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A B S T R A C T

The simultaneous removal of persistent antibiotics and the in-situ generation of H2O2 are promising routes for 
integrated energy–environmental remediation. Herein, noble-metal-free Z-scheme MoSi2N4–Bi2O2CO3 
(MSN–BOC) nanocomposites were fabricated via a hydrothermal synthesis followed by ultrasonic self-assembly. 
Response-surface optimization of MoSi2N4 loading, hydrothermal temperature, and ultrasonic power identified 
MSN0.4–BOC as the optimal photocatalyst, achieving a H2O2 production rate of 610 μmol.g− 1.h− 1 and > 97% 
doxycycline (DOX) removal with 57% TOC mineralization under visible light. Comprehensive characterization 
(XRD, FTIR, Raman, N2 sorption, SEM/TEM, XPS, UV–Vis DRS, PL/TRPL, photocurrent, and EIS) revealed 
intimate interfacial contact, enlarged surface area, broadened visible-light absorption, prolonged carrier life
times, and minimized charge-transfer resistance in the composite. Mott–Schottky and valence-band XPS analyses, 
together with radical scavenging and ESR measurements, confirmed a direct Z-scheme charge-transfer pathway 
in which photogenerated electrons in MoSi2N4 drive the two-electron oxygen reduction to H2O2, while holes in 
Bi2O2CO3 oxidize DOX via •O2− and •OH as the main reactive species. LC–MS identified the main degradation 
intermediates and plausible pathways, and ecotoxicity assays demonstrated a substantial decrease in acute and 
developmental toxicity of the transformation products compared with parent DOX. Cycling tests and post- 
reaction XRD verified the structural stability and reusability of MSN0.4–BOC. This work establishes 
MoSi2N4–Bi2O2CO3 Z-scheme heterojunctions as efficient and durable platforms for coupled H2O2 production 
and antibiotic wastewater detoxification under solar-light irradiation.

1. Introduction

The ever-increasing demand for clean water and sustainable energy 
has placed immense pressure on both environmental systems and 

technological innovation [1–3]. Over the past decade, the uncontrolled 
discharge of pharmaceutical wastes—especially antibiotics such as 
doxycycline have emerged as a new class of persistent organic pollutants 
in aquatic ecosystems [4–6]. These compounds are chemically stable, 
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bioactive, and poorly biodegradable, allowing them to accumulate and 
threaten aquatic life while accelerating the evolution of antibiotic- 
resistant bacteria [7–9]. Addressing such complex contamination re
quires environmentally benign and highly efficient treatment strategies 
[10–12]. At the same time, the green synthesis of hydrogen peroxide 
(H2O2) has attracted widespread attention as a sustainable alternative to 
conventional chemical oxidants [13]. H2O2 is a clean, powerful, and 
selective oxidizing agent that decomposes into harmless water and ox
ygen, making it ideal for use in environmental remediation, chemical 
synthesis, and energy-related processes [14,15]. However, the tradi
tional anthraquinone process used for industrial H2O2 production is 
energy-intensive and environmentally unfriendly [16]. Therefore, the 
development of a photocatalytic route that enables simultaneous H2O2 
production and degradation of pharmaceutical contaminants under 
visible-light offers a promising, eco-friendly, and cost-effective solution 
for integrated energy–environmental applications [17,18].

Among the various methods developed for H2O2 synthesis, such as 
electrochemical reduction of oxygen and traditional anthraquinone 
oxidation, photocatalytic production has recently gained significant 
attention for its environmental compatibility and direct utilization of 
solar energy [19]. In a typical photocatalytic process, semiconductor 
materials absorb photons with sufficient energy to excite electrons from 
the valence band (VB) to the conduction band (CB), generating photo
induced electrons and holes [20,21]. The photogenerated electrons 
reduce dissolved O2 through a two-electron oxygen reduction reaction 
(ORR) to produce H2O2, while the holes can oxidize sacrificial donors or 
organic pollutants [22]. The overall efficiency of this process largely 
depends on the semiconductor's light absorption capability, charge 
carrier mobility, and the separation dynamics of electron–hole pairs. 
However, the practical application of single-component photocatalysts 
is often limited by rapid charge-carrier recombination and insufficient 
redox potentials [23,24]. To overcome these drawbacks, constructing 
heterojunction systems has proven an effective strategy to accelerate 
charge transfer and enhance redox activity [25,26]. In particular, Z- 
scheme photocatalytic systems have emerged as a superior design 
because they mimic the natural photosynthetic electron flow, preserving 
the substantial reduction and oxidation abilities of both semiconductors 
[27]. By enabling efficient vectorial charge migration and suppressing 
recombination losses, Z-scheme heterojunctions provide an ideal plat
form for highly selective, sustainable H2O2 production coupled with 
pollutant degradation under visible-light irradiation [28].

