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Abstract: Constructing high-efficiency heterostructured photocatalysts for antibiotic degradation is critical and
challenging. Herein, a “pearl necklace” o-MnO,@CoS, photoelectrode was prepared via a continuous
hydrothermal process. The as-obtained photoelectrode comprised overlong 0-MnO, nanowires (as leading wire)
and CoS, nanocages (as decorations) derived from ZIF-67 precursor. The contrivable a-MnO,@CoS;
photoelectrode exhibited lower charge transfer resistance and higher carrier separation efficiency than single a-
MnO;. The a-MnO>@CoS, provided a heterostructured interface with fast carrier transfer, where a-MnO,
nanowire played the carrier transfer channel, and the CoS, “nanocages” can effectively increase the contact area
between the catalyst and the pollutants. Meanwhile, the stable p-n junction with the internal electric field can be
formed in the synthesized a-MnO,@CoS, composite to avoid the destruction of heterogeneous junctions and thus
maintain stability. As a result, the a-MnO>@Co0S,-0.2 had the highest PEC efficiency with a degradation rate of
98.95% for sulfonamides (SMX) within 50 min among prepared catalysts. The charge density difference of o-
MnO,@CoS, was performed to investigate the strong interaction between a-MnO; and CoS,. This study provides
insights into the construction of nanomaterial structures and their applicability to photocatalytic degradation of
target pollutants, which can be expanded for future cost-effective water purification applications.
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1. Introduction

Sulfamethoxazole (SMX) is extensively utilized in animal husbandry and medicine as a prototypical broad-
spectrum antimicrobial agent. Due to its high stability and hydrophilicity, SMX produces an inevitable and
significant presence of residue in the treated wastewater and rivers (detection levels of pg/L-mg/L in wastewater
treatment plants) [1,2]. The presence of toxic antibiotics not only disrupts the microbial ecological balance but
also poses a significant threat to human health, in this case, pushes the advancement of effective degradation
technologies in aquatic environments, including adsorption [3], membrane separation [4], coagulation [5],
biodegradation [6] and advanced oxidation processes [ 7-9]. Among them, photoelectrocatalysis (PEC) technology
has been considered as the promising solution for wastewater treatment, which combines photocatalysis (PC) with
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electrocatalysis (EC). By applying a bias voltage to the semiconductor photoanode under illumination and an
external electric field, the recombination of photo generated electron hole pairs is effectively suppressed, thereby
improving the photocatalytic activity of semiconductor photocatalysts [10,11]. Common photocatalytic
semiconductor materials, such as TiO, [12], CdS [13], ZnS [14], and g-C3N, [15], are generally hindered by slow
migration of photogenerated electron-hole pairs and rapid carrier recombination, leading to low solar energy
utilization and significant limitations in catalytic efficiency [16]. Additionally, two-dimensional materials such as
MoS; and tungsten disulfide, despite their excellent optoelectronic properties, suffering from high raw material
costs and poor process reproducibility, which further impede their large-scale implementation. Chi et al. [17]
constructed coral-like WO3/BiVO4 photoanodes for detoxification of antibiotic wastewater by morphology and
small surface engineering, the coral-like WO3/BiVO4 photoanode with the orientation growth of (110) and (011)
active facets of BiVOy exhibited the optimal PEC performance due to significantly enhanced separation and
transfer of photogenerated charge carriers. Thamilselvan et al. [18] synthesized the nickel-cobalt bimetallic ZIF
(BMZIF) dodecahedron material. In the presence of peroxomonosulfate, it was able to completely degrade SMX
within 24 min, which was attributed to the unique internal structure and the synergistic effect between ZIF and Ni/Co
bimetals, resulting in improved light absorption and charge conduction efficiency. Following the previous studies, it
can be found that the widespread commercialization and adoption of antibiotic degradation by PEC can only be
realized by selecting suitable semiconductor material and structure to avoid photo-charge recombination [19,20]

