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The correlation between the distinct doping modalities of heteroatoms in metal oxides and the activa-
tion pathways of peroxymonosulfate (PMS) remains underappreciated. To address the issue, herein, we
synthesized Te-doped Co0304., via a simple hydrothermal method and employed it as a heterogeneous
catalyst for PMS activation to degrade levofloxacin (LEV). The incorporation of Te via both interstitial and
substitutional doping synergistically enhanced the activity of Co304 toward PMS activation, resulting in
a 66-fold increase in the LEV degradation kinetics. Various characterizations and trial results revealed
that the coexistence of these doping configurations unlocked multiple pathways for reactive species gen-
eration. Interstitial Te dominates the formation of radicals and singlet oxygen (10,), and synergistically
cooperates with the generated oxygen vacancies to promote the cyclic regeneration of low-valent Co sites.
On the other hand, substitutional Te primarily tailors the electron density of Co atoms through Co-O-Te
sites, driving the formation of high-valent Co(IV)=0 species. The factors affecting the LEV degradation
were investigated, and the potential applications of the Te-Co304.o/PMS system were explored. Also, LEV
degradation pathways were discussed. This work elucidates the correlation between doping modalities
and PMS activation pathways, rendering a novel strategy to develop high performance catalysts for PMS

activation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced oxidation processes (AOPs) [1-4], particular those
based on heterogeneous activation of peroxymonosulfate (PMS)
represent a cutting-edge technology for effectively removing re-
fractory organic contaminants, demonstrating significant potential
in water purification applications [4]. The design and development
of effectual and steady heterogeneous catalysts are crucial for ad-
vancing this technology. Transition metal ions and their oxides,
characterized by the versatile valence electron structures and cost-
effectiveness, have been extensively utilized in catalyst develop-
ment. In particular, Co304 with a spinel structure has received sig-
nificant attention [5,6]. However, despite the notable PMS activa-
tion capabilities of transition metal oxides, their limited atomic uti-
lization efficiency and the restricted regeneration capacity of low-
valent metals have hindered their broader application. Heteroatom
doping modification has emerged as one of ideal strategies to ele-
vate the catalytic activity of metal oxide materials [7]. It primarily
involves incorporating different atoms into the host oxides via vari-
ous doping methods (such as atomic substitution, interstitial inser-
tion, and surface adsorption) to optimize pore structure regulation,
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vacancy defect construction, and electronic structure reconstruc-
tion without substantially altering the fundamental crystal struc-
ture [8-10]. These modifications to the original chemical environ-
ment subsequently influence the interfacial interactions within the
reaction system, thereby enhancing catalytic degradation efficiency.

While significant progress has been made in advanced oxida-
tion research through metal oxide doping engineering, the precise
link between specific doping types and PMS activation pathways
has not been well unlocked and remains inadequately explored.
For instance, when doping induces substantial changes in the crys-
tal phase (transitioning from one crystal structure to another or
multiple phases), the classification of such phase-transforming pro-
cesses as doping warrants reconsideration [11,12]. Comparative
analysis of activation mechanisms between such “doping” systems
and original metal oxides may obscure our understanding of the
mechanism underlying enhanced catalytic activity through doping
strategies. What is more, different doping types correspond to dis-
tinct structural active centers, which not only affect the physico-
chemical properties of the catalyst but also directly influence the
optimization direction of PMS activation progress and types of re-
active oxygen species (ROS) generated [13-15]. Less than satisfac-
tory, most studies tend to thoughtlessly attribute doping modal-
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ities to a single type for discussion with same dopant [8,9,16].
The research community appears to unintentionally overlook the
potential synergistic effects and contributions that may emerge
from the coexistence of multiple doping modalities. This exces-
sive conceptual generalization, along with insufficient considera-
tion of coexisting doping modalities, may lead to misconceptions
about ROS generation mechanisms and hinder the development of
more efficient advanced oxidation systems. Thus, the "one-to-one"
structure-activity relationship between doping modalities and acti-
vation behaviors merits deep study.

Oxygen vacancy (Oy), as an intrinsic defect in metal oxides, has
been widely recognized for its significance in activation reaction
processes [17]. The doping process in metal oxides frequently gen-
erates additional Oy via charge compensation mechanisms. How-
ever, the specific mechanism by which they influence catalytic ac-
tivity remains a subject of debate. Numerous studies have demon-
strated a positive correlation between Oy content and pollutant
degradation efficiency [18,19]. However, other research suggests
that the coordination environment, rather than simple concentra-
tion of Oy, is the critical factor determining the intrinsic catalytic
activity of the catalyst [20]. In some studies, the Oy is considered
as the primary catalytically active center to directly enhance ROS
production [21,22]. However, direct evidence supporting Oy as ac-
tive sites remains lacking, and this perspective may not adequately
explain the various Oy-driven systems. Currently, the precise con-
tribution mechanism of Oy in PMS activation processes remains
unclear. The prevailing notion that Oy simultaneously serves as
molecular adsorption sites, electron acceleration sites, and active
catalytic sites may be an oversimplification and potentially mis-
leading. These uncertainties pose a significant challenge in achiev-
ing precise control over the application of Oy. Thus, constructing a
catalytic degradation system with a well-defined Oy action mech-
anism facilitates a deeper understanding of Oy. Also, investigating
the correlation between doping types and PMS activation pathways
is crucial for advancing the study of catalytic activity in metal ox-
ides based on non-phase transition doping.