Among various visible-light-responsive semiconductors, bismuth- 
based materials have attracted increasing attention due to their 
unique layered crystal structures, suitable band gaps, and excellent 
chemical stability [29]. In particular, Bi2O2CO3, a member of the bis
muth oxycarbonate family, has emerged as a promising photocatalyst 
owing to its strong oxidative capability, nontoxicity, and environmental 
compatibility [30]. Its crystal lattice consists of alternating [Bi₂O2]2+

slabs and CO₃2− layers, which generate an intrinsic internal electric field 
that promotes the migration of photogenerated charge carriers [31]. 
Moreover, Bi2O2CO3 exhibits appropriate band-edge positions for both 
oxidation and reduction reactions under visible-light irradiation [32]. 
Nevertheless, its overall photocatalytic activity remains hindered by 
rapid electron–hole pair recombination and a relatively narrow light 
absorption range [33]. To overcome these intrinsic limitations, coupling 
Bi2O2CO3 with a narrow-bandgap and high-mobility semiconductor is 
an effective strategy. MoSi2N4, a newly discovered two-dimensional 
(2D) layered material, has attracted significant attention as a highly 
stable and tunable photocatalyst [34]. It exhibits excellent optical ab
sorption in the visible range, high carrier mobility, and outstanding 
chemical robustness, owing to its covalently bonded Mo–N–Si frame
work. The atomic-level thickness of MoSi2N4 also favor fast surface 
charge transfer and abundant active sites for redox reactions [35]. 
Integrating MoSi2N4 with Bi2O2CO3 can therefore construct a Z-scheme 
heterojunction, in which photoinduced electrons from Bi2O2CO3 
recombine with holes from MoSi2N4, effectively preserving the strong 

reduction potential of MoSi2N4 and the oxidation strength of Bi2O2CO3 
[36]. Such a configuration is expected to facilitate efficient charge 
separation, broaden the light absorption spectrum, and synergistically 
enhance both H2O2 production and pharmaceutical pollutant degrada
tion under visible-light illumination [37].

Over the past few years, extensive efforts have been devoted to 
developing efficient photocatalysts capable of operating under visible- 
light irradiation for environmental and energy-related applications. 
Considerable research attention has been focused on designing hetero
junction architectures and surface-engineered materials to enhance light 
harvesting, accelerate charge migration, and suppress the recombina
tion of photoinduced carriers. For instance, Zhou et al. [38] constructed 
3D flower-like Bi₂S₃/Bi2O2CO3 photocatalytic materials self-assembled 
from 2D nanosheets, achieving remarkable RhB degradation due to 
strong interfacial charge transfer between Bi₂S₃ and Bi2O2CO3. Simi
larly, Wang et al. [37] fabricated a BiOCl/Bi2O2CO3 S-scheme hetero
junction via [Bi₂O2]2+ slab sharing, attaining an outstanding H2O2 
productivity of 2562.95 μmol g− 1 h− 1 and enhanced carrier separation 
confirmed by EPR and DFT analysis. Meanwhile, Zhao et al. [36]
employed first-principles calculations to investigate a 2D MoSi2N4/AlN 
heterojunction, revealing S-scheme carrier transfer, intrinsic electric- 
field-induced charge migration, and a high solar-to‑hydrogen conver
sion efficiency of 15.21%. Furthermore, Chang et al. [39] elucidated hot 
carrier relaxation dynamics in MoSi2N4 monolayers, demonstrating ul
trafast lifetimes of ~166 fs (electrons) and ~ 146 fs (holes), highlighting 
its potential for efficient photocatalytic energy conversion. In addition, 
Mo et al. [40] theoretically proposed a type-II As₂C₃/MoSi2N4 hetero
structure exhibiting exceptional carrier mobility (~8.9 × 104 cm2 V− 1 

