
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Industrial  
Chemistry  
& Materials

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  M. Hu, D. Zhao, X.

Yan, X. Hu, X. Jiang, S. Yin, M. Zhou and Y. Wang, Ind. Chem. Mater., 2026, DOI: 10.1039/D6IM00026F.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6im00026f
https://pubs.rsc.org/en/journals/journal/IM
http://crossmark.crossref.org/dialog/?doi=10.1039/D6IM00026F&domain=pdf&date_stamp=2026-04-22


Industrial Chemistry & Materials 

ARTICLE

Please do not adjust margins

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Peroxymonosulfate activation with manganese-cobalt sulfide for 
antibiotic degradation:  Coupling electron flow modulation and dual 
reaction pathways

Mengqing Hu,†ab Di Zhao,†b Xinlong Yan,*a Xiaoyan Hu,a Xiaofeng Jiang,a Shiwei Yin,c Ming Zhoub and 
Yun Wang*b

Persistent antibiotic pollutants pose significant risks to ecological safety and human health. Developing high-performance 
catalysts for peroxymonosulfate (PMS) activation is an essential way for efficient antibiotic wastewater remediation. Herein, 
a three-dimensional nickel foam-supported manganese-cobalt sulfide (MnCo2S4/NF) catalyst was synthesized and employed 
to activate PMS for sulfamethoxazole (SMX) degradation. The MnCo2S4/NF/PMS system achieved 87.7% SMX removal within 
20 minutes and maintained over 82% efficiency after seven consecutive cycles, demonstrating excellent catalytic activity 
and stability. Density functional theory (DFT) studies revealed that the metallic nature of MnCo2S4 facilitates strong PMS 
adsorption, which facilitates electron transfer from the catalyst to PMS and promotes O-O bond cleavage. Specifically, Mn 
sites act as the primary electron-donating centers, while Co sites synergistically reduce charge-transfer resistance. 
Quenching experiments and electron paramagnetic resonance (EPR) analysis confirmed that superoxide radical (•O2

‒) and 
non-radical singlet oxygen (1O2) synergistically contributed to SMX degradation. Fukui function analysis further identified a 
pronounced susceptibility of the nitrogen atom (N7) of SMX to electrophilic radical attack, as well as the critical involvement 
of specific carbon atoms (e.g., C1, C5) in nucleophilic interactions. Moreover, this system demonstrates excellent 
performance across various water matrices, showing its strong potential for practical water treatment.

Keywords: Peroxymonosulfate activation; Manganese-cobalt sulfide; Sulfamethoxazole degradation; AOPs.

1. Introduction
The widespread occurrence of antibiotics in aquatic environments has emerged as a significant global environmental concern, as 
it not only disrupts ecological balance but also poses a serious threat to human health through the promotion of antimicrobial 
resistance.1,2 Sulfamethoxazole (SMX), a frequently prescribed sulfonamide antibiotic, is commonly detected in surface waters, 
groundwater, and effluents from wastewater treatment plants due to its high aqueous solubility, chemical stability, and persistent 
antibacterial activity.3,4 Conventional wastewater treatment technologies, including activated sludge processes and biofiltration, 
exhibit limited efficiency in removing SMX, leading to its continuous accumulation in the environment.5,6 Therefore, there is a 
pressing need to develop more efficient and sustainable treatment strategies to mitigate this issue. 

In recent years, peroxymonosulfate (PMS)-based advanced oxidation processes (AOPs) have garnered considerable attention as a promising 
approach for the effective degradation of recalcitrant organic pollutants.7-9 The asymmetric structure of HSO5‒ facilitates its activation, and 
combined with high redox potential (1.82 V) and excellent performance in near-neutral conditions, it makes PMS a highly effective choice 
for treating complex wastewater matrices.10 Heterogeneous transition-metal catalysts activate PMS to enable the in situ generation of a 
spectrum of highly reactive oxygen species (ROS), such as hydroxyl radicals (•OH), sulfate radicals (•SO4‒), and superoxide radicals (•O2‒), 
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which act synergistically to drive rapid and efficient oxidative degradation of organic contaminants.10 Notably, beyond these species, other 
essential ROS, such as singlet oxygen (1O2), also contribute significantly to pollutant degradation, enabling a versatile radical and non-radical 
coupling mechanism.11,12 This multi-oxidative capacity positions PMS-based AOPs as a robust and adaptable solution for environmental 
remediation.

The efficiency of PMS activation is critically influenced by the choice of catalysts. Transition metal-based catalysts, such as those incorporating 
cobalt and manganese, have demonstrated outstanding performance in PMS activation due to their favorable redox properties.13-15 Metal 
sulfides demonstrate a notable advantage in activating PMS for pollutant degradation, primarily due to their superior electronic properties 
and the role of their sulfur constituents.16,17 Specifically, the low band gap energy inherent to the sulfide of spinel structure, such as cobalt 
manganese sulfide, significantly enhances their electrical conductivity by up to two orders of magnitude compared to their oxide 
counterparts.18 This superior conductivity is crucial for catalytic processes, particularly in PMS activation, where efficient electron transfer 
from the catalyst to PMS molecules is often the rate-limiting step for O-O bond cleavage and subsequent reactive species generation.15,19 
Consequently, such high conductivity directly translates to accelerated reaction kinetics and enhanced catalytic efficiency. This improvement 
in metal sulfide performance is also closely linked to the fundamental properties of sulfur. Sulfur possesses a lower electronegativity than 
oxygen, which not only facilitates the redox cycling of metal ions but also actively participates in electron transfer pathways, thereby 
accelerating active species generation.20 For instance, Han et al.21 demonstrated that MnS achieved complete degradation of levofloxacin 
(LVF) within 45 minutes by PMS activation, a performance significantly superior to that of Mn2O3, which only yielded approximately 70.1% 
LVF removal. This enhanced activity in MnS was attributed to its superior electrical conductivity and more facile electron transfer, as 
supported by DFT calculations showing a higher Fermi level for α-MnS compared to α-Mn2O3. Similarly, Zhao et al.17 reported that the 
CoS/PMS system achieved a remarkable 100% removal efficiency of tetracycline (TC) within just 1 min, highlighting its exceptional catalytic 
prowess. Thus, metal sulfides exhibit significant potential for activating PMS in the degradation of antibiotic contaminants.

