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Abstract: Iron sulfide (FeS₂) is a rich mineral resource widely used as an efficient Fenton and photo-Fenton reagent due to its 

non-toxicity and low synthesis cost. However, the mechanism underlying its photo-Fenton degradation activity related to the 

two crystal phases—pyrite (P-FeS₂) and marcasite (M-FeS₂)—is still not well understood. In this study, P-FeS₂, M-FeS₂, and 

their mixed phase (P/M-FeS₂) were prepared through hydrothermal reactions. The results showed that P/M-FeS₂ exhibited the 

highest photo-Fenton degradation activity, achieving a removal rate of approximately 99% for 50 ppm of ciprofloxacin (CIP) 

within 3 minutes, outperforming other photo-Fenton catalysts in pollutant degradation. The study revealed that an internal 

electric field (IEF) is generated at the interface of M-FeS₂ and P-FeS₂ due to their differing work functions. This IEF accelerates 

the regeneration of the active sites (Fe²⁺ in S₂²⁻-P-FeS₂ and M-FeS₂) required for the Fenton reaction, thereby explaining the 

superior activity of the P/M-FeS₂ mixed phase. This study introduces the IEF theory for the first time to explain the mechanism 

of mixed-phase catalysts in the photo-Fenton reaction. The formation of IEF can enhance the regeneration of the active sites 

involved in the Fenton reaction, thereby improving both reaction activity and stability. This work highlights the significance 

of regulating crystal phases in the degradation of pollutants during heterogeneous Fenton reactions and offers insights for 

developing highly efficient Fenton catalysts. 
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1. Introduction 

Ciprofloxacin (CIP) is widely prescribed as a third-generation fluoroquinolone antibiotic for treating various 

bacterial infections [1]. Recently, concerns have arisen regarding its residual wastewater’s adverse effects on 

human health and its harmful impact on aquatic ecosystems [2–4]. Due to its large molecular size, complex 

structure, and potent antimicrobial properties, ciprofloxacin is resistant to degradation by natural microorganisms 

[5]. Conventional water treatment plants typically employ methods like adsorption, flocculation precipitation, and 

biodegradation, but these methods often struggle to effectively eliminate antibiotics [6,7]. For instance, 

conventional biological methods require more than 10 days to remove 2 ppm of ciprofloxacin from the water 

environment [8]. Addressing antibiotic residue degradation is critical for achieving sustainable development and 

environmental management goals. 

The Fenton process represents an advanced oxidation technology that generates hydroxyl radicals with a high 

oxidation potential (2.8 eV) through the reaction of Fe2+ with hydrogen peroxide [9]. These radicals effectively 

mineralize nearly all types of organic pollutants into CO2 and H2O [10]. However, Fenton systems suffer from 

inefficient Fe2+/Fe3+ cycling, leading to the yield of Fe sludge and limiting their overall degradation efficiency [11]. 

The photo-Fenton catalytic technology is developed to boost the oxidation efficiency of the Fenton reaction, 

integrating the benefits of both photochemical reactions and the Fenton reaction [12]. In photochemical reactions, 

the reduction rate of iron (III) is enhanced under light conditions because of the improved photoinduced oxidation 

of iron (III) or the ligands of the iron (III) complex with organic pollutants, or their degradation intermediates [13]. 

This further increases the production of hydroxyl radicals (•OH), thereby improving the degradation rate and 

overall pollutant removal efficiency. 

https://creativecommons.org/licenses/by/4.0/


Sci. Energy Environ. 2024, 1, 9 https://doi.org/10.53941/see.2024.100009  

2 of 17 

The heterogeneous photo-Fenton system, in particular, has gained increasing attention because it addresses 

some of the limitations of the homogeneous photo-Fenton process, such as stringent pH requirements, the 

formation of iron sludge, and challenges related to catalyst recovery. However, these catalysts still face challenges 

such as low efficiency and slow reaction rates, relative to the homogeneous photo-Fenton systems. For instance, 

according to the literature, when the heterogeneous catalyst α-Fe2O3 is employed for mineralizing 10 ppm CIP, 

the removal percentage of CIP at 180 min is only 58.8% [14]. This efficiency is significantly lower compared to 

that achieved by homogeneous catalysts. Thus, developing heterogeneous catalysts with high degradation rates 

has become a focal point in enhancing the efficiency of Fenton reactions for pollutant degradation. 

Iron-based catalysts like Fe3O4 and Fe2O3 are known for their efficacy in heterogeneous photo-Fenton 

degradation [15,16]. Among these iron salts, FeS₂ is the most abundant mineral on the Earth’s surface and offers 

superior catalytic efficiency at a significantly lower cost [17]. Recently, FeS₂ has emerged as an effective Fenton 

reagent to remove organic pollutants [18]. For example, Yang et al. demonstrated that pyrite efficiently degraded 

50 ppm p-nitrophenol in 4 min with H2O2 addition and light irradiation [19]. For another example, Xue et al. found 

that 50 ppm methylene blue is degraded in 30 min in the FeS₂ photo-Fenton system [20]. 

The investigation into the differences in catalytic activity among various crystal phases of FeS₂ is crucial for 

optimizing its application in environmental remediation. FeS₂ exists primarily in two distinct crystal forms: pyrite, 

which possesses a cubic lattice structure characterized by the space group Pa3, and marcasite, which has an 

orthorhombic structure with the space group Pnnm [21]. Recent studies highlight significant discrepancies in the 

catalytic performance of these phases. Nan et al. reported that the removal of 20 ppm RhB with marcasite as a 

Fenton reagent took 10 min reaction, while Xu et al. found that the removal of the same amount of RhB with pyrite 

in the Fenton system required 9-fold longer [22,23]. In contrast, Yi et al. reported that within the same reaction 

time, the removal rate of methyl orange using pyrite is 1.3 times that of marcasite [24]. These findings underscore 

the variability in catalytic activity among different FeS₂ crystal phases; however, the precise relationship between 

these crystalline structures and their respective catalytic efficiencies remains contentious. 

The conflicting results indicate that the mechanisms governing the degradation capabilities of FeS₂ across 

different crystal phases and lattice structures are not yet fully understood. Furthermore, while mixed-phase 

catalysts have been shown to yield superior catalytic performance compared to their pure-phase counterparts 

generally, the specific behavior of mixed-phase FeS₂ warrants further exploration [25,26]. For example, well-

established commercial TiO2 (P25) is a blend of anatase and rutile phases. The enhanced photocatalytic activity of 

anatase-rutile composites is observed compared to anatase or rutile, which is attributed to the band alignment. For 

another instance, 1T/2H-MoS2 is a blend of the triangular prism (2H) phase and the metal octahedral (1T) phase. 