To address above issues, here, via a one-step hydrothermal
strategy, we reported the synthesis of Te-doped Co304 catalyst (i.e.,
Te-Co304.¢), which was characterized by various analytical tech-
nologies to reveal its morphology, composition and microstruc-
tures. Then, its catalytic capability was evaluated. Our study tes-
tified that the incorporation of Te via both interstitial and sub-
stitutional doping synergistically enhanced the catalytic activity of
Co304 toward PMS. Quenching and scavenging trials identified the
main active sites and the dominant ROS during the catalytic re-
action. Different ROS generation mechanisms resulting from vari-
ous doping configurations, along with the singular synergetic ac-
celerating effect of Oy, were proposed. Finally, potential degrada-
tion pathways of levofloxacin (LEV) were discussed through lig-
uid chromatography-mass spectrometry (LC-MS) analysis, and the
practical utilization performance of the Te-Co304.o/PMS system
was evaluated.

As shown in X-ray diffraction (XRD) outcomes in Fig. 1a, the
prepared samples, including T0-CoOy (ie., Co304), T1-CoOy, T2-
CoOy, T3-CoOy (i.e., Te-Co304.¢) and T4-CoOy (see synthesis details
in Supporting information), exhibit a well-defined crystalline struc-
ture. These phases align well with the standard card PDF #43-1003
of Co304, indicating that a moderate Te doping level does not al-
ter the crystalline phase structure of the samples. However, the in-
tensities of the diffraction peaks gradually weaken and the peaks
broaden as the Te doping amount increases, suggesting a reduction
in the crystallinity and a decrease in nanoparticle’s size. Notably,
the diffraction angle of the main peak exhibits a slight negative
shift, which becomes more pronounced as Te doping increases (Fig.
1b). This phenomenon is attributed to lattice expansion induced
by the interstitial doping of Te species [23]. As the doping amount
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further increases, a significant deformation in the crystalline phase
of T4-CoOy is observed. The diffraction peaks almost completely
disappear, indicating that excessive Te doping has thoroughly dis-
rupted the crystalline phase structure of the samples.

As shown in X-ray photoelectron spectrometer (XPS) spectra
in Fig. 1c, the Te 3d spin-orbit splitting peaks appear in the
Te-Co304.¢ (ie., T3-CoOy), with an intensity ratio of 3:2 (Fig. Sla
in Supporting information). This confirms that Te is successfully
incorporated into the sample. In the high-resolution XPS spectrum,
the peak of Te 3ds, is located at 576.3eV, and the double peak
spacing between Te 3ds, and Te 3d;p, is 10.5eV (Fig. S1a), indi-
cating that Te predominantly exists in the form of oxide [24]. The
high-resolution XPS spectrum of Co 2p for T0-CoOy exhibits the
typical peak pattern of Co304 (Fig. S1b in Supporting information).
The splitting peaks of Co 2p3;; and Co 2p;, appear at ~780eV
and ~796 eV, respectively, and the Co species with two oxidation
states of Co3* and Co?* are further fitted. After Te introduction,
the Co satellite peaks of Te-Co304., associated with Co-O become
more prominent. The relative concentration of Co3*t decreases,
while that of Co?t increases, and the Co3*/Co2* ratio decreases
from 0.68 to 0.53 (Table S1 in Supporting information). This may
be due to the formation of lattice defects via Te doing, such as
oxygen vacancies, resulting in the reduction of some metal ions to
lower states. Notably, the binding energy of the Co 2p spectrum of
Te-Co304., shows a significant positive shift. The alteration in the
electronic environment surrounding the metal atom results from
lattice reconfiguration induced by substitutional doping. This posi-
tive shift is a strong signal of a decrease in electron density around
the Co site [25]. As displayed in Fig. S1c (Supporting information),
in the high-resolution XPS spectrum of O 1s, the peaks can be
divided into three components corresponding to lattice oxygen
(Op), Oy, and hydroxyl oxygen/surface-adsorbed oxygen species
(Oy) from low to high binding energy [26], respectively. Due to the
slightly higher electronegativity of Te compared to Co, the electron
density around the O atoms decreases when Co3* is substituted.
Consequently, the peak corresponding to Oy shifts from 529.68 eV
to a higher binding energy of 530.48 eV. The significant reduction
in its relative concentration implies the substantial formation of
Oy (Table S2 in Supporting information). However, the doping
of Te leads to an insignificant increase in the relative content
of surface Oy. This may be because the Co304 synthesized hy-
drothermally already contains some water molecules, so the peak
around 531.4 eV also includes oxygen from adsorbed water. In fact,
the subsequent solid electron paramagnetic resonance (EPR) trials
(see later discussion) confirmed that Te incorporation significantly
increased the content of Oy, which further contributed to the
improvement of the surface electronic structure. The enhanced
surface activity results in a noticeable increase in the relative
proportion of adsorbed molecular oxygen species, which also
indirectly confirms the increase in Oy content [27].