In the current research, the commonly used photoelectrode semiconductors include TiO, [21,22], Fe,Os [23],
MnO; [24], WO; [25], and BixMoOg [26,27]. Among them, MnO; is an N-type semiconductor with low cost and
excellent photoresponse in both the ultraviolet and visible regions. Meanwhile, the a-MnO, crystallites exhibit
higher performance, with larger specific surface area, electron transport, and higher manganese valence compared
to another arrangement of MnQO; octahedrons [28]. Moreover, the one-dimensional tunnel structure of a-MnO,
facilitates complete contact with electrolytes, thereby exposing more catalytic active sites. However, its narrow
band gap of 1.6-2.7 eV leads to easy recombination of electrons and holes [29]. To improve catalytic efficiency,
photoelectrodes have been modified by various methods, among which nano-structure construction, doping
engineering, surface modification, and heterostructure construction are the most commonly used strategies to
improve photoelectrodes [30—32]. Among these, the design of heterojunction is crucial to optimize the catalytic
activity of the electrode, which can prolong the duration of charge separation caused by the photoinduction process.
And in various heterojunction configurations, the Z-scheme has a high reduction and oxidation ability, which is
conducive to generating holes and free radicals [33-35].

In this case, metal-organic frameworks (MOFs), with the advantages of high porosity, low density, and large
specific surface area, have been bi-functional materials with both sacrificial templates and metal precursors, which
play an essential role in the construction of hollow micro/nanostructured materials with internal voids and
functional shells [36,37]. Therefore, using the MOF template to prepare hollow structure materials and
manufacture heterojunction with Z-type electron transport path is beneficial to charge transport and degradation
performance. To meet the practical application of a-MnQO, in antibiotic wastewater, selecting suitable materials
for modification is necessary. Metal sulfides have been promising materials for PEC applications due to superior
light absorption capacity, optical properties, and the structural tunability of their P-type and N-type behaviors [38].
The semi-metallic pyrite type Cobalt sulfide (CoS,), as an abundant resource, has a modifiable Co electronic
structure and a high degree of synergy between Co and S species and has been used as a photocatalyst for the
degradation of polluted water [39,40].

Herein, we designed and synthesized a novel a-MnO, nanowire (NWs) composite MOF-derived CoS;
nanocages (NCs) structure, in which NCs were formed on NWs with ZIF-67 as the sacrificial template and metal
precursor, significantly increasing the specific surface area and conductivity of the material. Meanwhile, the shell
thickness of the nanocages gradually thickens with the increase of vulcanization concentration, and the outer shell
of the nanocages promotes electrolyte diffusion. The constructed p-n heterojunction reduced the recombination
rate of electron-hole pairs, and the unique interweaving a-MnQO, nanowires and CoS, nano hollow cage structures
improved the charge transfer ability, which improved the overall PEC degradation performance. Combined with
a series of electrochemical characterization and energy band analysis, the optimized a-MnO,@CoS,-0.2 electrode
had excellent electron transfer capability in theory, consistent with the results of SMX degradation tests.
Furthermore, the interaction between a-MnO, and CoS, was also analyzed using density functional theory to
determine the electron transfer pathway.
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2. Results and Discussion

2.1. Structural Characteristics

The synthesis process of Ti/a-MnO,@CoS; one-dimensional axial layer structure was shown in Scheme 1.
Cobalt ions were adsorbed on the pre-prepared a-MnO> (negatively charged) surface to provide nucleation sites
for forming ZIF-67 by electrostatic interaction [41]. Finally, after solvent heat treatment during vulcanization,
MOF-derived layered o-MnO,-@CoS, were formed. It is worth noting that when controlling the amount of
thioacetamide (TAA) during vulcanization, the case thickness of CoS, NCs gradually increased.
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Scheme 1. The synthesis procedures of hollow core-shell heterostructure a-MnO2@CoS: electrode material on Ti sheet.