The 1T/2H-MoS2 exhibits accelerated PS activation under light irradiation relative to either 2H or 1 T-phased 

MoS2. The activity enhancement is found to result from the promotion of charge generation and light absorption 

of the 2H phase, and the facilitation of PS activation at the edge sites of the 1T-MoS2 phase [27]. These 

observations suggest that mixed-phase FeS₂ could potentially surpass the performance of its pure-phase 

components. However, the activation of H₂O₂ and subsequent degradation processes using mixed-phase FeS₂ 

remain insufficiently explored, and the underlying mechanisms of these interactions are still unclear. The purpose 

of this study is to clarify the mechanisms underlying the differences in catalytic activity among various crystal 

phases of FeS₂, specifically to explain why mixed-phase FeS₂ demonstrates superior catalytic performance 

compared to its pure-phase counterparts. Additionally, this research aims to elucidate the activation processes of 

H₂O₂ and the degradation of pollutants, ultimately identifying the mechanisms that enhance the catalytic 

performance of mixed-phase FeS₂ to address existing knowledge gaps. 

In this study, pyrite-marcasite mixed-phase FeS₂ is prepared using a hydrothermal method. The Fenton 

degradation activity of this mixed-phase FeS₂ is compared with that of the pure-phase FeS₂. The mixed-phase FeS₂ 

demonstrates superior removal of the CIP pollutant in both pure water and actual wastewater. The effectiveness 

of Fenton degradation is examined by analyzing the generation of •OH radicals from H2O2. The study further 

explores how the conversion of Fe2+ to Fe3+ in marcasite and S− to S2− in pyrite can enhance the generation of •OH 

radicals from both H2O2 and H2O in the mixed-phase FeS₂. More importantly, the research clarifies the role of the 

internal electric field (IEF), generated due to the work function difference between pyrite and marcasite, in 

facilitating the rapid regeneration of Fe2+ and S− from the produced Fe3+ and S2−, thereby sustaining the •OH 

generation process. 
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2. Experimental Section 

2.1. Materials 

Ferrous sulfate heptahydrate (FeSO4·7H2O), sodium thiosulfate pentahydrate (Na2S2O3·5H2O), L cysteine, 

glycol, Ferric chloride hexahydrate (FeCl3·6H2O), thiourea (NH2CSNH2), ciprofloxacin and anhydrous ethanol 

are purchased from the Sinopharm Chemical Reagent Co., Ltd. in analytic grade and used directly without further 

purification. The water with a resistance of 18.2 MΩ (Ultrapure water) is employed for all experiments unless 

otherwise specified. 

2.2. Synthesis of FeS₂ with Different Crystal Phases 

Note that specific combinations of reagents and conditions are essential and must not be altered [28–30]. 

2.2.1. Synthesis of Pyrite-FeS₂ (P-FeS₂) 

Pyrite-FeS₂ is prepared by hydrothermal reaction. Typically, 0.081 g of FeCl₃·6H₂O and 0.114 g of 

NH₂CSNH₂ are dissolved in 30 mL of ethylene glycol at room temperature. The solution is stirred for 45 min and 

then transferred to a 50 mL Teflon-lined steel autoclave. The autoclave is kept at 240 °C for 12 h. After the reaction 

and cooling to room temperature, the product is collected and alternately washed with water and ethanol. Finally, 

the obtained material is vacuum-dried at 80 °C for 12 h. 

2.2.2. Synthesis of Marcasite-FeS₂ (M-FeS₂) 

Marcasite-FeS₂ is also prepared by hydrothermal reaction. Typically, 0.404 g of Fe(NO₃)₃·9H₂O and 0.6058 

g of L-cysteine are dissolved in 20 mL of deionized water at room temperature. The mixture is stirred for 20 min 

and then added with 20 mL of glycerol. After an additional hour of stirring, the solution is transferred to a 50 mL 

Teflon-lined steel autoclave and reacted at 185 °C for 50 h. Once the reaction is complete, the resulting product is 

cooled to room temperature naturally and washed with water and ethanol. Finally, the obtained material is collected 

and vacuum-dried at 80 °C for 12 h. 

2.2.3. Synthesis of Pyrite-Marcasite Mixed-Phase FeS₂ (P/M-FeS₂) 

In a typical synthesis, FeSO4·7H2O (0.010 mol) and Na2S2O3·5H2O (0.010 mol) are dissolved in 25 mL 

deionized water. The mixture is stirred at room temperature for 10 min and transferred to a 50 mL teflon-lined 

stainless steel autoclave. The autoclave is kept at 200 °C for 24 h. After the reaction, the autoclave is naturally 

cooled to room temperature. Finally, the obtained product is centrifugated and rinsed with distilled water, carbon 

disulfide, and ethanol several times to obtain dark gray powder. 

2.3. Evaluation of the Photo-Fenton Degradation Activity 

The photo-Fenton degradation for CIP pollutants is evaluated with various phased FeS₂ under a 300 W xenon 

lamp (λ > 300 nm, Perfect Light, Beijing, China). A 10 mg FeS₂ is added into a 50 mL solution containing 50 ppm 

CIP, followed by 5 min of ultrasonic treatment to achieve a uniform suspension. The initial pH of the solution is 

measured to be approximately 4.1. Then 6 mM H₂O₂ is added to initiate the reaction. Samples are periodically 

withdrawn from the reaction solution using a syringe and filtered through a 0.22 μm Teflon filter. To quench the 

photo-Fenton reaction, 100 μL of ethanol is added to 900 μL of the sample. The photodegradation rate of CIP is 

estimated and fitted with the Langmuir–Hinshelwood first-order kinetic model. 

Actual water samples from the lake and tap water are sourced from Jiangnan University (Wuxi, China), and 

the secondary-treated wastewater (SWW) is collected after secondary treatment (activated sludge and secondary 

clarifier) at a municipal wastewater treatment plant in Wuxi, China. Before use, all actual water samples are filtered 

through a 0.45 μm filter. Concentrations of CIP and degradation intermediates are analyzed using high-

performance liquid chromatography (HPLC, Ultimate 3000RS, JASCO, Japan) with a C18 reversed-phase column 

and a mobile phase flow rate of 1.0 mL/min (methanol: 0.1% formic acid aqueous solution = 3:7, v/v). The 

concentration of CIP is detected at a wavelength of 272 nm. 