s− 1) and suitable band alignment for overall water splitting. Likewise, 
Wang et al. [41] reported an Ag/Bi/Bi2O2CO3 composite capable of 
simultaneously degrading tetracycline and inactivating antibiotic- 
resistant bacteria, with singlet oxygen (1O2) as the dominant reactive 
species. These studies underscore the critical role of interfacial engi
neering, dimensional hybridization, and charge-transfer modulation in 
enhancing visible-light-driven photocatalytic efficiency. Nevertheless, 
challenges such as limited charge separation and dual-function coupling 
persist. Hence, developing robust Z-scheme heterojunctions that inte
grate strong redox capability, wide light absorption, and synergistic 
H2O2 production–pollutant degradation remains a compelling direction 
for next-generation sustainable photocatalytic systems.

Herein, a novel Z-scheme MoSi2N4–Bi2O2CO3 photocatalyst was 
successfully fabricated via a controlled hydrothermal self-assembly 
process, enabling efficient in situ H2O2 production and simultaneous 
degradation of antibiotic contaminants under visible light. The devel
oped system integrates the broad light-harvesting ability and abundant 
reactive sites of a two-dimensional semiconductor with the strong 
oxidation capability and structural stability of a layered bismuth-based 
material, forming intimate heterointerfaces that accelerate interfacial 
charge migration and suppress recombination losses. To gain deep 
insight into the correlation between structure and performance, the as- 
prepared materials were comprehensively characterized using XRD, 
Raman, FTIR, SEM, TEM, XPS, UV–Vis DRS, PL, BET, EIS, and ESR an
alyses. These complementary techniques confirmed the formation of a 
direct Z-scheme charge-transfer channel, which preserves the high redox 
potentials of both components and promotes selective two-electron ox
ygen reduction for H2O2 formation while efficiently oxidizing organic 
molecules. Radical scavenging and ESR experiments were further 
employed to clarify the reaction mechanism and identify the dominant 
reactive species. This study not only demonstrates a novel dual- 
functional photocatalytic platform for integrated H2O2 production and 
pollutant degradation but also offers valuable guidance for the rational 
design of next-generation metal-free Z-scheme heterostructures for 
green chemical synthesis and water purification.
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2. Experimental section

2.1. Materials and chemicals

All chemicals used in this work were of analytical grade and 
employed without any further purification. Ammonium molybdate tet
rahydrate ((NH4)6Mo7O2⋅4H2O), silicon nitride (Si3N4), bismuth nitrate 
pentahydrate (Bi(NO3)3⋅5H2O), sodium carbonate (Na2CO3), nitric acid 
(HNO3), ethanol, and Doxycycline hydrochloride (DOX, ≥98%) were 
obtained from Aladdin Chemical Co. Deionized water was used as the 
solvent throughout all experiments.

2.2. Synthesis of MoSi2N4 nanosheets

Ultrathin MoSi2N4 nanosheets were obtained through a two-step 
solid–gas reaction followed by exfoliation. Initially, a stoichiometric 
mixture of ammonium molybdate and silicon nitride was homogenized 
in an agate mortar. The powder blend was transferred to a quartz tube 
and annealed under ammonia flow at 800 ◦C for 4 h to complete the 
nitridation. After natural cooling, the grayish product was repeatedly 
rinsed with deionized water and ethanol to eliminate residual by- 
products, then dried at 60 ◦C overnight. The dried solid was ultra
sonicated in ethanol for 1 h to yield well-dispersed few-layer MoSi2N4 
nanosheets.

2.3. Preparation of Bi2O2CO3 microplates

Bi2O2CO3 microplates were synthesized using a facile hydrothermal 
method [42]. Typically, 2 mmol of Bi(NO3)3⋅5H2O was dissolved in 30 
mL of dilute HNO3 (0.1 M) to form a transparent solution, into which 1 
mmol of Na2CO3 was slowly introduced under vigorous stirring. The 
resulting suspension was transferred to a Teflon-lined autoclave and 
heated to 160 ◦C for 10 h. After the reaction, the autoclave naturally 
cooled to ambient temperature. The white precipitate was collected by 
centrifugation, washed thoroughly with ethanol and water, and finally 
dried at 60 ◦C overnight to obtain pure Bi2O2CO3 microplates.