The successful synthesis of heterojunction structures was confirmed by X-ray diffraction (XRD), and then
the coating of a-MnO, nanowires with different concentrations of CoS, nanocages was investigated. The
prominent diffraction peaks were 12.7°, 18.1°,25.7°, 28.8°, 37.5°, 41.2°, 60.3°, 69.7° and 77.2° correspond to the
(110), (200), (220), (310), (211), (420), (521), (541) and (402) crystal faces of a-MnO, (JCPDS no. 44-0141)
(Figure S1). After the electrostatic adsorption of cobalt ions, the emergence of diffraction peaks of ZIF-67 crystal
and the intensity of a-MnO, diffraction peak decreased, indicating that a large number of ZIF-67 nanoparticles
successfully encapsulate a-MnO,, which proved the successful synthesis of the intermediate Ti/a-MnO,@ZIF-67.
After solvent heat treatment during vulcanization, it can be found that the diffraction peak of ZIF-67 disappeared,
and with the emergence of diffraction peaks of 27.6°, 32.3°, 60.2° corresponding to (111), (200), (230) crystal
faces of CoS;, (JCPDS no. 41-1471), ascribed to the synthesis of core-shell heterostructure a-MnO,@CoS,. Then,
the core-shell structure surface was changed when different amounts of TAA were added to vulcanization (Table
S1; named a-MnO,@Co0S,-0.1 for using 0.1 mmol TAA precursors, named a-MnO»@CoS,-0.2 for using 0.2 mmol
TAA precursors, named a-MnO»>@Co0S,-0.3 for using 0.3 mmol TAA precursors, named o-MnO>@CoS,-0.4 for
using 0.4 mmol TAA precursors) (Figure S2). It can be seen that the position of the peak would not change
significantly, indicating that its structural composition did not change. With the sulfide increase, the diffraction
peak of a-MnQO, gradually decreased, indicating that the rise of TAA caused the case thickness of CoS, nanocages
to increase progressively, covering the surface of a-MnO; lines.

Then, the heterostructure surface was observed by scanning electron microscopy (SEM) (Figure 1), and the
prepared a-MnO» had a nanowire structure with a diameter of about 20-50 nm. The ZIF-67 nanopolyhedra with
diameters of 200—300 nm was uniformly encapsulated on the surface of the a-MnO, NWs to form a layered core-
shell nanostructure (Figure 1b). The ZIF-67 assembled in the outer layer of the a-MnO, became a hollow nanocage
and inherited the shape of the original ZIF-67 structure. Subsequently, it was found that the amount of TAA had
an essential effect on the microstructure and properties of the composites. A similar hollow nanocage structure
was formed when the amount of TAA was reduced to 7.531 mg. In contrast, the surface of the hollow nanocage
was relatively thin (Figure 1c). However, with the increase in TTA dosage, the thickness of the nanocage case
gradually increased, and some nanoparticles were deposited on the surface of the nanocages. The nanocages were
gradually agglomerated (Figure 1d—f). The corresponding EDS-mapping of a-MnO,@Co0S,-0.2 (Figure 1g)
showed that Mn was distributed only along the nanowires. In contrast, S, Co, and O were distributed along the
nanocage shell, further confirming the core-shell structure of the catalyst.
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Figure 1. SEM images of as-prepared electrodes. (a) a-MnO2; (b) a-MnO2@ZIF-67; (¢—f) a-MnO>@CoS2-x (x =
0.1, 0.2, 0.3, 0.4); (g) elemental EDS mapping (Mn, O, S and Co) analysis of a-MnO2@C0S2-0.2.

The spatial distribution of CoS; and a-MnO; in the 0-MnO,@CoS; sample was investigated by transmission
electron microscopy (TEM) (Figure 2). It could be seen more clearly that a-MnQO, plays the role of nuclear support
in the composite structure. The simultaneous appearance of branches can provide more paths for electrons to
accelerate and move in parallel (Figure 2a). Moreover, the CoS; nanocages were exclusively enveloped around
the a-MnO, surface, creating a stable heterojunction structure. In high-resolution transmission electron microscopy
(HRTEM) images, the fringe spacings of 0.40 nm and 0.16 nm correspond to the a-MnO> (310) and CoS, (200)
crystal planes, respectively (Figure 2b), further confirming the formation of the core-shell structure. In addition,
EDS spectroscopy was also performed on both compositions, which showed that CoS, was distributed in the
heterojunction structure as a porous structure, while the columnar 0-MnO; acted as an electron transport channel,
in agreement with previous SEM results (Figure 2c—f).