2.4. Characterizations 

X-ray diffraction (XRD) patterns are obtained using a Bruker D8-ADVANCE X-ray diffractometer 

(Germany) with Cu Kα1 radiation (λ = 1.5406 Å), operated at 40 kV and 40 mA. Scanning electron microscope 
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(Hitachi S-4800, Japan) and transmission electron microscope (JEM 2100plus, JEOL, Japan), respectively are the 

morphology and structure of the materials. Raman measurements are performed using a Smart Raman confocal-

micro-Raman module equipped with a ×20 objective lens under backscattering geometry. This module, developed 

by the Institute of Semiconductors, Chinese Academy of Sciences, is coupled with a Horiba iHR550 spectrometer 

(HORIBA, America) featuring a 532 nm excitation laser and a charge-coupled device (CCD) detector. X-ray 

photoelectron spectroscopy (XPS) analysis is conducted using an AXIS Supra instrument (Kratos UK) with 

monochromatic Al Kα radiation (hv = 1486.6 eV, 225 W) as the X-ray source. The spectra are referenced to the C 

1s peak at 284.8 eV for calibration. Radicals are examined under dark and light conditions using an electron 

paramagnetic resonance (ESR) spectrometer (Bruker EMXplus, Germany) with Xe lamp irradiation for 5 min. 

The morphology and surface potential of FeS₂ catalysts with different exposure planes are measured using an 

atomic force microscope (AFM) equipped with a Kelvin probe (AFM, SPM-9700HT, Shimadzu, Japan). 

3. Results and Discussion 

3.1. Morphology and Structure of the Prepared FeS₂ with Three Crystal Phases 

FeS₂ is synthesized using hydrothermal methods, with adjustments made to the hydrothermal time and 

reactant compositions to achieve three distinct crystal phases. To investigate the unique properties of different 

reagents, we conducted a series of experiments. The results show that specific sources of iron and sulfur are critical 

and cannot be substituted arbitrarily (Figure S1). Figure 1a depicts the XRD patterns of FeS₂ catalysts, revealing 

these three phases. Pattern A exhibits characteristic peaks at 28.5°, 33.0°, 37.0°, 40.7°, and 56.2°, corresponding 

to the (111), (200), (210), (211), and (311) planes of pyrite (PDF#71-0053), confirming the successful synthesis 

of pure-phase pyrite FeS₂. Pattern B shows additional peaks at 25.9° and 52.1° relative to Pattern A, attributed to 

the (110) and (211) planes of marcasite (PDF#74-1051), indicating a mixture of pyrite and marcasite in the samples. 

Quantitatively, in Pattern B, pyrite (P-FeS₂) accounts for 63.9 wt%, while marcasite (M-FeS₂) constitutes 36.1 wt% 

(Supplementary Materials Table S1). Based on the dominant phase, Pattern B is denoted as P/M-FeS₂. Pattern C 

displays peaks solely at 25.9°, 31.2°, 33.1°, 33.2°, 37.3°, and 52.1°, and no peaks belonging to pyrite are observed, 

indicating the successful synthesis of pure-phase marcasite (PDF#74-1051). 

Figure 1b displays the Raman spectra of the various phased FeS₂ catalysts. Curve A exhibits Raman peaks at 

343, 380, and 432 cm−1, The mode at 343 cm−1 corresponds to the displacement of S atoms perpendicular to the 

S-S bond (Eg), while the mode at 380 cm−1 is due to the in-phase S-S stretching vibration (Ag) of pyrite FeS₂, The 

weak band at 432 cm−1 can be attributed to the stretching Tg symmetry mode. The observations confirm the 

successful synthesis of pure-phased pyrite [31,32]. Compared to curve A, curve B exhibits additional peaks at 323 

cm−1, a characteristic peak of marcasite [33]. Curve C displays peaks solely at 323 and 380 cm−1, corresponding 

to the Ag vibration modes of marcasite FeS₂. No peaks belonging to the vibrations of pyrite FeS₂  are observed, 

confirming the successful synthesis of pure marcasite [34]. The comparison of Raman peaks of the prepared three-

phased FeS₂ shows a similar change tendency of phase content to that observed in the XRD, further verifying the 

phase content in the prepared FeS₂ catalyst. In addition, we conducted an in-depth BET surface area analysis, pore 

size distribution assessment, and UV-Vis DRS characterization of the three prepared catalysts (Figure S2). 

SEM is measured for the P/M-FeS₂ to understand the structure of the mixed-phase sample better. The SEM 

image (Figure 1c) reveals that the P/M-FeS₂ catalyst comprises small nanoparticles (size 10–50 nm) loaded onto 

large nanosheets ranging in size from 100 nm to 500 nm. The results indicate that FeS₂ composites are 

nanostructured. According to literature reports, marcasite tends to form nanosheets, while pyrite readily forms 

nanoparticles due to its inherent lattice structure [35]. Therefore, in our case, the nanoparticles may be the pyrite 

phase, while the nanosheets may be the marcasite phase. 

The high-resolution TEM images in Figure 1d provide additional evidence for confirming the phases. The 

images reveal for the nanosheets, the lattice fringe spacings of 0.326 nm are measured, corresponding to the (110) 

planes of marcasite, confirming the observed nanosheets are the marcasite phase, while for the nanoparticles, the 

lattice spacings of 0.310 nm are found, belonging to the (111) planes of pyrite, suggesting the nanoparticles are 

the pyrite phase. Figure 1d also reveals that in the P/M-FeS₂ sample, the pyrite nanoparticles expose their crystal 

surfaces of (111), and the marcasite nanosheets expose their crystal surfaces of (110). 

The TEM observations of the prepared pure-phase FeS₂ further confirm the observed phase distribution in 

Figure 1c. Figure S3a shows the prepared pure-phase marcasite is the nanosheet structure, which ranges from about 

100 to 500 nm. The inset HRTEM image reveals that the exposed surface of the marcasite nanosheet is the (110) 

plane. Figure S3b shows that the prepared pure-phase pyrite tends to form nanoparticles ranging in size from 

approximately 10 to 50 nm. Additionally, in the pure-phase pyrite, the exposed surface is determined to be the 

(111) planes, which is consistent with the surface exposed on the pyrite-phased nanoparticles in the P/M-FeS₂. 
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Figure 1. (a) XRD and (b) Raman of the prepared P-FeS₂, M-FeS₂ and P/M-FeS₂. (c) SEM and (d) HRTEM images 

of the prepared P/M-FeS₂ catalyst. 