Although these materials possess excellent inherent catalytic activity, conventional powder-form catalysts often suffer from difficult 
separation and poor recoverability, thereby restricting their broader practical implementation.22, 23 A solution involves immobilizing these 
catalysts onto three-dimensional (3D) nickel foam (NF) scaffolds, which offer robust mechanical stability and minimal powder loss, coupled 
with ease of catalyst separation and reuse, contributing to longer catalyst life and reduced costs.24 These features collectively confer distinct 
advantages for practical applications in water treatment systems, including simplified catalyst exchange without hazardous dust and full 
recoverability, enhancing sustainability. Compared to monometallic or powder-form catalysts, the 3D NF-supported bimetallic sulfide offers 
distinct advantages. The metallic-like conductivity of the spinel sulfides accelerates electron transfer between the catalyst surface and PMS. 
Additionally, its integrated structure avoids secondary pollution and eliminates the difficulties of catalyst recovery.

In this study, a 3D NF-supported MnCo2S4 catalyst (MnCo2S4/NF) was fabricated and used to activate PMS, enabling efficient SMX degradation. 
The effects of key operational parameters, including catalyst dose, PMS concentration, solution pH, and temperature, on the degradation 
performance were systematically investigated. Density functional theory (DFT) studies confirmed the strong PMS adsorption ability of 
MnCo2S4/NF, promoting electron transfer and O-O bond cleavage. Fukui function analysis revealed that the nitrogen atom (N7) in SMX is 
highly vulnerable to electrophilic attack, specific carbon atoms such as C1 and C5, are involved in nucleophilic interactions, highlighting the 
synergistic roles of radical (•O2‒) and non-radical (1O2) pathways in SMX degradation. This work advances the understanding of antibiotic 
degradation in PMS-based AOPs. It uses DFT and Fukui analysis to reveal enhanced electron transfer from spinel sulfides and clarify SMX 
degradation pathways. These insights support sustainable water treatment and provide a practical framework for efficient wastewater 
management.

2. Results and discussion
2.1 Characterization

The synthesis process of 3D porous MnCo2S4/NF is shown in Fig. 1a, the two-step hydrothermal synthesis followed by high‑temperature 
annealing to grow MnCo2S4 directly on NF. First, Mn²+ and Co²+ precursors are co‑deposited onto the NF substrate via hydrothermal 
treatments. Subsequent sulfidation and annealing convert this intermediate into crystalline MnCo2S4, which adheres in situ to the NF 
skeleton, producing an integrated, mechanically robust catalyst with abundant pore networks. The phase composition and crystallinity of 
MnCo2S4/NF were examined by XRD. As shown in Fig. 1b, the strong reflections at 2θ = 44.52°, 52.44°, and 76.35° correspond to the (111), 
(200), and (220) planes of the Ni substrate (JCPDS No. 87‑0712),25 respectively, masking residual peaks from the Mn/Co precursor. After 
sulfidation, additional peaks at 2θ = 31.2°, 36.7°, 49.9°, and 55.3° emerge and can be indexed to the (311), (400), (511), and (440) planes of 
cubic MnCo2S4 (isostructural with Co3S4, JCPDS No. 73‑1703), confirming successful phase transformation and enhanced crystallinity.26 In 
MnCo2S4, Mn substitutes for Co in the Co3S4 lattice without altering the crystal structure, resulting only in slight changes to the lattice 
parameters.27 Nitrogen adsorption-desorption isotherms (Fig. 1c) reveal that MnCo2S4/NF exhibits a type IV profile with pronounced 
hysteresis loops, indicative of micro‑ and mesoporosity. The BET surface area of the NF‑supported catalyst (Table S1) is lower than that of 
equivalent powdered materials. This reduction is likely attributed to the direct growth of the catalyst on the NF, primarily reflecting the 
dominant mass contribution of the macroporous NF substrate.28 The catalytic excellence is not derived from high BET surface area, but rather 
from the highly accessible active centers and the intrinsic metallic properties of the MnCo2S4 crystals. The average pore diameter of 10.9 nm 
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lies within the mesoporous regime, facilitating rapid PMS diffusion and activation, thereby maximizing the availability of active sites for 
efficient pollutant degradation.29 Subsequently, the morphology and composition of the synthesized MnCo2S4/NF were further characterized. 
As shown in Fig. S2, the pristine nickel foam exhibits a smooth surface with a well-defined three-dimensional porous architecture. SEM images 
of MnCo2S4 grown on NF (Fig. 1d-g) reveal a hierarchical porous structure spanning both the micro- and nanoscale. Furthermore, we 
compared SEM images of samples at different calcination temperatures, revealing significant morphological changes during heat treatment 
(Fig. S3). At lower temperatures (300 °C and 500 °C), the surface was primarily covered with relatively thin nanosheets. Increasing the 
calcination temperature to 700 °C promoted grain growth and structural reorganization, ultimately forming a robust, hierarchical dendritic 
structure composed of interconnected nanoparticles. Compared with the precursor material (Fig. S4), the sulfidized surface exhibited 
pronounced wrinkling. This transformation, facilitated by optimized high-temperature calcination at 700 °C, enabled more complete 
sulfidation and produced the characteristic hierarchical dendritic morphology of high-performance sulfides, while preserving the overall 
structural integrity of the parent precursor. This unique structure increases the specific surface area and exposes a higher density of active 
sites, which is favorable for the catalytic activation of PMS in pollutant degradation. Therefore, all subsequent experiments were conducted 
using samples calcined at 700 °C. Additionally, elemental mapping by energy-dispersive spectroscopy (EDS) (Fig. 1h) confirms the uniform 
distribution of Co, Mn, and S throughout the material, indicating homogeneous composition without observable phase segregation, ensuring 
the stability and consistent performance. The metal distribution is further quantified by ICP-MS analysis (Table S2), which determines in the 
MnCo2S4/NF catalyst, to be 9.59% for Co and 4.69% for Mn. The measured Co/Mn mass ratio is approximately 2.04, which is in close 
agreement with the theoretical stoichiometric ratio of the MnCo2S4 spinel phase. The high Ni content (47.25%) originates from the metallic 
nickel foam substrate. Thus, these characterizations ensure the structural stability and consistent catalytic performance of the synthesized 
material.
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Fig. 1 (a) Schematic diagram of the synthesis route of MnCo2S4/NF; (b) XRD patterns and (c) nitrogen sorption isotherms of MnCo2S4/NF; SEM 
images of (d-g) and (h) corresponding element mapping images of MnCo2S4/NF. 