X-ray photoelectron spectroscopy (XPS) was used to gain insight into the chemical state of the elements in
a-MnO,@CoS,-0.2. The total XPS spectrum of a-MnO,@Co08S,-0.2 (Figure S3) showed the presence of Mn, O,
Co, and S elements, which agreed with the EDS results. The three pairs of splitting peaks in the Mn 2p XPS spectra
of a-MnO,@Co08S,-0.2 and MnO; (Figure 3a) can be attributed to the Mn 2ps» and Mn 2p1; signals of Mn (IV),
Mn (IIT), and Mn (II), respectively. Specifically, the peaks at 643.60~643.70 eV and 654.70~654.80 eV belonged
to Mn (IV) (Mn 2p3, and Mn 2pi.,), the peaks at 642.14~642.24 eV and 653.65~653.75 eV belonged to Mn (III)
(Mn 2ps3;, and Mn 2py2) and the two peaks at 641.20~641.30 eV and 652.60~652.70 eV belonged to Mn (II) (Mn
2p3;2 and Mn 2p;2), which confirmed that Mn (IV), Mn (II), and Mn (IT) coexisted in a-MnO>@CoS,-0.2. The
negative shift of the Mn 2p peak to a-MnO; in a-MnO,@CoS, demonstrated the transfer of electrons from CoS,
to 0-MnO,, confirming the photogenerated carrier transfer pathway of the Z-scheme heterojunction caused by the
driving recombination force. Then, the three peaks at 529.45~530.78 eV (S1), 531.00~531.59 eV (S2), and
532.00~532.41 eV (S3) represented lattice oxygen, functional groups or defect sites, and surface adsorbed oxygen,
respectively (Figure 3b). It was evident that the introduction of CoS; increase the area of S1 (a-MnO,@CoS>),
indicating that the enhancement of the adsorption capacity of reactive oxygen species on the surface of the
composite material is conducive to optimizing the performance of PEC. It was noteworthy that the binding energy
of the Mn 2p and Co 2p spectra of a-MnO»@Co08S,-0.2 moved due to the electronic interaction between a-MnO,
NWs and CoS, NCs, which effectively regulates the electronic structure on the surface of a-MnO, and forms
electron-deficient and electron-rich regions near CoS; and a-MnO», respectively, promoting the effective catalytic
degradation of SMX [42]. Furthermore, the Co 2p spectrum (Figure 3c) provides insights into the Co 2p
characteristics of CoS,, exhibiting two pairs of splitting peaks along with two satellite peaks. The splitting peaks
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at 778.84~778.94 eV and 781.36~781.46 eV correspond to the Co 2psu, while those at 793.90~794.00 eV and
797.58~797.68 eV were associated with the Co 2pi., confirming the formation of CoS; nanoparticles on the a-
MnO; surface. Compared with sole a-MnO», the binding energy of Co 2p spectra of the composite catalyst shifted
positively, which may be due to the strong electron interaction between a-MnO; nanowires and CoS, nanosheets,
resulting in a decrease in electron density on the surface of the CoS, nanocages and further confirming the
formation of the Z-scheme heterojunction. Regarding the S 2p peaks, the values at 162.15~162.2 eV and
163.57~163.62 eV can be assigned to the S 2ps;, and S 2pi, orbits of CoS, respectively (Figure 3d). In addition,
the peaks at 168.56~168.61 eV and 169.66~169.71 eV were typical surface sulfur oxides (S-O), which may be
caused by oxygen adsorbing from the active surface, benefiting for the degradation treatment of pollutants.

Figure 2. (a)TEM image of a-MnO>@CoS2; (b) High-resolution TEM image of o-MnO2@Co0S2-0.2; (c—f)
elemental EDS mapping analysis of a-MnO2@CoS2-0.2.
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Figure 3. XPS spectra for a-MnO2, CoSz, and o-MnO2@CoS2-0.2: (a) high-resolution Mn 2p XPS spectra; (b)
high-resolution O 1s XPS spectra; (¢, d) high-resolution Co 2p and S 2p XPS spectra.

