive experimental
and theoretical analysis unveiled that Oy enabled the modifica-
tion of the electronic structure in Co304 and enhanced the ad-
sorption capacity for PMS and OFL. Moreover, Oy could modulate
the catalytic decomposition of PMS, thereby predominantly gener-
ating 10, and Co(IV)=0, which behaved as the primary reactive
species for OFL oxidation. This non-radical-mediated process en-
abled the system to selectively remove OFL from the contaminated
water without interference from the background matrix of the wa-
ter body. The Co304—Mt-40y also possessed outstanding chemi-
cal stability and reusability, making it a highly viable candidate for
practical applications. The knowledge obtained in this study will
advance the understanding of vacancy defect engineering in PMS
activation, and guide the design of efficient catalysts. This research
holds significant importance for the rational design and synthesis
of environmentally friendly natural mineral materials rich in Oy,
as well as for the advancement of highly efficient environmental
catalytic materials.
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