3.2. Photo-Fenton Degradation of CIP on Various Phased FeS₂ 

The photo-Fenton activity of various phased FeS₂ for organic pollutant degradation is investigated, with CIP 

chosen as the typical target contaminant. Figure 2a displays the photo-Fenton degradation of 50 ppm CIP with the 

three prepared FeS₂ catalysts with different phases. The results show that CIP exhibits 30% degradation after 10 

min reaction in the presence of pure-phase P-FeS₂, indicating that P-FeS₂ exhibits weak capability for H₂O₂ 

activation. With pure-phase M-FeS₂, CIP requires ca. 10 min to achieve 90% of degradation. Using P/M-FeS₂, 90% 

of CIP is degraded within ca. 1.5 min. The degradation rate constant of P/M-FeS₂ (1.67 min−1) is about 42 times 

higher than that of P-FeS₂ (0.04 min−1) and 5.4 times higher than that of M-FeS₂ (0.31 min−1) as shown in Figure 

S4a,b. Among reported photo-Fenton catalysts for CIP degradation, P/M-FeS₂ demonstrates the highest 

degradation activity, as listed in Table S2. This underscores the potential of using photo-Fenton P/M-FeS₂ for 

effective CIP degradation. 

Next, the TOC removal efficiency of three prepared catalysts for CIP is compared (Figure S4c). It is observed 

that the P/M-FeS₂ catalyst exhibits the highest TOC removal efficiency. After 4 h reaction, the TOC removal rate 

for CIP in the P/M-FeS₂ system (73.2%) is 2.4 times higher than in the M-FeS₂ system (45.0%), and 136 times 

higher than in the P-FeS₂ system (4.0%) (Figure S4d). This demonstrates that the P/M-FeS₂ system also exhibits 

superior TOC removal capability, highlighting its strong mineralization capability. 

In addition, we compare the photo-Fenton degradation activity in the P/M-FeS₂ system with that in the M/P-

FeS₂ system where the majority phase is marcasite. The structure of the prepared M/P-FeS₂ catalyst is confirmed 

with Raman and XRD (Figure S5). The analysis reveals that the M/P-FeS₂ catalyst contains 32.3 wt% of pyrite 

and 67.7 wt% of marcasite (Supplementary Materials Table S1), indicating the majority phase in M/P-FeS₂ is 

marcasite. Subsequently, we conduct a CIP degradation test on M/P-FeS₂. The results show that the M/P-FeS₂ 

catalyst achieves a CIP degradation rate of 90% within 4 min, with a corresponding rate constant of 0.92 min⁻¹. 

After a 4 h reaction, the TOC removal rate of the M/P-FeS₂ system reaches 61.2% (Figure S4). On the contrary, 

in the P/M-FeS₂ system, the degradation rate constant of CIP (1.67 min−1) and the removal rate of TOC (73.2%) 

are 1.8 times and 1.2 times of those in the M/P-FeS₂ system, respectively. These results indicate that with pyrite 

as a majority phase in the mixed-phase FeS₂, CIP is removed the most efficiently. According to the band gap and 

Mott-Schottky (Figure S6) measurements, The results show that ECB of P/M-FeS2, P-FeS2and M-FeS2 are -0.34, -
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0.40 and -0.31 V (vs. NHE), respectively; the EVB are 2.68, 1.41 and 3.29 V (vs. NHE), respectively.The BET 

specific surface areas (Supplemental materials, Table S3), transient photocurrent, and EIS spectra (Figure S7) of 

the three catalysts are determined. The results showed that neither the specific surface area nor the separation and 

recombination of electrons and holes showed a significant correlation with the degradation rate. Therefore, we 

speculate that the degradation activity may be influenced by other factors. Therefore, we speculate that the 

degradation activity may be influenced by other factors. 

In addition, we compared the photoFenton degradation activity in commercial FeS2 systems, and purchased 

natural FeS2 structures are confirmed by XRD and SEM (Figure S8). Subsequently, we tested the CIP degradation 

of natural FeS2. The results show that the activity of a natural FeS2 catalyst is much lower than that of FeS2 

synthesized by the hydrothermal method. 

To optimize the photo-Fenton reaction conditions in the P/M-FeS₂ system, we investigate the effects of the 

initial pH, the H₂O₂ concentration, and the catalyst dosage on the CIP degradation. The results reveal that P/M-

FeS₂ retains high degradation efficiency across a wide pH range from acidic to weak basic conditions (3.2–8.2) 

(Figure S9). At a pH of 4.3, P/M-FeS₂ exhibits the highest photo-Fenton degradation activity for CIP. For the 

optimal H₂O₂ concentration, increasing the H₂O₂ concentration from 1 mM to 6 mM slightly improves the 

degradation rate from 60% to 99%. Still, a further increase (6–10 mM) leads to a slight decrease in the degradation 

rate from 99% to 20%. As reported in the literature, this is presumably because an excess of H₂O₂ addition may 

quench the generated •OH radicals in the P/M-FeS₂ system [36]. The optimal H₂O₂ concentration is 6 mM. Under 

the optimal pH and H2O2 concentration, FeS₂ dosage is then optimized to be 0.2 g/L. After optimizing the photo-

Fenton reaction conditions, 6 mM H2O2, 0.2 g/L FeS₂, and 50 ppm CIP are chosen for the subsequent activity 

evaluation. 

Figure 2b shows that in the P/M-FeS₂ photo-Fenton system, the degradation rate of CIP exceeds 95% within 

2 min. In contrast, using only H₂O₂ results in a CIP removal rate of only 14% after 10 min reaction. Similarly, 

using only P/M-FeS₂ for degradation yields a CIP removal rate of 10% after 10 min reaction. When FeS₂ and H2O2 

are both used but without light irradiation, the CIP removal percentage reaches 95% for 5 min reaction. CIP 

removal is challenging when using FeS₂ or H₂O₂ alone under light irradiation or using FeS₂  and H2O2 in the dark. 

The findings suggest that the effective removal of pollutants relies primarily on photo-Fenton activation of H2O2 

by P/M-FeS₂. 

Figures 2c and S10 show the selectivity of photo-Fenton degradation for various antibiotics using P/M-FeS₂. 