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to analyze the morphological
structure of the samples and shown in Figs. 1d and e, respectively.
The synthesized Co304 nanoparticles exhibit a cubic morphol-
ogy, with an average particle size ranging from 50nm to 100 nm
(Figs. S2a and b in Supporting information). Upon Te incorpora-
tion, as shown in Fig. 1d and Fig. S2c (Supporting information),
the nanoparticles almost lost their cubic shape, and the particle
size reduces to 20-50nm. This phenomenon is attributed to the
doping-induced suppression of crystallization in the sample. In the
high-resolution (HR)-TEM, lattice fringes corresponding to the (311)
crystal plane of Co304 were observed, with a lattice spacing of
0.24nm (Fig. 1f), which is consistent with the XRD analysis. Si-
multaneously, a large number of lattice fringes with a spacing of
0.26nm are noted (inset of Fig. 1f). This abnormal expansion is
due to the incorporation of Te, which has a larger atomic radius,
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Fig. 1. (a) XRD patterns of prepared samples, (b) locally amplified XRD patterns, (c) total XPS spectra, (d) SEM image, (e) TEM image, (f) HR-TEM image and (g-k) elements

mapping of Te-Co304.q.

resulting in a wider lattice spacing. This strongly indicates the co-
existence of interstitial Te and substituted Te [13]. Figs. 1g-k show
the elemental mapping, which further confirms the successful dop-
ing and uniform distribution of Te in the sample. Overall, the above
analysis confirms that the Te-Co304. catalyst maintains the Co304
phase with successful Te doping. The higher-valent Te likely substi-
tutes for Co3* in the octahedral sites, leading to partial reduction
of Co species to Co?t. The local Co-O-Te structure is formed and
the charge balance is regulated by the formation of oxygen vacan-
cies. Simultaneously, Te also exists in the lattice as an interstitial
ion (e.g., TeOx and Te**), occupying otherwise vacant interstitial
sites, which is typically accompanied by lattice volume expansion
[23].

The pore structure characteristics of the samples were investi-
gated through Brunauer-Emmett-Teller (BET) analysis. As depicted
in Fig. S3a (Supporting information), the N, adsorption-desorption
isotherms of both Co304 and Te-Co304.,, exhibit Type IV isotherms
with H1 hysteresis loops, indicating cylindrical-like pore charac-
teristics. The specific surface areas are 20.29 m?/g for Co304 and
126.85 m?2/g for Te-Co304.o. The successful Te doping appears to
further amplify these structural defects, increasing the specific sur-
face area by over 6-fold. This structural change significantly in-
creases the exposure of active sites, greatly facilitates the diffusion
of target molecules and the transfer of intermediates, thereby en-
hancing their catalytic performance. Raman spectroscopy was em-
ployed to further analyze the effect of Te doping on the strength
of Co-O bond. As shown in Fig. S3b (Supporting information), the
Raman peaks of the original Co304 at 192, 480, 520, 618 and
687 cm~! correspond to the tensile vibrations of Flog, Eg, F25q, F54
and A;g modes [9], respectively. After Te doping modification, Ra-

man peaks exhibit a slight blue shift, and the signal weakens as
the peak width increases. This is due to Te doping breaking the lo-
cal symmetry associated with the oxygen atom, which weakens the
Co-0 bond strength. Additionally, this change may also be related
to quantum size effects or surface effects caused by the reduction
in particle size. Oxygen vacancies in the samples are investigated
and detected using solid-state EPR spectroscopy. A distinct signal
peak is observed in the Te-Co30,4., at g=2.004, with an intensity
of ~4-5 times that of Co304 (Fig. S3c in Supporting information).
This provides direct evidence that Te doping induces the forma-
tion of rich oxygen vacancies in Co304, in good agreement with
the aforementioned results.

To evaluate the catalytic activity of samples, an advanced oxi-
dation degradation system based on PMS heterogeneous activation
was constructed, targeting LEV as the pollutant of interest (see UV-
vis spectrum in Fig. S3d in Supporting information). As shown in
Fig. 2a, PMS alone exhibits negligible degradation of LEV. The ad-
sorption kinetics of Te-Co304.o is slightly faster than that of Co30,.
This can be attributed to the structural defect reorganization in-
duced by Te doping, which increases the specific surface area as
the doping amount rises. This confirms that the catalyst surface
provides more pores and active sites, facilitating the adsorption of
target molecules. However, the removal rates of LEV for both Te-
C0304. and Co304 are below 10.0% in 40 min. When both the
catalyst and PMS are present simultaneously, the concentration of
LEV in the Te-Co304.4/PMS system rapidly decreases, while that in
the Co304/PMS system declines relatively slow (Fig. 2a). This in-
dicates that the doping of Te enhances the PMS activation ability
of Co304 to generate highly oxidative active species for rapidly de-
composing LEV. The calculation and comparison of the apparent
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Fig. 2. (a) Adsorption/degradation kinetics of LEV in each system. Trial conditions: 10 mg/L LEV, 1.0 mmol/L PMS, 20 mg/L of catalysts, initial pH 6.6 0.1, 25 °C. Effects of (b)
Te doping amount, (c) catalysts dosage, (d) PMS concentration, (e) initial solution pH, and (f) reaction temperature on LEV degradation. Insets are corresponding apparent

rate constants.