2.4. Construction of MoSi2N4–Bi2O2CO3 heterojunction

The MoSi2N4–Bi2O2CO3 heterostructures were synthesized via an 
ultrasonic-assisted self-assembly process followed by hydrothermal 
treatment (Fig. 1). In a typical procedure, predetermined amounts of 
MoSi2N4 nanosheets (0.25, 0.67, and 1.50 g, corresponding to 20, 40, 
and 60 wt% with respect to Bi2O2CO3) were dispersed in 50 mL of 
ethanol and ultrasonicated for 30 min to form a uniform suspension. 
Subsequently, 1.0 g of Bi2O2CO3 microplates was added to the mixture, 
which was further ultrasonicated for another 30 min and magnetically 
stirred for 4 h to promote intimate interfacial contact. The suspension 
was then transferred into a Teflon-lined stainless-steel autoclave and 
subjected to hydrothermal treatment at 120 ◦C for 12 h. After cooling to 
room temperature, the solvent was evaporated at 80 ◦C under stirring, 
and the obtained powders were dried at 60 ◦C overnight. The resulting 
composites were labeled as MSN0.2–BOC, MSN0.4–BOC, and 
MSN0.6–BOC, corresponding to 20, 40, and 60 wt% MoSi2N4 loading, 
respectively.

2.5. Characterization techniques

This section is explained in supplementary materials (Text S1).

2.6. Photocatalytic H2O2 production tests

Hydrogen peroxide (H2O2) production via photocatalysis was tested 
under visible light in a Pyrex reactor with water cooling to keep the 
temperature at 25 ◦C. In a typical experiment, 50 mg of the photo
catalyst was dispersed in 100 mL of deionized water containing 10 vol% 

ethanol as a sacrificial electron donor. Prior to illumination, the sus
pension was magnetically stirred in the dark for 30 min to ensure 
adsorption–desorption equilibrium and then purged with O2 gas for 20 
min to achieve oxygen saturation. A 300 W xenon lamp (Perfectlight 
PLS-SXE300C, λ > 420 nm) equipped with a UV-cut filter served as the 
visible-light source, and the light intensity at the reaction surface was 
calibrated to 100 mW⋅cm− 2 using a radiometer. During irradiation, the 
suspension was continuously stirred to maintain homogeneity and pre
vent sedimentation. At predetermined time intervals (every 10 or 20 
min), 3 mL aliquots were withdrawn using a gas-tight syringe, centri
fuged at 8000 rpm for 5 min to remove suspended particles, and 
analyzed immediately for H2O2 concentration. The concentration of 
H2O2 was quantified by the titanium sulfate spectrophotometric 
method. In brief, 1 mL of the supernatant was mixed with 1 mL of 0.1 M 
Ti(SO₄)₂ solution in an acidic medium, yielding a yellow pertitanic acid 
complex. The absorbance was measured at 405 nm using a UV–Vis 
spectrophotometer (Shimadzu UV-2600), and the H2O2 concentration 
was determined from a pre-established calibration curve. The apparent 
rate of H2O2 formation was expressed as μmol⋅L− 1⋅min− 1, and the ac
tivity of different samples (pure Bi2O2CO3, pure MoSi2N4, and 
MoSi2N4–Bi2O2CO3 composites with varying loadings) was systemati
cally compared. All H2O2 experiments were performed in an open-to-air 
reactor under ambient conditions, ensuring continuous availability of 
dissolved O2. The H2O2 production rate was determined in a separate 
experiment without DOX under otherwise identical photocatalytic 
conditions to avoid interference from organics.

2.7. Photocatalytic degradation of doxycycline

The photocatalytic degradation experiments were carried out under 
the same visible-light setup as the H2O2 generation tests to ensure 

Fig. 1. Schematic diagram illustrating the synthesis process of 
MoSi2N4–Bi2O2CO3 heterojunction.
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consistent conditions. In a standard experiment, 50 mg of photocatalyst 
was added to 100 mL of a 20 mg⋅L− 1 DOX solution and stirred in the dark 
for 30 min to achieve adsorption–desorption equilibrium between DOX 
and the catalyst surface. Subsequently, the xenon lamp (λ > 420 nm) 
was switched on to initiate photocatalytic degradation. During illumi
nation, 3 mL aliquots were withdrawn at fixed time intervals (e.g., every 
10 min), centrifuged to remove the photocatalyst, and the residual DOX 
concentration was determined using UV–Vis spectrophotometry (Shi
madzu UV-2600) by monitoring the absorbance at 345 nm the charac
teristic peak of doxycycline.