According to the literature, antibiotics are primarily classified based on their hydrophilic or hydrophobic properties 

and also divided by their charge (positive or negative) [37–40]. In our case, CIP and TC represent typical 

hydrophobic antibiotics, while OFX is chosen as a typical positively charged hydrophilic antibiotic, and SDZ is 

chosen as a typical negatively charged hydrophilic antibiotic. The results indicate that P/M-FeS₂ achieves a 

degradation percentage of 95% or higher for all tested antibiotics within 3 min, showcasing exceptional photo-

Fenton degradation activity without selectivity. 

After assessing the photo-Fenton degradation activity, we evaluate the stability of P/M-FeS₂. The stability of 

the P/M-FeS₂ system is assessed by continuously degrading pollutants without changing the P/M-FeS₂ catalyst. 

First, the reaction ceases when the CIP is degraded. Next, the solution is exposed to light for an additional 10 min 

to decompose any residual H₂O₂. The reaction solution is then removed by evaporation in a 50 °C water bath to 

ensure no loss of the P/M-FeS₂ amount. Finally, for the next degradation cycle, the CIP solution and H₂O₂ are re-

added into the reactor to keep the initial concentrations the same as the previous cycle. Over 20 cycles, the P/M-

FeS₂’s activity is well maintained, and the CIP removal percentage remains at 95% within 2 min (Figure 2d). 

Analyses conducted before and after the degradation using Raman, XRD, SEM, and FTIR revealed that the 

morphology and structure of the catalyst remain unchanged after 20 cycles, indicating the morphology and 

structure are stable (Figure S11). In contrast, the stability of the P-FeS₂ and M-FeS₂ systems is evaluated, which 

shows quick decays just after 3 and 4 cycles, respectively (Figures S12 and S13). The high stability in P/M-FeS₂ 

may result from its mixed-phase structure, which will be discussed below. 
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Figure 2. (a) Photo-Fenton Degradation of CIP with P-FeS₂, M-FeS₂, and P/M-FeS₂. (b) Degradation of CIP with 

H2O2 alone under light irradiation, P/M-FeS₂ alone under light irradiation, the P/M-FeS₂ Fenton system, and the 

P/M-FeS₂ photo-Fenton system. (c) Degradation of various antibiotics in the P/M-FeS₂ photo-Fenton system. (d) 

CIP degradation with P/M-FeS₂ for 20 cycles. Reaction conditions: 0.2 g L−1 FeS₂, 6 mM H2O2, 50 ppm CIP. 

Actual wastewater typically contains high levels of inorganic ions and natural organic matter (NOMs), which 

can interfere with both pollutant degradation and the functioning of photo-Fenton systems [41,42]. Encouraged by 

the excellent photo-Fenton degradation activity with mixed-phase FeS₂, we evaluate the degradation in actual 

wastewater with common anions, cations, and NOMs. 

Inorganic anions are known to quench free radicals, thereby influencing the concentration of oxidizing free 

radicals within a system [43]. Several inorganic anions commonly found in wastewater or natural water, such as 

chloride (Cl⁻), bicarbonate (HCO3
−), nitrate (NO₃⁻), and sulfate (SO₄²⁻), are chosen to assess their impact on the 

efficiency of CIP degradation in the P/M-FeS₂ photo-Fenton system. Sodium salts of these anions are added to the 

solution at a concentration of 5 mM to act as interfering agents. The anion concentration (5 mM) is selected based 

on the natural occurrence and available literature [44]. Figures 3a and S14 show the CIP degradation activity of 

P/M-FeS₂ in the presence of different anions. Within a 3 min reaction, the degradation rates of pollutants were 

95%, 99%, and 99%, respectively, after adding Cl−, NO3
−, and SO4

2−, similar to that without the presence of these 

anions (95% within 3 min reaction). These results indicate that adding these ions does not affect the CIP 

degradation activity in the P/M-FeS₂ photo-Fenton system significantly. However, the addition of bicarbonate 

inhibits pollutant degradation, resulting in only a 70% degradation percentage for 3 min reaction. HCO3
− tends to 

react with •OH to form carbonate radicals (CO3•−) with a lower reduction potential (ca. 1.8 V) than that of hydroxyl 

radicals (2.8 V) [43]. This may reduce the pollutant degradation efficiency in the P/M-FeS₂ photo-Fenton system. 

Figures 3b and S15 show the influence of different cations on the CIP degradation activity in the P/M-FeS₂ 

photo-Fenton system. According to the literature, the concentration of cations added in the experiment is set as 5 

mM, which may be employed to assess the impact of cations-interfering substances on CIP degradation. Thus, 

chloride salts of Na+, Mg2+, Ca2+, K+, and NH4
+ are used with a concentration of 5 mM. Within a 3 min photo-

Fenton reaction, the degradation of CIP reaches 95%, 94%, 96%, 91%, and 99%, respectively, after adding Na+, 

Mg2+, Ca2+, K+, and NH4
+. In our case, cations known to disrupt the photo-Fenton reaction are found to have 

minimal impact on the CIP degradation, highlighting the robustness of our system [45].  

Humic acid (HA) is used as a representative NOM compound to assess the impact of natural organic matter 

(NOMs) on CIP degradation in the P/M-FeS₂ photo-Fenton system. The HA concentrations are typically ranging 
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from 5–10 ppm [46]. Figures 3c and S16 illustrate the influence of different concentrations of humic acid on CIP 

degradation in the P/M-FeS₂ photo-Fenton system. In the presence of 5 ppm HA, the degradation rate of CIP shows 

minimal change. While in the presence of 10 ppm HA, the CIP degradation is accelerated. This may be attributed 

to the phenol groups in HA acting as electron shuttles, thereby enhancing the electron transfer rate between H2O2 

and the P/M-FeS₂, leading to increased •OH production [47]. The experiments demonstrate that the presence of 

humic acid exhibits negligible inhibitory effects on CIP degradation. 

Figures 3d and S17 show the CIP degradation in the P/M-FeS₂ photo-Fenton system for different actual water 

sources. The degradation is evaluated in the secondary effluent from a wastewater treatment plant, tap water, and 

lake water. The results show that, under illuminated conditions, the degradation efficiency of CIP within 3 min is 

99%, 91%, and 70%, respectively. The degradation performance of P/M-FeS₂ in secondary effluents from 

wastewater treatment plants is decreased, which may be due to the complexity of water quality in secondary 

wastewater. Different from ultra-pure water, there are small-sized colloidal nanoparticles in the treated secondary 

effluent, which can reduce the effective contact and reaction of Fenton’s reagents (i.e., H2O2 and Fe2+) through 

surface adsorption and other ways, thus reducing the efficiency of Fenton’s reaction [48]. This may hinder CIP 

degradation in the photo-Fenton reaction. All the above results demonstrate that the degradation of CIP in the P/M-

FeS₂ photo-Fenton system remains high in actual water bodies, despite the presence of inorganic ions and NOMs 

that could potentially interfere with the reaction. 