rate constant (kapp) for LEV reveal that the Te-Co304.¢/PMS sys-
tem (0.2129 min~!) exhibits a 66-fold enhancement compared to
the Co304/PMS system (0.0032min~1). Further control trials were
carried out to investigate the effect of Te doping on catalytic ac-
tivity. When using the T0-CoOy, T1-CoOy, T2-CoOy, or T3-CoOy as
catalyst, the degradation efficiency of LEV progressively increases
under the identical reaction conditions, with LEV removal rates of
13.3%, 80.6%, 91.1%, and 96.5% (Fig. 2b), respectively. The corre-
sponding kapp values are 0.0032, 0.0428, 0.0995, and 0.2129 min~!,
respectively. This suggests that the gradual increase in Te doping
in Co304 enhances the catalyst’s activation of PMS. However, when
the doping amount was further increased, there was no signifi-
cant enhancement in the removal rate and degradation kinetics
in T4-CoOy/PMS system (95.5% with 0.2129 min~!). Furthermore,
the crystal structure of T4-CoOy has been altered due to excessive
Te doping (Fig. 1b). The Co leaching content in the reaction so-
lution was determined by flame atomic absorption spectrometry.
The concentration of Co ions leached in the T4-CoOy/PMS system
(413 mg/L) is significantly higher than that in the T3-CoOy/PMS
system (0.68 mg/L). Consequently, the T3-CoOy, i.e., Te-Co304.¢,
was selected for the subsequent trials.

The LEV degradation was affected by various parameters, which
were optimized to achieve high LEV degradation performance. As
observed in Fig. 2c, the increase in catalyst dosage is positively
correlated with the degradation kinetics of LEV. When the cata-
lyst concentration was increased from 5mg/L to 20 mg/L, the kapp
value rose from 0.0959min~! to 0.2129min~!, and LEV removal
increased from 90.2% to 96.5%. This is attributed to the increase
in catalytic active spots available for reaction, providing more con-
tact of catalyst with substrate. However, further increasing the cat-
alyst’s dosage to 30mg/L results in negligible changes in the re-
moval rate and degradation kinetics (96.4% with 0.2219min~1).
Thus, 20 mg/L of Te-Co304., was selected. Additionally, increasing
the PMS concentration from 0.2 mmol/L to 1.0 mmol/L enhances
the removal of LEV from 77.3% to 96.5%, with kapp value increas-
ing from 0.1118 min~! to 0.2129min~! (Fig. 2d). This indicates that
the predominant active species originate from PMS, and insuffi-
cient oxidant can lead to incomplete LEV degradation. However,
at 1.5 mmol/L PMS, the LEV removal shows no significant change
(96.1%), with a slight kapp decrease (0.2005 min~1). This may be at-

tributed to the self-quenching effect of reactive radicals in a short
time (Eqs. 1 and 2) [28]. Moreover, excess PMS can react with
radicals, consuming SO4"~ and generating the less reactive SO5*~
species (Eq. 3) [29]. We further investigated the effect of the ini-
tial solution pH. As traced in Fig. 2e, the Te-Co304.o/PMS system
maintains high LEV removal efficiency over a broad pH range of
4.0-10.0. Notably, when the initial solution is weakly acidic (pH
4.0-5.0), the LEV degradation kinetics is slightly slow. Zeta po-
tential results indicate that the catalyst surface remains negative
within the pH from 4.0 to 10.0, ruling out electrostatic interac-
tions as the cause (Fig. S4a in Supporting information). The ob-
served effect may be attributed to the excessive H* ions, which
have a scavenging effect on the generated SO, ~ and "OH (Egs. 4
and 5) [30]. The reduction in active radicals consequently leads to
a declined LEV degradation. Reaction temperature is also an im-
portant factor controlling LEV degradation. As displayed in Fig. 2f,
increasing temperature leads to an upward trend in the degrada-
tion kinetics of LEV, ie., the kapp increases from 0.1350min~! to
0.3039min~! with temperature from 15 °C to 35 °C. This is because
higher temperature can enhance the generation rate of radicals,
and increase the collision frequency between active species and
substrate molecules, and thus speed up the reaction rate. Finally,
25°C was selected in our work. As shown in Fig. S4b (Supporting
information), the linear relationship between Ink,p, and 1/T fol-
lows the Arrhenius equation (Eq. S2 in Supporting information),
with a correlation coefficient of 0.9719. The estimated activation
energy (E;) is 28.39K]J/mol (see details in Supporting information).
This low activation energy suggests high activation efficiency of
PMS by Te-Co304.o. This enables the Te-Co304.«/PMS system to
operate efficiently, offering potential for practical applications.