The elemental composition and surface chemical states of the MnCo2S4/NF catalyst were investigated by XPS. The full survey spectrum (Fig. 
S5) confirms the presence of Mn, Co, S, and O elements in the sample. High-resolution Co 2p spectra exhibit characteristic peaks at 780.3 eV 
and 795.7 eV, corresponding to Co3+ 2p3/2 and 2p1/2, respectively, while peaks at 783.1 eV and 798.1 eV are assigned to Co2+ (Fig. 2a).30,31 
Compared to the Co 2p spectrum of the precursor, MnCo2S4/NF shows a stronger Co3+ signal and a reduced Co2+ contribution, indicating that 
the sulfidation process promotes the oxidation of Co2+ to Co3+. The Mn 2p spectrum displays peaks at 643.4 eV and 641.3 eV, which are 
attributed to Mn3+ and Mn2+, respectively (Fig. 2b).32 The relative intensity suggests a higher proportion of Mn2+ in MnCo2S4/NF compared to 
the precursor. The coexistence of Mn and Co in multiple oxidation states is beneficial for redox cycling during PMS activation. The O 1s 
spectrum can be deconvoluted into two main components, including lattice oxygen (OL) at higher binding energies and adsorbed oxygen 
(OAd) at lower binding energies (Fig. 2c).33 The enhanced OAd signal after sulfidation indicates an increased presence of surface defects or 
hydroxyl groups, which can serve as active sites for PMS adsorption and activation. This enhancement facilitates reactive oxygen species 
(ROS) generation, contributing to the efficient degradation of SMX. Furthermore, the S 2p spectrum reveals distinct peaks at 162.2 eV (S 
2p3/2) and 164.5 eV (S 2p1/2), confirming the presence of sulfide species (S2‒) within the spinel lattice (Fig. 2d).34 These sulfide ions act as 
electron donors, promoting the redox cycling of Mn and Co, enhancing the stability of the catalyst, and improving both durability and catalytic 
reactivity.35,36
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Fig. 2 High-resolution XPS spectra of (a) Co, (b) Mn, (c) O, and (d) S for MnCo2S4/NF and Co/Mn-precursor/NF.

2.2 Catalytic performance of MnCo2S4/NF

The catalytic performance of the synthesized MnCo2S4/NF was systematically evaluated by monitoring the degradation of SMX. As illustrated 
in Fig. 3a, the degradation efficiencies of SMX across different reaction systems are compared. In the presence of PMS alone, only limited 
degradation of SMX (9%) was observed, primarily attributed to the mild self-activation of PMS at the experimental temperature of 30 °C. In 
the NF/PMS system, the SMX removal efficiency remained below 15%, indicating that NF alone lacks the capacity to effectively activate PMS 
for SMX degradation. Obviously, the MnCo2S4/NF/PMS system achieved a significantly enhanced degradation efficiency of 87.7% within 20 
minutes, highlighting the superior catalytic activity of MnCo2S4/NF. To further elucidate the interfacial reaction kinetics, the Langmuir-
Hinshelwood (L-H) model was applied to analyze the experimental data (Fig. S6 and Table S3). The degradation of SMX over MnCo2S4/NF 
exhibited a high correlation with the L-H model, yielding an intrinsic reaction rate constant (kr) of 3.738 mg L-1min-1 and an adsorption 
coefficient Kads of 0.0325 L mg-1. This kinetic behavior confirms that the catalytic process is governed by the adsorption-reaction-desorption 
cycle on the catalyst surface. The observed curvature in the Ct/C0 plots, characterized by a rapid initial decay followed by a slower decline, is 
a hallmark of the L-H mechanism, stemming from the competitive occupancy of active sites between SMX molecules and the accumulating 
degradation intermediates. A comparable removal performance was observed in the Co/Mn-precursor/NF/PMS system. However, the poor 
stability and limited reusability of the precursor material (Fig. S7) restrict its practical application. The precursor catalyst without high-
temperature treatment may undergo severe surface passivation in the strongly oxidizing PMS environment and experience a rapid loss of 
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active components due to weak interfacial bonding, resulting in poor cycling stability and a marked decline in degradation performance. 
Moreover, compared with previously reported catalysts, the synthesized MnCo2S4/NF exhibits superior SMX degradation performance, 
achieving higher removal capacity within a shorter time and at a lower catalyst dosage (Table S4).