 

Figure 3. The CIP degradation in the presence of different anions (a), cations (b), and HA (c) in the P/M-FeS₂ 

photo-Fenton system. (d) The CIP degradation with different water sources in the P/M-FeS₂ photo-Fenton system. 

Reaction conditions: 0.2 g L−1 P/M-FeS₂, 6 mM H2O2, 50 ppm CIP. Control: Photo-Fenton degradation with P/M-

FeS₂ in high-purity water. 

The reactive oxygen species (ROS) are measured to further understand the excellent performance in the P/M-

FeS₂ photo-Fenton system. To identify the main ROS responsible for CIP degradation, benzoquinone (BQ), L-

histidine (L-His), and isopropyl alcohol (IPA) are used as scavengers for capturing superoxide radicals (•O2⁻), 

singlet oxygen (¹O₂), and hydroxyl radicals (•OH), respectively. As shown in Figure 4a, the addition of 1 mM of 

each scavenger exhibits different effects on CIP degradation. With the addition of BQ and L-His, negligible 

degradation rate decreases are observed, while with IPA addition, the degradation rate is significantly decreased. 

The results suggest that •O2⁻ and ¹O₂ have a negligible impact on degradation, while •OH is the primary ROS 

involved in the CIP degradation. 

Figure 4b illustrates the contribution of each ROS to the CIP degradation in the P/M-FeS₂ photo-Fenton 

system. The contribution of active species is calculated using the method detailed in the Supplementary Materials 

Experimental section. The results reveal that the contribution of •OH, •O2⁻, and ¹O₂ to CIP degradation in the P/M-

FeS₂ photo-Fenton system are 80.8%, 7.3%, and 11.9%, respectively. The order of contribution to the degradation 

rate is •OH > ¹O2 > •O2⁻, indicating that •OH plays the predominant role in degradation. The above results highlight 
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the critical role of •OH as the primary active species in the P/M-FeS2 and H2O2 system, suggesting the observed 

superior activity originates from the H₂O₂ activation to generate •OH, similar to other reported Fe-based photo-

Fenton system [49].  

Figure 4c shows the EPR measurements of three prepared FeS₂ with different crystal phases using 5,5-

dimethyl-1-pyrrolin-n-oxide (DMPO) as a trapping reagent. Under dark conditions and without H₂O₂ addition, 

there are negligible signals detected. After 3 min of illumination and with H₂O₂ addition, a set of equally spaced 

peaks emerged for all three prepared FeS₂. Such EPR signals are also detected in M/P-FeS₂ (Figure S18). The 

observed EPR peaks all exhibit an intensity ratio close to 1:2:2:1, which reveals that •OH is generated in the 

reaction system [50]. Note that the change tendency of the intensity of the •OH radicals correlates with the 

degradation activity change in different crystal phased FeS₂, confirming the •OH radicals are the main ROS for 

CIP degradation. In particular, P/M-FeS₂ produces the highest signal intensity for •OH radicals and exhibits the 

best degradation activity. These results indicate that compared to the pure-phased FeS₂, mixed-phase P/M-FeS₂ 

exhibits the most effective activation of H₂O₂. 

Next, we examine whether the CIP is degraded by the photo-Fenton reaction or the photocatalytic reaction 

of mixed-phase P/M-FeS₂. According to the literature, during the photocatalytic degradation of pollutants, the 

degradation activity under oxygen conditions is generally significantly higher than that under air conditions [51]. 

This is because photogenerated electrons tend to reduce oxygen to form •O2⁻, leaving h⁺ to react with H2O to 

produce •OH. As a result, higher O2 concentration will accelerate the •OH generation. In contrast, in the photo-

Fenton reaction, •OH mainly comes from the activation of H2O2 by the Fenton reagents and thus higher O2 

concentration will not accelerate the •OH generation [52]. In our case, we conduct CIP degradation under different 

atmospheres (O₂, Ar, Air). The results show that the CIP degradation in both O₂ and Ar reaches ca. 99% after 3 

min, comparable to that in air, suggesting the CIP degradation is primarily due to photo-Fenton reaction rather 

than photocatalytic reaction. Additionally, we attempted to add KI known as an h⁺ capture reagent, into the reaction 

system (Figure S19). In that case, no significant decrease in the CIP degradation is observed, indicating the 

photogenerated h⁺ is not the main ROS for CIP degradation. This again confirms the observed degradation is not 

mainly due to the photocatalytic reaction. 

 

Figure 4. (a) Degradation curves of CIP in the presence of different ROS scavengers. (b) Contribution of Reactive 

Oxygen Species (ROS) to the photo-Fenton degradation of CIP. (c) EPR measurement for different crystal phased 

FeS₂ using 5,5-Dimethyl-1-pyrroline-N-oxide as an •OH-trapping reagent. (d) CIP degradation under different 
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atmospheres in the P/M-FeS₂ photo-Fenton system. Reaction conditions: 0.2 g L−1 catalyst, 6 mM H2O2, 50 ppm 

CIP. 

3.3. Enhancement Mechanism with P/M-FeS₂ 

To clarify the factors contributing to the excellent activity of P/M-FeS₂, we investigate the surface structure 

of FeS₂ before and after CIP degradation. The valence states of Fe and S elements in P-FeS₂, M-FeS₂, and P/M-

FeS₂ before and after the reaction are analyzed using XPS, as shown in Figure 5. In all the high-resolution Fe 2p 

spectra, Fe 2p orbitals exhibit the main peak and the corresponding satellite one as reported [53]. The main peaks 

are fitted with two sets of individual peaks located at 708.5 eV and 721.0 eV, and 707.2 eV and 719.8 eV, 

respectively. The peak at 708.5 eV and 721.0 eV, respectively, corresponds to the binding energy of Fe 2p3/2 and 

Fe 2p1/2 of Fe(III) as reported in Fe(III) hydroxide [54]. The peaks at 707.2 eV and 719.8 eV are attributed to Fe 

2p3/2 and Fe 2p1/2 of Fe(II), respectively [55,56]. In all the high-resolution S 2p spectra, peaks at 162.7 eV, 163.8 

eV, 164.8, and 168.8 eV are observed, corresponding to S2
2− (S 2p3/2) and S2

2− (S 2p1/2), S(0), and SO4
2−, 

respectively [57–59]. 