2.2. Electrochemical Performance Analysis

With the ideal structure, the electrochemical properties of a-MnO, and various a-MnO,@CoS,-(0.1, 0.2, 0.3,
0.4) electrodes were investigated in neutral media (Figure 4). Oxygen evolution potential (OEP) is a fundamental
feature of anode applications, which was studied by linear sweep voltammetry (LSV). The results indicated that
a-MnO,@CoS,-0.2 exhibited the highest OEP value (Figure 4a). This finding confirmed that the optimal loading
of CoS; nanoparticles can prevent the interaction of active oxygen species adsorbed on the electrode surface,
reduce the side reaction current, and enhance the PEC degradation efficiency of the entire electrode.
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Figure 4. The electrochemical characterization of a-MnQO2 and various a-MnOx@CoS2-x electrodes: (a)
Polarization curves; (b) Cyclic voltammograms; (¢) EIS measurement results and the simulated circuit. Dots and
lines represent the experimental and simulated data, respectively. Mott-Schottky plots of (d—f) a-MnO2, CoSa,

ando-MnO2@ Co8S2-0.2.
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At the scan rate of 5 mV s, the active area of the PEC electrode was evaluated by cyclic voltammetry (CV)
testing (Figure 4b). The number of active sites in the electrode material is usually determined by observing the
effective area of the voltammetry characteristic curve, where the active surface area of the anode oxide is
proportional to the voltammetry charge [43]. Compared with the single-phase a-MnO, electrode, the enclosed area
of the CV curve of a-MnO,@Co0S,-0.2 electrode was larger, indicating stronger electrocatalytic ability and
relatively good potential for catalyzing antibiotic oxidation. Electrochemical impedance spectroscopy (EIS)
(Figure 4c) was used for surface charge transfer kinetics analysis from the Nyquist curve. If the Nyquist diagram
exhibits a semicircular shape, it generally indicates that carrier transfer is occurring. A small radius of the
semicircle suggests a low resistance to electron transfer, often attributed to oxygen vacancies [44]. Compared with
other electrodes, a-MnO,@CoS,-0.2 had a small impedance arc diameter and a low charge transfer resistance
(Rer), corresponding to the faster interfacial electron transfer rate capability. At the same time, the transient
photocurrent response can further prove that the charge transfer ability of o-MnO,@Co0S,-0.2 at the
catalyst/electrolyte interface was significantly improved (Figure S4). Under dark conditions, all five
photoelectrodes exhibited essentially no current. However, the initial peak of the anode photocurrent was observed
to form at the instant light was introduced, which was attributed to the accumulation of electrons (CB). Over time,
the resulting photocurrent decreased exponentially until a stable current was reached due to the electron
recombination process [45]. However, a-MnO>@CoS,-0.2 had the highest photocurrent density and the fastest
photocurrent response with the best reproducibility. Overall, the photoelectric activity test showed that a-
MnO,@CoS; heterojunction not only improves the photo-responsiveness but also improved the surface reactivity
of the photoelectrode, in which 0-MnO»@Co0S,-0.2 had the best performance.

The type and band potential (Eg) of a semiconductor can be characterized by the Mott-Schottky (M-S)
diagram (Figure 4d—f) [46]. The M-S test showed that the slope of the a-MnQO; curve was positive, indicating that
the electrode had N-type semiconductor characteristics. In contrast, the slope of the CoS, curve was negative,
indicating that the electrode had the attributes of a P-type semiconductor. When constructing a p-n junction, the
Mott-Schottky plot for a-MnO»@Co08S,-0.2 presented an inverted “V” shape (Figure 4f). In general, the Eyg of P-
type semiconductors was very close to Eg, (about 0.2 eV lower than Evg), while the Ecg of N-type semiconductors
was very close to Eg, (about 0.2 eV higher than Ecg) [47,48]. It could be confirmed that the Eg of a-MnO, and
CoS; were —0.64eV (—0.40V vs. NHE) and 0.17eV (0.41V vs. NHE), respectively. To more clearly elucidate the
band characteristics of the catalyst, the band gaps were calculated by analyzing the different semiconductor
electrodes’ UV-Vis diffuse reflectance spectra (DRS) (Figure S5). It can be seen that the Ecg of a-MnO; and Evg
of CoS; were —0.60 V (vs. NHE) and 0.61 V (vs. NHE), respectively. According to Evs = Ecg + E,, the
corresponding Evg and Ecg values for a-MnO, and CoS; can be estimated as 1.43 V (vs. NHE) and —1.71 V (vs.
NHE) and the proposed band structures of a-MnO>@CoS, as shown in Figure S6.