Further influencing factors were also investigated. As shown in Fig. 3b and Table S5, increasing the catalyst area from 1 cm2 to 4 cm2 resulted 
in a marked improvement in degradation performance. This enhancement is attributed to the increase in available active sites, which 
facilitates the participation of more metal centers in PMS activation, thereby generating a greater quantity of reactive oxygen species (ROS) 
such as •SO4‒ and •OH, accelerating SMX decomposition. Fig. 3c and Table S6 depict the effect of PMS concentration on SMX degradation. 
An increase in PMS concentration from 0.3 g L‒1 to 0.5 g L‒1 significantly boosted degradation efficiency due to the higher availability of ROS. 
However, a further increase to 1.0 g L‒1 led to a decline in SMX removal. This reduction may be due to the excessive PMS reacting with the 
generated •SO4‒ and •OH radicals (as described in Eqs. 1 and 2), resulting in their consumption and promoting the disproportionation of 
sulfate radicals (Eq. 3), ultimately diminishing the oxidative capacity. Therefore, the optimal PMS concentration for this catalytic system was 
determined to be 0.5 g L‒1.

∙ SO―
4 + S2O2―

8 →SO2―
4 + ∙ S2O―

8                                                               (1)                                                                                                                          

∙ OH + S2O2―
8 →OH― + ∙ S2O―

8                                                                 (2)                                                                  

∙ SO4 + ∙ SO―
4 → ∙ S2O2―

8                                                                               (3)

The influence of pH on SMX degradation was also examined, as pH plays a pivotal role in determining the speciation of reactive radicals in 
AOPs. The degradation efficiency of SMX by the MnCo2S4/NF-activated PMS system was evaluated under varying pH conditions (Fig. 3d). As 
the pH increased from 3 to 9.67, the degradation performance improved progressively. However, further increase to pH 11.28 resulted in a 
sharp decline in removal efficiency, with the first-order rate constant decreasing to 0.0018 min‒1 (Table S7), consistent with previous findings. 
Under mildly acidic to near-neutral pH, PMS primarily exists as HSO5‒, while excess hydrogen ions scavenge sulfate and hydroxyl radicals (Eqs. 
4 and 5), reducing the efficiency of the oxidation process. Conversely, under strongly alkaline conditions, PMS decomposes non-radically into 
SO42‒ and O2, suppressing ROS generation. Moreover, an abundance of OH‒ can quench •SO4‒ radicals (Eqs. 6-8), further impeding the 
degradation process.

∙ OH + H+ + e― →H2O                                                                          (4)

SO2―
4 + H+ + e― → ∙ HSO―

4                                                                      (5)

HSO―
5 + H2O →SO2―

5 + OH―                                                                (6)

HSO―
5 + SO2―

5 →HSO―
6 + SO2―

4                                                              (7)

HSO―
6 + OH―→H2O + SO2―

4 + O2                                                       (8)

To elucidate the effect of temperature on PMS activation and SMX degradation, a series of experiments was conducted across a temperature 
gradient. The results demonstrated a pronounced enhancement in catalytic activity with increasing temperature (Fig. 3e). As the temperature 
increased from 283.15 K to 303.15 K, the observed rate constant (kobs) increased from 0.0092 min‒1 to 0.1073 min‒1, indicating that higher 
temperatures facilitate PMS activation and enhance ROS generation. Additionally, elevated temperatures intensify molecular motion on the 
catalyst surface, further accelerating the reaction kinetics. The apparent activation energy (Ea) was calculated to be 87.83 KJ mol-1 based on 
the Arrhenius equation by plotting the logarithm of the rate constant against the reciprocal of temperature (Fig. 3f).
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Fig. 3 (a) SMX degradation efficiencies by various catalyst systems; influence of (b) catalyst dosage, (c) PMS concentration, and (d) pH on 
SMX degradation; SMX degradation efficiencies at (e) varying temperatures and (f) Arrhenius equation linear fitting.

2.3 Catalytic mechanism of MnCo2S4/NF catalyst

To clarify the degradation mechanism of SMX through PMS activation, we systematically examined the formation and functions of reactive 
oxygen species (ROS). Quenching experiments were carried out to determine the types of ROS generated in the MnCo2S4/NF-activated PMS 
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system (Fig. 4a). Without the addition of any quenching agents, the SMX removal efficiency reached 87.7% within 30 minutes. Upon the 
addition of 100 mM methanol or 50 mM tert-butyl alcohol (TBA), common quenchers for both hydroxyl radicals (•OH) and sulfate radicals 
(•SO4‒), the SMX removal rates declined to 65% and 79%, respectively. Corresponding kinetic data fitting revealed apparent rate constants 
(kobs) of 0.0500 min‒1 for methanol and 0.0503 min‒1 for TBA (Fig. 4b). These values are notably lower than the kobs of 0.1073 min‒1 observed 
without any quencher, indicating a reduction of approximately 0.057 min‒1. However, this modest decrease suggests that •SO4‒ and •OH play 
only a minor role in the degradation of SMX in this system. In contrast, when 5 mM p-benzoquinone (p-BQ), a scavenger of superoxide anion 
radicals (•O2‒), and L-histidine, a specific quencher for singlet oxygen (1O2), were introduced, the degradation efficiency was significantly 
inhibited. The SMX removal dropped to 24.1% and 22.3%, respectively, within 30 minutes. Kinetic analysis revealed that kobs decreased to 
0.0177 min‒1 with p-BQ and 0.0163 min‒1 with L-histidine. These results indicate that 1O2 is the predominant ROS responsible for SMX 
degradation in the system, and •O2‒ also plays a critical role. It is important to note that both methanol and TBA are hydrophilic and thus 
exhibit limited interaction with the catalyst surface, meaning they primarily quench free radicals in the aqueous phase rather than those 
bound to the catalyst surface. To evaluate the contribution of surface-bound ROS, dimethyl sulfoxide (DMSO), which can penetrate the 
catalyst interface, was employed as a quencher (Fig. 4c). The addition of 0.1 mM DMSO reduced the degradation efficiency to 67% within 20 
minutes, while 1 mM DMSO further decreased it to 56.34%. These results suggest that surface-bound ROS have a relatively minor, yet non-
negligible, role in SMX degradation within the MnCo2S4/NF/PMS system. The quenching experiments confirm the presence and participation 
of multiple ROS, and the degradation of SMX proceeds via both radical (•O2‒) and non-radical (1O2) pathways. To further identify the specific 
species involved, in situ electron paramagnetic resonance (EPR) spectroscopy was conducted (Fig. 4d). In the MnCo2S4/NF/PMS system, a 
characteristic 1:1:1 triplet signal with strong intensity was observed, attributable to singlet oxygen (1O2) generated from PMS decomposition. 
This observation is consistent with the L-histidine quenching results, further substantiating the critical role of 1O2 in PMS activation by the 
bimetallic sulfide catalyst. Additionally, EPR spectra detected spin-adduct signals corresponding to both DMPO-•SO4‒ and DMPO-•OH (1:2:2:1 
quartet pattern),37, 38 confirming the formation of these radical species, although their contributions to SMX degradation appear limited.
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Fig. 4 (a-c) Impact of radical scavengers on SMX degradation in MnCo2S4/NF/PMS systems; (d) EPR spectroscopy analysis of •OH and •SO4‒and 
1O2 in the MnCo2S4/NF/PMS systems. 