S04~ +5S04~ — S,052~ (M
S04~ +"OH — HSO5~ (2)
S04~ +HSO5~ — SO5™~ +S042~ + H*t (3)
H* +'OH+e — H,0 (4)
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H* 4504~ +e~ — HSO4 ™ (5)

In the PMS-based AOPs, common reactive oxygen species in-
clude SO4°~, “OH, and 0,"~. Methanol exhibits a certain quenching
ability towards SO4"~, while tert-butyl alcohol (TBA), which has a
high affinity for *‘OH, can be employed to differentiate the roles of
*OH and SO4~ [31]. Additionally, p-benzoquinone (p-BQ) can serve
as a specific scavenger for 0,°~ [32]. The effect of TBA is minimal,
with <5.0% LEV degradation inhibition even at high TBA concen-
tration (Fig. S5a in Supporting information). In contrast, methanol
exhibits a relatively higher inhibition effect, with at least 16.8 % de-
cline of LEV degradation. Furthermore, LEV degradation inhibition
is proportional to methanol concentration (Fig. S5b in Supporting
information). This suggests that the contribution of ‘OH to LEV
degradation is minimal and can be neglected, while that of SO4"~
is relatively more significant, though the degradable portion is still
limited. In the EPR tests, both the characteristic signals of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)-SO4*~ and DMPO-'OH prod-
ucts were simultaneously detected (Fig. 3a), confirming that both
S04~ and ‘OH are generated during the activation process. More-
over, the characteristic signal of the DMPO-0,"~ adduct was also
captured, indicating the generation of O,°~ in the Te-C0o304.«/PMS
system (Fig. 3b). The addition of p-BQ inhibited 32.2% of the LEV
removal (Fig. S5c in Supporting information). Thus, it can be in-
ferred that O,"~ plays a non-negligible role in LEV degradation,
either by directly oxidizing the target molecule or by converting
to 10,, which further decomposes the compound (Egs. 11 and 12)
[33].

In addition to the radical pathway, non-radical pathways are
also common oxidative mechanisms in PMS-based advanced oxida-
tion systems, typically involving the generation of 10,, the forma-
tion of high-valent metal-oxygen (HVMO), and material-mediated
electron transfer processes (ETP) [34]. L-Histidine has been used
in previous studies to quench 10, and assess its contribution [35].
As shown in Fig. S5d (Supporting information), the addition of L-
histidine significantly inhibited the degradation process, with the
inhibition ratio up to 74.6%. This implies 10, may be formed and
participates in LEV removal, verified by the EPR trial (Fig. 3c).
Based on this, it is inferred that '0, may also be one of the

ROS responsible for the LEV degradation. The Cr,0,2~ was used
as an electron scavenger to investigate the contribution of the
ETP [36]. As displayed in Fig. S5e (Supporting information), upon
the addition of K,Cr,0; to the system, LEV degradation was in-
hibited by 42.8%. To confirm whether the ETP indeed occurs, we
pre-mixed the catalyst and PMS to construct and accumulate the
surface-bound PMS complex (catalyst-PMS*), and found that a pre-
mixing of 10min had almost no impact on the degradation kinet-
ics (Fig. S6a in Supporting information). This result suggests that
the ETP’s contribution may be controversial. As shown in Fig. S6b
(Supporting information), the i-t curve displays the current varia-
tion of Te-Co304., at open-circuit voltage. When PMS was added
at 60s, a distinct current peak appeared immediately, originating
from the rapid interaction between Te-Co304., and PMS. After the
signal stabilized, the injected LEV caused almost no further cur-
rent signal changes, indicating that no catalyst-PMS* was involved
in triggering the ETP with LEV. Therefore, the inhibitory effect of
K,Cr,0; may be caused by the depletion of the catalytic site [15].
HVMO, produced through the oxygen transfer reaction between
metal sites and PMS, represents a typical non-radical oxidation
pathway. Dimethyl sulfoxide (DMSO) can be used as a chemical
probe to evaluate the contribution of HVYMO species [37]. The ad-
dition of DMSO significantly inhibited the degradation kinetics of
LEV (Fig. S7a in Supporting information). This suggests that HYMO,
i.e., Co(IV)=0, may be generated in the Te-Co304.o/PMS system
and plays a crucial role in the degradation of LEV. DMSO can act
as a scavenger for surface-bound radicals [38]. Therefore, further
investigation was conducted to study the desorption effect of F~
on surface-bound radicals and their contribution to LEV degrada-
tion [39]. The control results show the minor effect of NaF on the
degradation kinetics (Fig. S7b in Supporting information). This in-
dicates that the contribution of surface-bound radicals is negligible,
further confirming the critical role of the Co(IV)=0 in LEV degra-
dation. Above outcomes indicate that no ETP occurred in the Te-
C0304.¢/PMS system. The SO4"~, 05", 10,, and Co(IV)=0 all make
significant contributions to the LEV removal, while the contribu-
tion of ‘OH is relatively minor.