2.3. Degradation Performance

The concentration change of SMX during degradation was monitored by high-performance liquid
chromatography. For the specific detection method, refer to the Supplementary information. First, the performance
of single electrode and composite electrode was tested through electrocatalytic (EC), photocatalytic (PC), and
photocatalytic (PEC) degradation processes, respectively (Figure 5a). The results showed that the degradation
effect of the composite electrode was better than that of single electrode among the three oxidation techniques,
indicating that the formation of heterojunction structure was conducive to the formation and migration of active
oxygen species. In addition, for the constant photoelectrode, the degradation rate of SMX during PEC was
significantly increased, which was better than PC and EC, even the sum of them. This can be attributable to the
synergistic effect of PEC, which was conducive to improving the photodynamic coupling efficiency based on
lower exogenous energy [49]. Then, the PEC degradation of SMX by different a-MnO,@CoS;-x composite
electrode structures was tested. It could be seen that a-MnO>@Co0S,-0.2 had the highest PEC degradation
efficiency (degradation rate within 50 min was 98.95%), consistent with the conclusion obtained in Structural
characteristics (Figure 5b). The degradation effect of SMX was significantly improved with the increase of
nanocage density on the surface of a-MnO» nanowire, which was due to the formation of composite structure,
which increased the effective area of catalyst electrode. a-MnO>@CoS, showed the best effect. However, when
the CoS, precursor concentration continued to increase, its degradation rate decreased significantly, which may be
due to excessive adsorption leading to blockage on the electrode surface. At the same time, the increase of the
resistivity of the material with the thickness will hinder the transmission of the carrier, reduce the effective removal
efficiency of the external circuit to the photogenerated electrons, resulting in poor degradation effect. Combined with

7 of 14



Sci. Energy Environ. 2025, 2, 2 https://doi.org/10.53941/see.2025.100006

structural analysis, this may be because CoS, hollow nanocages with high porosity can fully contact with the target
pollutant SMX, which was conducive to the rapid movement of carriers and the improvement of PEC activity.

To determine the main active substances in the degradation process of PEC, free radical capture experiments
were conducted (Figure 5c¢). Specifically, isopropanol (IPA), ethylenediamine tetraacetic acid disodium salt
(EDTA-2Na), tryptophan (trp), and L-ascorbic acid (LA) are used as inhibitors of hydroxyl radicals (*OH), holes
(h"), singlet oxygen (10,), and superoxide radicals (#O,"), respectively. *OH possess extremely high reactivity and
can react with hydrogen atoms in IPA, thereby being scavenged by IPA. This reaction deactivates the *OH,
preventing them from participating in further oxidation reactions and thus inhibiting their oxidative effect on target
substances. During photocatalysis, h* typically react with metal ions or water molecules on the catalyst surface to
generate highly oxidative species. EDTA-2Na can bind to these metal ions or active sites, preventing the
interaction between h* and them, thereby suppressing the oxidative ability of h*. The indole ring of trp can undergo
energy transfer or chemical reactions with '0,, reducing the energy of 'O, and converting it into ordinary triplet
oxygen (30,), thereby losing its high reactivity. *O,~ can undergo redox reactions with LA, where the LA is
oxidized and the *O, are reduced to water or other more stable substances, thereby suppressing the oxidative
capacity of the superoxide anion radicals. After adding EDTA-2Na and IPA, the efficiency of PEC did not decrease
significantly, indicating that h" and *OH had little influence on the reaction. It was worth noting that after the
addition of trp and LA, the degradation efficiency of a-MnO,@CoS,-0.2 was significantly inhibited and
significantly decreased to 39.7% and 47.9%, indicating that !0, and *O,” were the main active substances involved
in SMX degradation. In addition, it could be carried out a cyclic experiment on the composite electrode to test the
stability of the electrode, as shown in Figure 5d. After five degradation cycles, the degradation rate of SMX by a-
MnO,@CoS>,-0.2 remained at about 71.87%, indicating the reusability of electrode materials. In addition, XRD
and SEM analysis showed that the crystal structure and composition of a-MnO>@Co0S,-0.2 remained unchanged
during the durability test (Figure S7). The positions of the peaks before and after the reaction did not shift or
disappear significantly, indicating structural stability. Compared with recently reported a-MnO,-based
nanomaterials (Table S2), the a-MnO,@Co0S,-0.2 exhibits outstanding PEC degradation performance.