To gain deeper insights into the role of MnCo2S4/NF in PMS activation, DFT calculations were conducted. As shown in Figs. 5a and 5b, upon 
adsorption of PMS onto the MnCo2S4/NF catalyst, the O-O bond length increased significantly from 1.151 Å to 2.961 Å, suggesting bond 
cleavage. The calculated adsorption energy of PMS on MnCo2S4/NF (Ead-PMS) was -3.06 eV, indicating a strong interaction between PMS and 
the catalyst surface that promotes its activation and subsequent decomposition. This strong interaction is closely correlated with the metallic 
nature of MnCo2S4, as evidenced by the spin-up and spin-down total density of states (TDOS) shown in Fig. 5d. The TDOS exhibits a non-zero 
value at the Fermi level (EF), indicating that there is no band gap near the Fermi region. The continuous distribution of electronic states 
across EF confirms the metallic nature of this material, which is conducive to high electron mobility. This theoretical prediction of conductivity 
is further validated by the electrochemical impedance spectroscopy (EIS) measurements (Fig. S8). As illustrated in the Nyquist plots, the 
MnCo2S4/NF catalyst exhibits a significantly smaller semicircle diameter compared to its oxide-based precursor. This reduction in the charge 
transfer resistance (Rct) confirms that the modulated electronic structure of the bimetallic sulfide facilitates faster interfacial electron 
shuttling. As shown in Fig. 5c, charge density difference analysis reveals substantial electron accumulation on the PMS molecule (yellow 
regions), corresponding to a net charge transfer of 2.20 e from MnCo2S4/NF to PMS. Further site-specific charge analysis indicates that Mn 
serves as the primary electron-donating active site, with three adjacent Mn transferring 0.79 e, 1.10 e, and 0.78 e to PMS, respectively. In 
contrast, the Co site exhibits negligible charge variation (0.03 e) before and after adsorption, but Co may facilitate Mn-site regeneration 
through bimetallic synergy, thereby reducing interfacial charge-transfer resistance and accelerating electron transport. In addition, XPS was 
employed to analyze the chemical valence states of the MnCo2S4/NF catalyst before and after the reaction. As shown in Fig. 5e and 5f, the 
XPS characteristic peaks of Co 2p and Mn 2p were examined. After the reaction, a decrease in Mn2+ content and a corresponding increase in 
Mn3+ were observed, while Co2+ content slightly increased and Co3+ content decreased. These changes indicate the presence of Co3+/Co2+ 
and Mn2+/Mn3+ redox cycles.39 Thus, the coexistence of Mn and Co induces a synergistic effect, forming a coupled redox system that enhances 
the catalytic activation of PMS and facilitates the generation of ROS.40 Additionally, the sulfide framework contributes to structural stability 
and supports electron transfer.41 Based on these findings, a mechanism for PMS activation and ROS generation in the MnCo2S4/NF system is 
proposed. PMS is activated through valence state transitions of Mn, where the formation of •SO4‒ and OH‒ is mainly driven by  Mn2+ (Eq. 1). 
To validate the proposed reaction pathway, the reaction energies (ΔE) of various PMS dissociation routes were calculated (Fig. 6a, 6b, and 
Table S8). PMS decomposition at the Mn site is energetically favorable for the formation of •SO4‒and M-OH, after which the adsorbed M-OH 
preferentially converts to OH‒. This indicates that the generation of •SO4‒and OH‒ is the initial step of the PMS activation process. Moreover, 
Co2+ reduces Mn3+ via internal electron transfer while being oxidized to a higher valence state, which is subsequently reduced and 
regenerated by PMS. Notably, the •SO5‒ species generated during this process does not significantly contribute to oxidative degradation due 
to its low redox potential (Eqs. 1-3).

Mn2+ + HSO―
5 →Mn3+ + ∙ SO―

4 + OH―                                               (1)

Mn3+ +Co2+→Mn2+ + Co3+                                                                (2)

Co3+ + HSO―
5 →Co2+ + ∙ SO―

5 + H+                                                     (3)

Secondly, •OH can be produced through the consumption of •SO4− (Eq. 5 and 6).

∙ SO―
4 + OH―→SO2―

4 + ∙ OH                                                                   (5)

∙ SO―
4 + H2O→HSO―

4 + ∙ OH                                                                  (6)

•O2− is generated as described in Eqs. 7-10. Additionally, 1O2, a selective ROS, may be produced via non-radical pathways. Its formation could 
result from the direct decomposition of PMS on the catalyst surface or through processes such as those outlined in Eqs. 11 and 12.