To elucidate the mechanism of PMS activation by Te-Co304.q,
further investigation was conducted to trace the primary active
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sites of the catalyst. KSCN was employed to neutralize the Co sites
during the reaction to explore the role of the metal sites [25]. As
expected, the addition of KSCN almost completely inhibited LEV
degradation (Fig. S8a in Supporting information), demonstrating
the irreplaceable core role of the metal sites in activating PMS to
generate active spots. The substantial formation of oxygen vacan-
cies induced by Te doping may also be associated with the en-
hancement of catalytic activity, making it crucial to clarify the role
of Oy in the activation reaction. Na,S, which can sulfidize the sur-
face via an 0%2~/S%~ anion exchange, was used to analyze the con-
tribution of Oy in the activation/degradation process [21]. As dis-
played in Fig. S8b (Supporting information), after sulfidation treat-
ment on the Te-Co304., the LEV removal only decreased by 4.2 %.
However, its degradation kinetics slowed down significantly, and
the extent of weakening increased with Na,S’ concentration. This
indicates that the elimination of Oy primarily hinders PMS activa-
tion rate by Te-Co304., implying that Oy likely controls the rate-
limiting step of PMS activation rather than directly involving the
generation of ROS. The positive impact of Te doping and Oy for-
mation on electron transfer efficiency was further studied through
electrochemical trials. The Nyquist plot displays the electrochemi-
cal impedance of the samples, revealing that Te-Co304. exhibits a
smaller semicircle radius compared to Co30,4 (Fig. S9a in Support-
ing information), indicating that Te doping significantly enhances
the specific conductance of the catalyst. The cyclic voltammetry
(CV) curves (Fig. S9b in Supporting information) demonstrate that
Te-Co304., possesses higher redox peak currents, suggesting more
efficient reduction of Co3t to Co?*t. Also, a smaller peak potential
difference between the redox peaks suggests a lower kinetic bar-
rier for the Co3t — Co?* transition. Above outcomes further con-
firm that Te-Co304.4 can provide higher electron transfer efficiency
for a faster Co3+/Co?* valence state cycling ability during the acti-
vation reaction [40].

By analyzing the catalyst’s surface chemical properties before
and after the reaction, further details of the PMS activation pro-
cess were explored. From Fig. 3d and Table S1, the proportion of
Co3+/Co?* increased from 0.53 to 0.68, indicating that Co?t plays
a key role in activating PMS. This corroborates the earlier conclu-
sion that metal sites are the primary active centers. Meanwhile,
after the activation reaction, the binding energy of Te 3ds, in-
creased by 0.18eV (Fig. 3e), suggesting a decrease in the electron
cloud density around Te atoms and a conversion of Te species to
a higher oxidation state [41]. This is likely because, as electron
donors, the interstitial doped Te sites facilitate electron transfer to
the Te-Co304.o surface during PMS activation to promote the re-
duction of Co3*+ to Co%*, while the electrons around Te are con-
sumed or redistributed. Additionally, the comparison of O 1s XPS
spectra revealed a 14.7% decrease in Oy content after the reac-
tion, confirming the Oy participation in PMS activation (Fig. 3f).
The slight decrease in hydroxyl-oxygen content may be due to the
participation of surface hydroxyl group for the capture of partial
HSO5~, leading to their consumption. The lattice oxygen content
significantly increases after the reaction, matching well with Zhao’s
report [42]. This indicates an increase in the stability of metal ox-
ides, resulting in lower Co ions leaching of Te-C0304_q.

Based on the above discussions, the activation mechanism
in the Te-Co304./PMS system could be reasonably speculated
(Scheme 1). First, the interstitially doped Te induces lattice dis-
tortion of Co304 to form a large number of Oy sites. This signif-
icantly increases the specific surface area and the density of low-
valent Co species. As the primary active centers, the exposed Co
sites react with the adsorbed PMS molecules, greatly enhancing
the generation of radicals (Eqs. 6 and 7). In this process, Co3* is
reduced to Co2t through redox reactions, completing the valence
cycle. Oy promotes the yield of active species by lowering the sur-
face adsorption energy of PMS ions and the energy barrier for
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Scheme 1. Feasible PMS activation mechanism by the Te-C0304.¢.

the 0-O bond dissociation, while acting as an electron acceleration
site and collaborating with interstitially doped Te** to overcome
the rate-limiting step of the cycle (Egs. 8 and 9). O, is likely
generated from the unstable SO52~ decomposition (Eq. 10) [31],
while the production of 10, originates from the evolution of 05~
(Egs. 11 and 12), or is from the dimerization reaction of SOs'~
(Egs. 8, 13 and 14) [33]. Additionally, the formation of HVMO is
closely related to the electronic density around the metal atoms
[37]. When substitution doping occurs, Te** replaces Co3* to form
a portion of the Co-O-Te site. Due to the higher electronegativity
of Te*t, the electron cloud density near Co-O is reduced, thereby
enhancing the electron delocalization at the Co sites [25]. This pro-
cess weakens the filling of extra electrons in the Co 3d orbital.
When the active center interacts with PMS, a metastable Co(II)-
00SO3; complex is formed (Eq. 15). As the O-O bond breaks, a
non-radical species, like Co(IV)=0, is easily formed through a two-
electron transfer process (Eq. 16) [31].