The detailed changes of FeS₂ with different crystal phases before and after the degradation are then analyzed. 

Figure 5a shows that the Fe2+ content in Fe species in M-FeS₂ decreases from 52.3% to 38.8%, while the Fe3+ 

content increases from 47.7% to 61.8%. At the same time, the S2
2− content in S species remains relatively stable 

(Figure 5b). This indicates that in M-FeS₂, Fe2+ is transferred to Fe3+ in the photo-Fenton reaction process, which 

promotes the formation of •OH and the degradation of CIP. 

Figure 5c shows in P-FeS₂, before and after the degradation, Fe2+ and Fe3+ contents are barely changed. 

Meanwhile, Figure 5d illustrates that the S2
2− content in S species in P-FeS₂ decreases from 62.7% to 57.7%. This 

indicates that S2
2− participated in the Fenton reaction. Note that no change in the S-peak is observed in M-FeS2, 

suggesting that the reaction pathways of the two phases of FeS2 are different. Additionally, P-FeS₂ shows a new 

S-peak at 161.35 eV after the reaction, indicating the presence of iron sulfide (FeS) [60]. The change in the XPS 

S peaks rather than Fe peaks suggests that in P-FeS₂, the S2
2− species induce the Fenton reaction rather than Fe2+. 

In Figure S20, P-FeS₂ is reacted in water with Ar bubbling. By excluding H2O2 and O2, a certain amount of •OH 

is still detected, demonstrating that in P-FeS₂, S2
2− can oxidize H2O to produce •OH, similar to what Li et al. 

reported [61]. 

XPS analysis shows that different crystal phases lead to different •OH generation pathways. In the pyrite 

phase, S2
2− oxidizes H2O to produce S2− and •OH radicals, while in the marcasite phase, Fe2+ reduces H2O2 to 

produce Fe3+ and •OH radicals. The reaction difference is likely related to the exposed surface in each phase 

containing different Fe and S ratios (i.e., Fe: S = 1: 10.5 in pristine M-FeS₂ and 1: 27.6 in pristine P-FeS₂, 

Supplementary Materials Table S4) as discussed below. Analysis of XPS results indicated differing initial 

compositions: P-FeS2 predominantly exposed S2
2−, whereas M-FeS2 predominantly exposed Fe2+, and reacted with 

H2O and H2O2, respectively. 

Figure 5e shows that in the mixed-phase P/M-FeS₂, the Fe2+ and Fe3+ contents change from 81.3% to 81.0% 

and from 18.73% to 19.0% respectively, before and after degradation, barely compared to those in M-FeS₂, while 

in Figure 5f, the S2
2− content remains unchanged. The slight change of Fe and S indicates that the valence state of 

the element in P/M-FeS2 is stable during the Fenton reaction, probably due to the interactions between the two 

phases. The synergistic combination of these two crystal phases maximizes the respective advantages of each pure-

phase catalyst. 
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Figure 5. XPS spectra for Fe 2p and S 2p peaks in the prepared FeS₂ with different crystal phases before and after 

the degradation. (a,b) M-FeS₂, (c,d) P-FeS₂, and (e,f) P/M-FeS₂. 

According to XPS analysis, P-FeS₂ exhibits higher exposure of S species relative to M-FeS₂, while M-FeS₂ 

exhibits higher exposure of Fe species relative to P-FeS₂. The different exposure will cause the marcasite and 

pyrite phases to react with H₂O₂ and H₂O, respectively, during the degradation process. To better understand the 

reasons, we create the structure models for the (111) surface exposed on P-FeS₂ and (110) surface exposed on M-

FeS₂ according to the HRTEM observations (Figure 2d). The surface is optimized by the DFT method detailed in 

the Supplementary Materials Experimental section. The optimized (111) surface on P-FeS₂ and (110) surface on 

M-FeS₂ are shown in Figure 6a. Figure 6a and Table S5 show the Fe and S ratios are 1:3 and 1:2 for P-FeS₂ and 

M-FeS₂, respectively, the tendency of which is consistent with the XPS analysis. This confirms that it’s the surface 

structure difference leads to the change of pathway of •OH generation in each phase. 

The adsorption energy of H₂O and H₂O₂ on the two surfaces are calculated by optimizing the surface 

structures (Figure 6b,c), respectively. Figure 6d displays the calculated adsorption energies of H₂O and H₂O₂, 

respectively, on the (111) surface of P-FeS₂ and (110) surface of M-FeS₂. For P-FeS₂, the adsorption energy of 

H₂O is −3.08 eV, while that of H₂O₂ is −2.02 eV, indicating stronger adsorption of H₂O on P-FeS₂ compared to 

H₂O₂. This is probably because the small H2O molecules tend to form more hydrogen bonds with the exposed S 

surface relative to that in the large H2O2 molecules. (Figure S21) In contrast, on the (110) surface in M-FeS₂, the 

adsorption energy of H₂O is −2.14 eV, while that of H₂O₂ is −2.69 eV, indicating H₂O₂ shows a stronger adsorption 

than H₂O. This may be due to Fe exposure on the (110) surface of M-FeS₂. Therefore, the different S and Fe 

exposure on the (111) surface in P-FeS₂ and (110) surface in M-FeS₂, respectively, will lead to the different 

preference adsorption of H₂O and H₂O₂ on the given surface. This may cause the H₂O₂ reduction in the marcasite 

phase and H₂O oxidation in the pyrite phase, confirming the XPS observations. 

The contact angles of H₂O and H₂O₂ on P-FeS₂ and M-FeS₂ are measured to confirm the interaction difference 

between each phase. Figure 6e shows that the contact angle of H₂O₂ on P-FeS₂ is 54.2°, while the contact angle of 

H₂O is 21.6°. Figure 6f shows on M-FeS₂, the contact angle of H₂O₂ is 29.3°, while that of H₂O is 42.0°. These 

results indicate that H₂O₂ has a lower affinity on P-FeS₂ than H₂O, while the affinity for H₂O₂ and H₂O on M-FeS₂ 

is inverted. These findings experimentally confirm the interactions of H2O and H2O2 on each FeS₂ phase are 

different and explain that P-FeS₂ reacts preferentially with H₂O to form •OH, while M-FeS₂ tends to react with 

H₂O₂ to form •OH. 
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Figure 6. Crystal structure of (a) bare surface, (b) the H2O adsorbed surface, and (c) the H2O2 adsorbed surface of 

the P-FeS₂ exposing (111) planes and M-FeS₂ exposing the (110) planes, respectively. (d) Calculated adsorption 

energies for H2O and H2O2 on the (111) surface of P-FeS₂ and the (110) surface of M-FeS₂, respectively. Contact 

angle measurements of H2O and H2O2 on P-FeS₂ (e) and M-FeS₂ (f), respectively. 