2.8. Reusability and stability evaluation

After each photocatalytic cycle, the catalyst was separated by 
centrifugation, washed thoroughly with deionized water and ethanol to 
remove surface residues or adsorbed intermediates, and then dried at 
60 ◦C overnight before reuse. The activity loss, if any, was quantified by 
comparing the degradation efficiency and H2O2 generation rate across 
five consecutive runs. To further verify the structural stability of the 
photocatalyst after repeated use, the recycled samples were character
ized by XRD to examine potential changes in the composites' 
crystallinity.

3. Results and discussion

3.1. Optimization of effective parameters for the synthesis of 
photocatalyst

Response Surface Methodology based on a Central Composite Design 
(RSM-CCD) was employed to systematically optimize the synthesis pa
rameters, including MoSi2N4 loading, hydrothermal temperature, and 
ultrasonic power. This approach enabled evaluation of individual and 
interactive effects of the variables and identification of optimal condi
tions for photocatalytic performance. In Fig. 2a and Fig. 2d, the influ
ence of MSN ratio is analyzed. The response plot in Fig. 2a shows that as 
the MSN ratio increases, H2O2 production initially increases, peaking at 
40 wt%, with the highest production observed at 610 μmol⋅g− 1⋅h− 1, 
before slightly decreasing to 540 μmol⋅g− 1⋅h− 1 at 50 wt%. This suggests 
that at 40 wt% MSN, the catalyst is optimally activated, with increased 
active sites leading to enhanced H2O2 generation [43]. However, 
beyond this ratio, the catalyst may reach saturation, diminishing its 
effectiveness. A similar trend is observed in Fig. 2d, where DOX degra
dation efficiency increases with the MSN ratio, peaking at 40 wt% and 
reaching approximately 88%. This peak at 40 wt% can be attributed to 
the increased catalyst surface area, which facilitates better interaction 
with and breakdown of DOX molecules [44]. However, after exceeding 

Fig. 2. (a–f) Response plots for individual factors demonstrating the impact of MSN ratio, hydrothermal temperature, and ultrasonic power on H2O2 generation and 
DOX degradation efficiency. (g–j) Contour plots showing the interactive effects of these parameters on DOX degradation. (k–l) 3D surface plots corresponding to the 
central composite design, illustrating the combined influence of the variables on the system's performance.
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40 wt%, the efficiency decreases, suggesting that excess MSN may lead 
to reduced catalytic performance, possibly due to overloading or poor 
catalyst dispersion. These results highlight the importance of optimizing 
the MSN ratio, as a balance must be struck between providing sufficient 
active sites and avoiding excess that could reduce catalytic efficiency 
[45].

In Fig. 2b and Fig. 2e, the role of hydrothermal temperature on both 
H2O2 generation and DOX degradation is explored. Fig. 2b shows that as 
the hydrothermal temperature increases from 140 ◦C to 220 ◦C, H2O2 
production rises from 550 μmol⋅g− 1⋅h− 1 to 610 μmol⋅g− 1⋅h− 1, before 
leveling off at 220 ◦C. This indicates that thermal activation plays a 
crucial role in enhancing catalytic activity, as higher temperatures likely 
facilitate the activation of reactive sites on the catalyst's surface, thereby 
improving the efficiency of H2O2 generation [46]. However, once the 
optimal temperature of 220 ◦C is reached, further temperature increases 
do not significantly boost H2O2 production, possibly because the cata
lyst's structural integrity is compromised or because a shift in the reac
tion mechanism reduces its effectiveness at higher temperatures [47]. 
Fig. 2e shows the effect of hydrothermal temperature on DOX degra
dation, where the degradation efficiency increases from 92% at 140 ◦C 
to 94% at 220 ◦C, before stabilizing. This further supports the idea that 
higher temperatures facilitate the activation of both the catalyst and the 
reaction environment, enhancing the breakdown of DOX molecules. The 
lack of further improvement beyond 220 ◦C suggests that the system 
reaches an optimal thermal condition where the catalytic process be
comes saturated, and any additional heat does not result in greater 
degradation [48].