∙ OH +∙ OH→H2O2                                                                                  (7)

∙ OH + H2O2→ ∙ HO―
2                                                                                 (8)

∙ HO―
2 →H+ + ∙ O―

2                                                                                     (9)

O2 + e―→ ∙ O―
2                                                                                          (10)

∙ O―
2 +2H2O→1O2 + H2O2 + OH―                                                  (11)

HSO―
5 + SO2―

5 →HSO2―
4 + SO2―

4 + 1O2                                            (12)

Finally, all ROS, including primary species such as •O2− and 1O2, as well as secondary species such as •OH and •SO4−, collectively attack SMX, 
generating intermediates that are ultimately mineralized into CO2 and H2O (Eq.13). The mechanism of SMX degradation by PMS activation 
on MnCo2S4/NF is shown in Fig. 6c.

∙ SO―
4 + ∙ OH +∙ O―

2 + 1O2 + SMX→intermediates→CO2 + H2O (13)
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Fig. 5 Structure diagram of PMS adsorption on the active site of MnCo2S4/NF catalyst (a) before and (b) after geometric optimization; (c) 
electron density distribution for PMS adsorption on the active sites of MnCo2S4/NF catalyst (Yellow regions denote areas of high electron 
density, while blue regions signify areas of low electron density); (d) Total and partial density of state (DOS) for MnCo2S4; (e) High-resolution 
XPS spectra of Mn and Co (f) for MnCo2S4/NF before and after SMX degradation. 
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Fig. 6 (a, b) Reaction energy (ΔE) comparison of MnCo2S4/NF catalysts for different proposed reaction pathways; (c) Proposed mechanism of 
SMX degradation in the MnCo2S4/NF system.

2.4 SMX degradation pathway and intermediates analysis

To elucidate the potential degradation pathways of SMX in the MnCo2S4/NF/PMS system, DFT calculations were employed to identify the 
reactive sites on the SMX molecule. The optimized SMX molecular geometry is presented in Fig. S9. The highest occupied molecular orbital 
(HOMO) was analyzed to determine regions with high electron density, which are more susceptible to electron loss and thus favorable sites 
for attack by electrophilic species (such as 1O2).42 The HOMO of SMX is primarily localized on the aromatic ring and sulfonamide group, 
suggesting that these regions, particularly the amino substituent on the benzene ring, are the most vulnerable to electrophilic attack (Fig. 
S10). This observation is also corroborated by the electrostatic potential (ESP) map, which also indicates that the sulfonamide moiety and 
aromatic ring possess the highest electron density (Fig. S11). While frontier molecular orbital theory and ESP distribution offer qualitative 
insights into regions prone to electron donation or acceptance, they lack atomic-level resolution regarding specific electrophilic and 
nucleophilic attack sites. To address this, we further analyzed the Fukui functions (f−, f+, f0) to quantitatively assess the reactivity of individual 
atoms (Fig. S12-14 and Table S9). The f− values, which denote susceptibility to electrophilic attack, show N7, C2, C4, and C6 as the most 
reactive atoms, predominantly located on the aromatic ring. This suggests that the aromatic system plays a key role in reactions with 
electrophilic species 1O2. These theoretical findings align well with quenching experiments and EPR analysis, which confirm 1O2 as the 
dominant reactive species. Beyond electrophilic addition and electron abstraction by 1O2, the potential for nucleophilic attack by superoxide 
radicals was also investigated. Analysis of f⁺ values (indicative of nucleophilic susceptibility) reveals high reactivity at C1, C2, C3, C5, N7, and 
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S8, located mainly within the aromatic and sulfonamide regions. These atoms are likely targets for •O2⁻ attack, potentially leading to 
hydroxylation or aromatic ring cleavage. The distribution of f0 values, representing overall chemical reactivity, further emphasizes the 
aromatic ring as a central site for combining radical and non-radical oxidative processes. To enhance predictive accuracy and eliminate 
ambiguity in cases where a single atom may simultaneously exhibit high electrophilic and nucleophilic character, we also examined the 
condensed dual descriptor (CDD). Atoms with strongly negative CDD values (C2, C4, and N7) are identified as the most susceptible to 
electrophilic attack, whereas those with strongly positive values (C1 and S8) are more prone to nucleophilic attack. These results reinforce 
the view that SMX degradation in the MnCo2S4/NF/PMS system proceeds via a synergistic mechanism involving both non-radical 1O2 and 
radical •O2− species, each targeting specific atomic sites within the molecule.

High-performance liquid chromatography-mass spectrometry (HPLC-MS) was employed to identify the major intermediates generated during 
sulfamethoxazole (SMX) degradation, as summarized in Table S8. A total of nine potential degradation products were detected. Based on 
the identified intermediates and supported by DFT calculations, three plausible degradation pathways for SMX were proposed (Fig. S15). In 
Pathway I, the amino group on the SMX molecule undergoes oxidation to form a nitroso derivative (P1, m/z = 268). Subsequent cleavage of 
the S-N bond in P1, induced by active oxidative species, leads to the formation of intermediate P3 (m/z= 300). P1 can also undergo further 
oxidation to produce P4 (m/z= 123), or it can undergo benzene ring cleavage to form P5 (m/z= 99). In Pathway II, the S-N bond of SMX is 
directly cleaved, resulting in the formation of P7 (m/z=157) and P5 (m/z= 99). Similarly, Pathway III yields P8 (m/z=149) and P9 (m/z=84) via 
oxidative fragmentation of the parent compound. Ultimately, these low-molecular-weight intermediates undergo further mineralization into 
CO2, H2O, and inorganic nitrogen species, achieving complete degradation of SMX. To evaluate the environmental impact of the detected 
intermediates, the Ecological Structure-Activity Relationship (ECOSAR) program was applied, a tool constructed on quantitative structure-
activity relationship (QSAR) models.43,44 As illustrated in Table S11, the acute toxicity (LC₅₀/EC₅₀) values of SMX were predicted to be 267 mg 
L−1 for fish, 6.43 mg L−1 for Daphnia, and 32.6 mg L−1 for green algae. According to the Globally Harmonized System (GHS) of Classification 
and Labelling of Chemicals criteria, most identified intermediates displayed a reduction in acute and chronic toxicity. Although some 
degradation intermediates may temporarily increase ecological risk, the overall toxicity of the reaction system decreases during treatment. 
Therefore, degradation of SMX via the MnCo2S4/NF/PMS system not only facilitates efficient SMX removal but also reduces the overall 
ecological risk associated with SMX contamination.