Figure 7 shows the calculated and measured work functions (Φ) of (111) surfaces of P-FeS₂ and (110) 

surfaces of M-FeS₂. The work functions obtained from the DFT calculations are based on the optimized surfaces 

(Figure 6a). The calculated work functions of (111) surfaces in P-FeS₂ and (110) surfaces in M-FeS₂ surfaces are 

4.394 eV and 3.18 eV, respectively. The Fermi energy level can be calculated based on the work function and 

vacuum energy (i.e., EF = Evac – Φ). Since the vacuum energy is 0 eV for both P-FeS₂ and M-FeS₂, the higher work 

function of P-FeS₂ than that of M-FeS₂, indicating that the Fermi energy level for P-FeS₂ is lower than that for M-

FeS₂. The results indicate that when forming the mixed-phase P/M-FeS₂ between the (111) surfaces of P-FeS₂ and 

(110) surfaces of M-FeS₂ surfaces, the electrons tend to transfer from M-FeS₂ to P-FeS₂ due to the difference in 

the Fermi energy level. The electron transfer may cause the formation of an IEF between the two phases, as 

reported in the literature [62].  

To further confirm the difference in the work functions between P-FeS₂ and M-FeS₂, KPFM measurements 

are employed, which quantify the work function of a sample by measuring the contact potential difference (CPD) 

on the sample surface. Since CPD can be calculated as CPD= Φtip − Φsample, the work function of the sample (Φsample) 

can be obtained (Φsample = Φtip − CPDsample). To calculate the work function of the sample, the work function (Φtip) 

of the conducting probe must first be determined. This process is accomplished by calibrating the probe with newly 

cut highly oriented pyrolytic graphite (ΦHOPG). Given that the work function of ΦHOPG is 4.65 eV, the Φtip can be 

calculated by measuring the contact potential difference (CPDHOPG) on the HOPG surface (CPDHOPG = Φtip − ΦHOPG) 

[63]. The CPDHOPG is measured as −0.20 V and −0.45 V during the measurement of P-FeS₂ and M-FeS₂, 

respectively. Figure 7c,d show that the measured work functions of P-FeS₂ and M-FeS₂ obtained by KPFM are 

4.42 eV and 4.00 eV, respectively. The relationship between works functions for each crystal phase is consistent 

with the DFT calculation results, confirming the electron transfer direction is from M-FeS₂ to P-FeS₂. 
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Figure 7. The work function obtained by the DFT calculations (a,b) and the KPFM measurements (c,d) of the (111) 

surface of P-FeS₂ and the (110) surface of M-FeS₂, respectively. 

Figure 8 summarizes the influence of work function difference between P-FeS₂ and M-FeS₂ on the 

degradation activity enhancement of the mixed-phase P/M-FeS₂. Before contact, P-FeS₂ and M-FeS₂ show 

different Fermi energy levels. M-FeS₂ exhibits a higher Fermi energy level relative to P-FeS₂ due to the work 

function difference, which may drive the electrons to transfer from M-FeS₂ and P-FeS₂ when forming the interfaces 

between the two phases. After forming mixed-phase P/M-FeS₂, M-FeS₂ contacts P-FeS₂, and electrons will 

spontaneously transfer from M-FeS₂ to P-FeS₂ until the Fermi levels of both semiconductors equilibrate. Such an 

electron transfer may cause the formation of IEF between the two phases (Figure S22), and the direction of IEF is 

from M-FeS₂ to P-FeS₂. 

During the CIP degradation reaction, H₂O reacts preferentially with P-FeS₂ to form S²⁻ and •OH, while H₂O₂ 

tends to react with M-FeS₂ to generate •OH and Fe3+ due to the difference in surface structure and calculated 

adsorption energy (Figures 6 and 7). The IEF between the interface between M-FeS₂ to P-FeS₂ will drive the excess 

electrons on S²⁻ of P-FeS₂ to transfer to Fe3+ of M-FeS₂, causing the regeneration of S2
2− and Fe2+ in each phase as 

demonstrated by the XPS (Figure 5). The •OH generation from both H2O2 and H2O and the rapid regeneration of 

active sites for the Fenton reaction may result in the high activity and stability of mixed-phase P/M-FeS₂. 

 

Figure 8. (a) The work function of P-FeS₂ and M-FeS₂ before contact. (b) The IEF formed at the interface of P/M-

FeS₂ after contact. (c) The reaction mechanism on P/M-FeS₂ affected by the IEF. 
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4. Conclusions 

In conclusion, FeS₂ with pyrite, marcasite, and pyrite-marcasite mixed phases are successfully synthesized 

through hydrothermal reactions. Among these, the mixed-phase P/M-FeS₂ exhibits significantly higher Fenton 

degradation activity for CIP pollutants compared to pure P-FeS₂ and M-FeS₂. This enhanced performance is 

attributed to the efficient generation of •OH radicals on the P/M-FeS₂ surface. The results demonstrate that in P/M-

FeS₂, •OH radicals are generated from both H₂O₂ and H₂O on the M-FeS₂ and P-FeS₂ components, respectively, 

owing to differences in surface structure and adsorption energy. Moreover, the data illustrate that in P/M-FeS₂, the 

internal electric field formed between M-FeS₂ and P-FeS₂ due to their distinct work functions facilitates rapid 

regeneration of active sites S2
2− in P-FeS₂ and Fe2+ in M-FeS₂), thereby sustaining the Fenton reaction. The 

combination of multiple pathways for •OH generation and the rapid regeneration of active sites likely accounts for 

the high activity and stability of the mixed-phase P/M-FeS₂. The development of mixed-phase FeS2 as a high-

activity Fenton reagent and the elucidation of its interfacial electric field-related mechanism for enhancing activity 

could offer valuable insights for the future design of Fenton catalysts aimed at the efficient degradation of antibiotic 

pollutants. 

Supplementary Materials: Extra TEM, SEM, XRD, Raman, and KPFM experimental data of different crystal-phased FeS2, 
as well as additional Fenton reaction activity, and the DFT calculation models. 
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