Additionally, we performed the charge density difference of a-MnO>@CoS; based on the density functional
theory to investigate the interaction between a-MnO, and CoS, (Figure 5¢) [50-52]. In Figure 5f, yellow
represented receiving electrons and cyan represented providing electrons. The direction of charge transfer between
the two can be seen through the obtained plane average differential charge density. On the side of the interface
near CoS,, there was a prominent peak of charge accumulation, and on the side near a-MnO», the charge loss was
also pronounced near ~5 angstroms, which once again proved the trend of CoS; transfer to a-MnO>. Thus, from
the calculation results, we can conclude that a-MnO, taken electrons from CoS, were consistent with the charge
carrier’s migration of the Z-scheme mechanism.

(a) (b) (c) (d)
4Mn0,@CoS,-0.2 EC PC——PEC Dark’. Light Dark: Light ——a-MnO,@CoS,-0.2 + trp 98.95 .
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Figure 5. (a) SMX removal efficiency comparation of a-MnOz, 0-MnO2@CoS>-0.2 at different reaction conditions
(PC, EC and PEC) after 120 min; (b) PEC degradation curves of SMX with different a-MnO2@CoS2-x composite
electrodes; (¢) Evaluation of active species in PEC process toward degradation of antibiotic SMX using o-
MnO2@Co0S2-0.2; (d) Five recycling experiments of a-MnO2@CoS2-0.2; (e) Charge density difference of a-
MnO2@CoSz; (f) Planar-averaged differential charge density (Ap) of a-MnO2@CoSa.
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2.4. Mechanism of PEC Degradation

Anchored on the estimation of the band positions of a-MnO, and CoS,, the possible type Z- scheme of the
enhanced photocatalytic performance of a-MnO,@CoS, can be obtained as shown in Scheme 2. When the -
MnO,@CoS,-0.2 composite is exposed to visible light, both a-MnO, and CoS, can be excited, producing electron
and hole (e /h") pairs. Assuming the type II configuration holds, the electrons induced by CoS; in CB tend to transfer
to CB of a-MnO due to potential difference, while the holes induced in VB go in the opposite direction. However,
the oxidation potential of VB in CoS; (0.61vs. NHE) would be not enough to oxidize O, and *O," to generate H>O»
and '0; (E (02 /H20,) = 0.68V (vs. NHE), E (*0,/'0,) = 0.95 (vs. NHE). If, in this case, the a-MnO,@CoS
heterostructure could not produce the 'O obtained by the capture test, the hypothesis would not be valid. Due to the
stable p-n junction formed in the a-MnO>@CoS; composite, which followed Z-scheme, e in CB of a-MnO, was
transferred to CB of CoS, with the help of the internal electric field, thereby inhibiting the recombination of interfacial
charge carriers. From the energy level diagram, we also found that O, could easily capture electrons on CB of CoS;
and the movement of an internal electric field to generate free radicals (*O,"), which was consistent with the detection
result of the free radical capture experiment. Then, the generated *O,” would further react to generate 'O, with the
accumulation of h™ in the VB of 0-MnO,. Moreover, the remaining ¢ in CoS, CB was captured by dissolved oxygen
or catalyst surface oxygen and converted into *O,” which can also degrade SMX.

€atlode:
Ti substrate

Scheme 2. Proposed mechanism for Ti/a-MnO2@CoS: electrode during PEC oxidation process.