2.5 Reusability and universality study

To assess the recyclability of the MnCo2S4/NF catalyst during PMS activation, SMX degradation tests were performed over seven consecutive 
PMS activation cycles (Fig. 7a). Even in the seven reuse cycles, the catalyst maintained over 82% SMX removal within 35 min, demonstrating 
minimal loss of activity. The slight decline in degradation performance over multiple cycles may result from incomplete regeneration of the 
catalyst. The persistent adsorption of degradation intermediates or residual organic fragments can lead to the competitive occupancy of 
active sites on the MnCo2S4. This localized blockage hinders the effective interaction between PMS molecules and the catalyst's metal centers, 
thereby leading to a reduction in the overall degradation kinetics. To assess the secondary pollution risk, the leaching of metal ions (Co, Mn, 
and Ni) was measured after the reaction. Analysis revealed that the concentrations of leached Co, Mn, and Ni were 0.047 mg L-1, 0.023 mg 
L-1, and 0.266 mg L-1 (Fig. S17), respectively, and remained well below the permissible limit of 1.0 mg L-1 according to the GB 25467-2010 
(Discharge Standard of Pollutants for Municipal Wastewater Treatment Plant of China). In addition, XRD and SEM analyses were performed 
on the recovered catalyst after the reaction. The results show that the composition, structure, and morphology of the catalyst remained 
largely unchanged before and after the reaction (Figs. S17 and S18). Thus, this cyclic performance highlights the excellent structural 
robustness of the MnCo2S4/NF composite and its sustained capacity to oxidatively degrade organic contaminants.

To demonstrate the broad applicability of the MnCo2S4/NF/PMS system, our degradation performance was evaluated against three 
representative organic contaminants, including 4-nitrophenol (4-NP), ofloxacin (OFX), and sulfonamide (SA). As shown in Fig. 7b, under 
identical conditions, all tested pollutants underwent rapid oxidative removal, achieving over 60 % degradation within 35 minutes. Notably, 
OFX was degraded most efficiently, reaching 82 % removal in the same time. These results show the universal efficacy of the catalyst and its 
potential for treating a wide range of recalcitrant organic compounds in water. The influence of different water matrices on the degradation 
of SMX by MnCo2S4/NF-activated PMS was illustrated in Fig. 7c and Table S12. In real water samples, the performance is partially inhibited, 
and the observed kobs decreases from 0.1073 min−1 (in ultrapure water) to 0.0505 min−1 (in tap water) and 0.0421 min−1 (in lake water). This 
loss of activity is attributed to the presence of various anions and humic substances in tap and lake waters, which occupy active sites on the 
catalyst surface and scavenge free radicals, thus lowering the overall reaction efficiency. Despite this inhibition, MnCo2S4/NF-activated PMS 
still achieves a 75 % removal of SMX in actual water, indicating its potential applicability for real-world water treatment.

Inorganic anions present in real wastewater can significantly influence the AOP by affecting three critical aspects, including the stability of 
the oxidant, the catalytic activity of the catalyst, and the degradation pathways of target pollutants. These interactions alter the production 
and reactivity of ROS, consequently impacting the efficiency of antibiotic degradation. Experimental evidence from Fig. 7d and Table S13 
illustrates the effects of various inorganic anions on SMX degradation within the MnCo2S4/NF/PMS system. The results show that sulfate ions 
(SO42−) exhibit a minimal inhibitory effect on SMX degradation. In contrast, other anions, such as chloride (Cl−), nitrate (NO3−), and carbonate 
(CO32−), react with •OH and sulfate radicals •SO4− to form less reactive inorganic radicals (Eqs. 1-5). Among these, the addition of CO32− 
generates carbonate radicals (•CO3−), which possess the lowest reactivity. This leads to the most pronounced inhibition of SMX degradation, 
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as•CO3⁻ exhibits a reduced capacity to oxidize the pollutant.37 This trend is further corroborated by the total organic carbon (TOC) analysis 
(Fig. S19). The control group without anions achieved a TOC removal of 49.7%, and the presence of SO42−, NO3−, and Cl− slightly reduced the 
mineralization efficiency to 47.2%, 45.8%, and 42.7%, respectively. Most notably, the TOC removal sharply declined to 12.6% in the presence 
of CO32−, indicating that the formation of •CO3− not only slows down the primary degradation of SMX but also significantly hinders the deep 
oxidation of aromatic intermediates into CO2 and H2O.

∙ OH + CO2―
3 →OH― + ∙ CO―

3                                                                   (1)

∙ SO―
4 + CO2―

3 →SO2―
4 + ∙ CO―

3                                                                 (2)

∙ OH + Cl―→ ∙ ClOH―                                                                                (3)

∙ SO―
4 + Cl―→SO2―

4 + ∙ Cl                                                                        (4)

∙ SO―
4 + NO―

3 →SO2―
4 + ∙ NO3                                                                  (5)

Fig. 7 (a) Cycling performance for SMX removal using MnCo2S4/NF/PMS systems; (b) performance of the MnCo2S4/NF/PMS system in 
degrading various organic pollutants; (c) SMX degradation efficiency under diverse water quality conditions; (d) influence of coexisting anions 
on SMX degradation. 