Co%t +HSO5~ — Co3t +S0,4"~ +OH~ (6)
Co%t +HSO5~ — Co3t +"OH + S0,4%~ (7)
Co*t + HSO5~ 4+ 0v —Co?* + OH~ + 505"~ (8)
2Co3* 4+ Tet 4 Ov— 2C0?t 4+ Teb+ (9)
SOs2~ + Hy0 — 0y~ + 5042 + H* (10)
0, +H,0 — "00H + OH~ (11)
0,"~ +°00H — HOO~ + 10, (12)
HSOs~ — SO5™~ + H* + e~ (13)
SO5™ +S05™ — S,052 + 10, (14)
Co(Il) + HSO5~ — Co(I1)-00S05 + H* (15)
Co(11)-00S03 — [Co(IV)=0J** + S04~ (16)

The Te-Co304.+/PMS system displayed high performance for re-
moving LEV. The analysis of the treated supernatant by LC-MS
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Scheme 2. The possible LEV degradation pathways.

provided insights into the degradation process and the interme-
diates (see analysis conditions in Table S3 in Supporting informa-
tion). The molecular formulas of the intermediates obtained from
the analysis, along with their corresponding secondary mass spec-
tra, are presented in Fig. S10 and Table S4 (Supporting informa-
tion), respectively. Based on these analytical results, Scheme 2 dis-
plays three possible primary degradation pathways. In pathway I,
the LEV molecule initially undergoes decarboxylation to form P5
(mfz 318). Subsequently, the C-F bond is selectively attacked by
ROS, leading to the removal of a F~ and the formation of P7 (m/z
300). Following this, P7 undergoes oxidative decomposition of the
piperazine ring, yielding P9 (m/z 273). In pathway II, P1 simultane-
ously loses both a methyl group and a carboxyl group to form P6
(mfz 302). After the piperazine ring undergoes hydroxylated and
denitrogenated via ROS attack, the piperazine bond breaks to form
P12 (m/z 219), which further decomposes through a ring-opening
effect to produce P13 (m/z 164). In pathway III, P1 first undergoes
demethylation and oxidation of the piperazine ring to form P2 (m/z
344), P3 (m/z 335), and P4 (m/z 322). These intermediates are then
further oxidized and defluorinated, yielding P8 (m/z 278), P6* (m/z
302) and P10 (m/z 261), followed by a demethylation to form P11
(m/z 246). Ultimately, the intermediate products are gradually de-
composed into simple molecules, such as CO, and H,O0.

The effects of inorganic anions in water (i.e., CI-, NO3~, SO42~,
HCO5;~ and H,P0O4~) on the LEV removal in the Te-Co304.4/PMS
system at 1 and 5mmol/L levels [33] were investigated. As shown
in Fig. S11a (Supporting information), both lower and higher con-
centrations of ClI~ weaken the degradation process of LEV, reducing
the removal to 74.0% and 73.0%, respectively. This is likely due to
the reaction between Cl- and PMS molecules, forming lower ox-
idative capability HCIO (Eq. 17) [43]. Alternatively, it may be due
to the reaction of CI~ with the generated SO4 "~ (Eq. 18), which not
only scavenges SO4°~ but also produces radicals with weaker ox-
idative capacity (Eq. 19) [44]. The effects of NO3~ and SO42~ on
LEV removal efficiency are minor (Figs. S11b and c in Supporting
information). A slight inhibitory effect on the kinetics is likely at-
tributed to the formation of NO3* with weak oxidizing ability (Eq.
20). The impact of SO42~ is primarily due to its competitive ad-
sorption with PMS on the surface hydroxyl groups of transition
metal oxides [45]. At lower content, HCO3~ has a negligible im-
pact on LEV removal, while at higher HCO3;~ level, the LEV removal
significantly decreases to 57.1% (Fig. S11d in Supporting informa-

tion). The impact of HCO3~ on LEV removal is likely via altering
the acid-base environment of the solution. However, as shown in
Table S5 (Supporting information), at the initial solution pH of 4.0
to 10.0, the final solution pH values were in the 3.18 to 3.88 range.
This implies the minor effect of the initial solution pH on the LEV
degradation in the Te-Co304.o/PMS system. Thus, the strong inhi-
bition at higher HCO;~ concentration is due to the excessive scav-
enging effect of HCO3~ on radicals [6]. This not only generates
radicals with weaker oxidizing ability but also depletes the orig-
inal SO4'~, thereby limiting LEV removal (Eq. 21). Interestingly, we
observed that the introduction of a low concentration of HCO3~
markedly accelerated the reaction rate within the first ten minutes
(Fig. S11d). This is due to the direct activation of PMS by HCO3~,
which enhances the early-stage kinetic intensity [46]. The presence
of H,PO4~ had no significant effect on the removal of LEV, and its
inhibitory effect on the interference kinetics was almost negligi-
ble (Fig. S11e in Supporting information). This is likely because the
doping of Te changes the surface chemical properties of Co304 to
form a stronger Co-O-Te bond that well limits the contact between
H,P04~ and Co sites, thus preventing this chelating effect.