Moreover, the intermediate substance generated contained hydrogen peroxide, which was synchronous with
the degradation process (Figure S8). Since the valence and conduction bands of a-MnO>@CoS; span the potentials
of oxidation and reduction reactions (1.23 V vs. RHE for H,O oxidation to O, and 0.68 V vs. RHE for O,
reduction), e”and h* can be thermodynamically available to drive the reaction. It can be seen that the heterojunction
can promote the occurrence of oxygen reduction according to the energy band location, namely the oxygen on the
catalyst surface, which would generate hydrogen peroxide through a two-step process. Dissolved O, adsorbed on
the catalyst surface and formed OOH* intermediates, which reacted with e in CB of a-MnO to produce hydrogen
peroxide via the 2e-ORR pathway [53]. Hydrogen peroxide would undergo Fenton-like reactions to form hydroxyl
radicals (Equation (1)) [54]. This process included H»O, first adsorbing on the catalytic site, O-O bond stretching
and breaking to generate *OH and adsorbed -OH, the adsorbed -OH gets an electron and H* to generate adsorbed
-H,0O, and the adsorbed -H,O would be desorbed from the surface of the catalytic site. This Fenton-like reaction
could promote the generated H>O, to capture photogenerated electrons rapidly, generate *OH, facilitate the
separation of photogenerated electrons and holes, and enhance the performance of degrading pollutants. In addition,
photogenerated electrons can accelerate the Mn (III)/Mn (II) cycle and improve the activation of H,O, [55]. The
degradation of SMX with H,O, included the addition and hydroxylation of aromatic rings to form nitro
intermediates C1oHoN3O6S. The addition of *OH on SMX structure and the removal of amino groups can further
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lead to the formation of CioH1oN>O4S, in which the aromatic ring would be further hydroxylated. The obtained
dihydroxylation product CioH1oN>OsS was decomposed by pyrolysis [56].

Mn*" + H,0, —» Mn*" + OH + OH (D)

Therefore, in the degradation process of organic pollutants, the synergistic effect of *O,™ and 'O, played a
significant role, plus *OH and H,O assist in the oxidation of SMX and finally convert to carbon dioxide and water
through mineralization.

3. Conclusions

In conclusion, using the MOF template, we designed and synthesized a unique 0-MnO, nanowire assembled
CoS; hollow cage by hydrothermal and vulcanization processes. The structure and composition of the prepared a-
MnO,@CoS; can be easily regulated by changing the amount of TAA, which XRD, SEM, and XPS disclosed. A
series of electrochemical tests showed that the composite electrode has better electron transfer ability than the
single electrode, which was conducive to the generation and migration of carriers. Under the condition of PEC,
the SMX removal rate of a-MnO»@Co08S,-0.2 reached 98.95% during 50 min. The high removal rate was because
the constructed p-n heterojunction reduced the recombination rate of electron-hole pairs, and the unique
interweaving 0-MnO; nanowires and CoS; nano hollow cage structure improved the charge transfer ability and
PEC degradation performance. Combined with the DFT calculation results, it was proved that a-MnO>@CoS,
conformed to the Z-scheme mechanism of carrier migration. The low cost, easy preparation, and excellent
performance of a-MnO,@CoS; photoanode made it an excellent anode material for water treatment.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506270938185377/SEE-970-SI-FC-done.pdf. Figure S1: XRD patterns of pure a-MnO> powder, CoSz powder, Ti/a-
MnOz, Ti/a-MnO2@ZIF-67 and Ti/a-MnO2@ Co8S2-0.2, respectively. Figure S2: XRD patterns of CoS2 nanocages wrapped a-
MnO; nanoflower needles with different CoS2 concentration. Figure S3: XPS survey spectra of a-MnOz, CoS: and a-
MnO>@Co0S2-0.2. Figure S4: Transient photocurrent responses of a-MnQOz, a-MnO>@ZIF-67 and various a-MnO2@CoSz2-x
electrodes. Figure S5: (a) UV-Vis diffuse reflectance spectra of a-MnQOz, CoSz and a-MnO2@CoS2-0.2; (b) The bandgap
calculation of a-MnQz, CoS2 and a-MnO2@CoS: by the Kubelka-Munk theorem. Figure S6: Proposed band structures of o-
MnO2@CoSz. Figure S7: SEM and XRD analysis of a-MnO2@Co0S2-0.2 after durability test. Figure S8: Verification of
hydrogen peroxide generation. Table S1: Experimental conditions of Ti/a-MnO2@CoS: hierarchical heterogeneous core-shell
structures. Table S2: Different catalyst applied in water purification and main result. References [57-64] are cited in the
supplementary materials.
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