3. Conclusions
In summary, this study successfully fabricated a 3D NF self-supported MnCo2S4 catalyst through an in situ growth strategy for the efficient 
activation of PMS toward SMX degradation. The MnCo2S4/NF achieved 87.7% SMX removal within 20 minutes and maintained over 82% 
efficiency after seven reuse cycles, indicating excellent stability. DFT calculations confirmed strong PMS adsorption on MnCo2S4/NF, 
promoting electron transfer and O-O bond cleavage. EPR analysis and quenching experiments demonstrate that both radical (•O2−) and non-
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radical (¹O2) species synergistically serve as the primary active agents in SMX degradation. Fukui function analysis further revealed that SMX 
degradation proceeds with specific molecular sites (such as N7, C1, C5) showing high reactivity. The ecological risk of intermediates formed 
during SMX degradation was evaluated using the ECOSAR model, showing that most intermediates exhibited reduced toxicity compared to 
the parent compound. In addition to SMX, the MnCo2S4/NF/PMS system exhibited broad-spectrum degradation of other organic pollutants 
and sustained activity in real wastewater matrices, showing its practical potential. Future work could focus on scaling up the system and 
exploring its application to more complex industrial effluents for sustainable water treatment solutions.

4. Experimental section 
4.1 Chemicals and materials

The chemical reagents used in the experiment are shown in the supplementary information of Text S1.

4.2 Synthesis of MnCo2S4/NF 

The nickel foam (NF, 1cm×1 cm, 1cm×2 cm, 1cm×3 cm) used in the experimental preparation was pretreated prior to use. It was sequentially 
immersed in hydrochloric acid (3 M), deionized water, and acetone, and ultrasonically cleaned in each solution for 10 min. Finally, the foam 
was rinsed three times with anhydrous ethanol and vacuum-dried at 60 °C for 2 h.

The Co/Mn-precursor was synthesized on the NF substrate via a hydrothermal method. Specifically, 1.164 g of Co(NO3)2·6H2O, 0.394 g of 
MnCl2·4H2O, 0.37 g of NH4F, and 0.72 g of urea were dissolved in 80 mL of distilled water and stirred magnetically for 30 min to ensure 
complete mixing. The pretreated nickel foam and the resulting solution were then transferred to a 100 mL Teflon-lined autoclave, which was 
maintained at 120 °C for 6 h. After cooling to room temperature, the sample was rinsed three times each with distilled water and ethanol to 
remove surface residues. The final product was denoted as Mn/Co-precursor/NF.

Subsequently, 0.2 g of thioacetamide was dissolved in 40 mL of distilled water and magnetically stirred for 15 min to ensure homogeneous 
mixing. The Co/Mn-precursor/NF and solution were sealed in a 100 mL Teflon-lined autoclave, heated at 120 °C for 3 h, cooled to room 
temperature, and washed three times with deionized water and ethanol. To enhance the crystallinity and structural stability of the material, 
the dried sample was transferred to a tube furnace, where it was heated to 700°C at 5 °C min−1 and annealed for 1 hour in a N2 environment. 
After natural cooling, the resulting catalyst was designated as MnCo2S4/NF.

4.3 Characterization

The details of the experimental characterization are presented in the supplementary information of Text S2.

4.4 Experimental procedure and catalysis performance evaluation

A stock solution (200 mg L−1) of sulfamethoxazole (SMX) was prepared by dissolving precise amounts of each in a 500 mL volumetric flask. 
Before the reaction, the pollutant solution was diluted to the desired concentration (20 mg L-1, 100mL). The solution was stirred at a constant 
temperature (30 °C, pH=6) using a magnetic stirrer, followed by the sequential addition of the catalyst (1×2 cm2) and peroxymonosulfate 
(PMS, 0.5 g L−1) to the antibiotic solution. At intervals of 5 or 10 min, 1.5 mL of the reaction mixture was withdrawn using a syringe, filtered 
into a cuvette, and analyzed for concentration using a UV-Vis spectrophotometer. The degradation efficiency (η) was calculated using the 
following equation:

η = 1 ― Ct

C0
× 100%                                                                             (1)

The degradation kinetics of antibiotic pollutants were modeled using a pseudo-first-order kinetic equation, with the apparent rate constant 
(kobs) determined according to the following equation:

In Ct

C0
= ― kobst                                                                                      (2)

Considering the heterogeneous nature of the MnCo2S4/NF/PMS system, where the reaction occurs on the catalyst surface, the Langmuir-
Hinshelwood (L-H) model was further employed to describe the degradation kinetics:

In( C0
Ct

)

C0―Ct
= krKads

t
C0―Ct

― Kads                                                                    (3)

To investigate the temperature dependence of the reaction, multiple sets of comparative experiments were conducted under identical 
conditions but at varying temperatures. The apparent activation energy (Ea, kJ mol−1) was calculated using the Arrhenius equation:

Ink = InA ― Ea/RT                                                                                 (4)

Where t is the reaction time (min), C0 is the initial concentration of the antibiotic pollutant (mg L−1), and Ct is the concentration at sampling 
time (mg L−1), kr is the intrinsic reaction rate constant (mg L-1 min-1), Kads represents the adsorption coefficient (L mg-1), A is the pre-exponential 
factor, R is the universal gas constant (8.314 J mol−1 K−1), and T is the absolute temperature (K).
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Additional factors influencing degradation performance, along with detailed experimental protocols for active oxygen investigations and 
cyclic performance assessments, are comprehensively described in the Texts S3-S6. The performance evaluations were conducted using UV-
visible spectrophotometry, as described in the supplementary information of Text S7. 

4.5 Theoretical calculation

Computational specifics are provided in the supplementary information of Text S8.
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All experimental data supporting the conclusions of this study are available in the main text and 
supplementary materials.
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