Cl- + HSOs5~ — SO42~ + HCIO (17)
Cl= 4S04~ — CI' +S04%~ (18)
Cl-+ClI'—>Cly~ (19)
NO3;~ + 504"~ — NO3" + S042- (20)
HCO3~ + 504"~ — HCO5" + S04~ (21)

The performance of the Te-Co304.o/PMS system for LEV re-
moval in various actual water matrices is essential to evaluate
its application potential. Natural organic matter (NOM) is widely
present in aquatic environments and significantly influences pollu-
tant degradation processes. As a complex natural polymer, humic
acid (HA) contains multiple active functional groups (e.g., hydroxyl,
carboxyl, ketone and amine) [47], its effect was investigated. As
displayed in Fig. S12 (Supporting information), the removal of LEV
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decreased slightly by 8.70% in the presence of HA, indicating its
minor influence in the Te-Co304.4/PMS system. Due to its abun-
dant electron-donating groups, HA interacts with the electrophilic
PMS through electron transfer reactions, consuming PMS, or oc-
cupies active surface sites via w-m interactions [48,49], thereby
weakening LEV degradation. We further tested the performance of
the Te-Co304./PMS system in different real waters. As shown in
Fig. S12, the LEV degradation kept over 90% in tap, Jialing River,
and Chongde Lake waters, highlighting the application potential of
the Te-Co304./PMS system in real waters.

Generalizability testing provides a robust evaluation of the com-
prehensive degradation capability of advanced oxidation systems,
offering insights into their applicability to various fluoroquinolone
(FQ) targets. As traced in Fig. S13a (Supporting information), the
removal rates of norfloxacin (NOR) and ciprofloxacin (CIP) ex-
ceed 80%, while those of gatifloxacin (GAT) and pefloxacin (PEF)
achieve over 90%. The results indicate that the Te-Co304.o/PMS
system exhibits good generalizability for FQs antibiotics. LEV min-
eralization capability in the Te-Co304.o/PMS system was acquired
through measuring total organic carbon (TOC). TOC removal rate
increases with PMS concentration. For instance, ~73% LEV can
be mineralized at 3mmol/L PMS level (Fig. S13b in Supporting
information). Recyclability is another critical criterion for evalu-
ating heterogeneous catalysts. As shown in Fig. S13c (Support-
ing information), when the used Te-Co304., was reintroduced
into the reaction system under identical conditions, above 90%
LEV removal could be remained after the fifth cycle, demonstrat-
ing the catalyst’s excellent stability and reusability. Finally, we
compared the normalized degradation kinetic constants of other
non-phase conversion doping-based Cos0,4 catalysts (circle) [8-
10,16,26,31,42,50-54] and heterogeneous catalytic degradation sys-
tems targeting LEV (rhombus) [55-68]. As traced in Fig. S13d (Sup-
porting information), under identical mass loading of catalyst, the
Te-Co304.+/PMS system achieves significantly higher degradation
kinetics even at a lower PMS dosage (star), surpassing the perfor-
mance of previously reported systems. This demonstrates that the
Te-C0304.4/PMS system in this study exhibits outstanding degra-
dation performance, highlighting its strong potential for practical
applications.

In summary, via a simple one-step hydrothermal method, Te
was doped into Co304 in two modalities, i.e., interstitial and sub-
stitutional. The acquired Te-Co304.,, exhibited highly efficient PMS
catalytic activity. In the Te-Co304.o/PMS system, the removal rate
of LEV reached 96.5%, with a degradation kinetic constant of
0.2129 min~1, which is 66 times higher than that of the Co304/PMS
system. The coexistence of doping modalities induces lattice ex-
pansion and local electron rearrangement, modulating the specific
surface area and metal active centers. The formation of SO4°~,
0,', and 10, primarily originates from the effect of interstitial
Te sites on Co active centers, while that of high-valent Co(IV)=0
is mainly driven by the interaction between substitutional
Co-O-Te sites and PMS. The contribution of *OH is minor, and the
ETP does not occur in the system. In addition, the Te-Co304.4/PMS
system exhibits wide pH adaptability, generalizability for FQs an-
tibiotics, and good tolerance to various water matrices, indicating
its good practical application potential. This study enriches the va-
riety of doped-metal oxide catalysts for PMS activation, elucidating
the synergistic modulation of the electronic structure triggered by
the coexistence of a dual-doping configuration. It also highlights
the correlation between coexisting doping modalities and differ-
ent ROS generation pathways, and clarifies the possibly overesti-
mated “production role” of Oy in metal oxides. These findings hold
significant importance for developing transition metal spinel ox-
ide catalysts based on non-phase-transition doping and for the ap-
plication of oxygen vacancy engineering-driven advanced oxidation
systems.
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