In Fig. 2c and Fig. 2f, the effects of ultrasonic power on H2O2 pro
duction and DOX degradation are examined. Fig. 2c illustrates that as 
ultrasonic power increases from 220 W to 450 W, H2O2 production rises 
significantly, peaking at 450 W with a production rate of 575 
μmol⋅g− 1⋅h− 1. This trend can be attributed to enhanced cavitation at 
higher ultrasonic power, which improves mass transfer, promotes better 
catalyst dispersion, and increases the reaction rate, thereby enhancing 
H2O2 production [49]. However, beyond 450 W, the production rate 
shows no noticeable increase, suggesting that further increasing ultra
sonic power might not significantly improve the efficiency of H2O2 
generation. Similarly, Fig. 2f shows that DOX degradation increases with 
ultrasonic power, with the highest degradation efficiency of 95% 
observed at 450 W. Increasing ultrasonic power enhances degradation 
by generating more hydroxyl radicals, which break down DOX mole
cules. However, as with H2O2 production, further increases in ultrasonic 
power beyond 450 W yield diminishing returns, indicating an optimal 
ultrasonic power level for achieving the highest degradation efficiency 
without wasting energy [50].

The contour plots in Fig. 2g–j and Fig. S1a–c illustrate how pairs of 
operational parameters interactively influence DOX degradation and 
H₂O₂ production, revealing the optimal regions where catalyst perfor
mance is maximized. These contour maps clearly highlight the syner
gistic effects between MSN loading, hydrothermal temperature, and 
ultrasonic power. Furthermore, the 3D response surface plots in Fig. 2k–l 
and Fig. S1d–f provide a comprehensive visualization of the overall 
parameter interactions, enabling a clearer identification of global 
optimal conditions. Together, these graphical analyses demonstrate that 
efficient photocatalytic performance is achieved only through the 
simultaneous optimization of all three factors.

The analysis of variance (ANOVA) results summarized in Table S1 
and Table S2 confirm that the quadratic response surface models 
developed for DOX degradation and H₂O₂ production are statistically 
significant (F = 52.75 and 43.11, p < 0.0001). In Table S1, the inter
action term AB and the quadratic terms A2, B2, and C2 significantly in
fluence DOX removal efficiency, indicating strong curvature effects of 
the factors. Similarly, in Table S2, the hydrothermal temperature (B), 
ultrasonic power (C), and the quadratic terms (A2, B2, C2) significantly 
affect H₂O₂ generation. The very low p-values (< 0.05) demonstrate that 
the models effectively describe the experimental data, although the 

significant lack-of-fit suggests minor deviations that could be improved 
by further model refinement [51].

3.2. Structural analysis

The X-ray diffraction (XRD) patterns presented in Fig. 3a provide 
essential insights into the crystallinity and phase composition of the 
samples. The XRD pattern of Bi2O2CO3 in Fig. 3a exhibits several 
diffraction peaks located approximately at 2θ = 13.1◦, 24.4◦, 28.1◦, 
31.7◦, 33.2◦, 43.2◦, 47.3◦, 53.2◦, and 57.6◦, which correspond to the 
(002), (011), (013), (110), (112), (114), (020), (121), and (123) crystal 
planes, respectively [52]. These reflections match well with the standard 
orthorhombic phase of Bi2O2CO3, confirming the successful formation of 
the crystalline bismuth oxycarbonate structure. The relatively sharp but 
moderate-intensity peaks indicate partial crystallinity with a layered 
structure. No impurity peaks are observed, suggesting high phase purity. 
In contrast, the XRD pattern of MoSi2N4 in Fig. 3a displays three distinct 
and sharp diffraction peaks located approximately at 2θ = 33.2◦, 37.8◦, 
and 52.9◦, which correspond to the (100), (103), and (110) crystal 
planes, respectively [53]. These well-defined reflections are consistent 
with the reported hexagonal phase of MoSi2N4, confirming the forma
tion of a highly crystalline layered structure. The high intensity and 
narrow width of the peaks indicate strong crystallinity and ordered 
atomic arrangement within the Mo–Si–N framework. The absence of 
additional peaks demonstrates phase purity, free of secondary oxides or 
nitrides. The diffraction profiles of MSN0.2–BOC, MSN0.4–BOC, 
MSN0.6–BOC, MoSi2N4, and Bi2O2CO3 exhibit distinct diffraction peaks 
characteristic of their respective structural features. As the BOC content 
increases from MSN0.2–BOC to MSN0.6–BOC, the peak intensity and 
sharpness gradually increase, suggesting improved structural ordering 
and enhanced mesoporosity.

The Fourier transform infrared (FTIR) spectra in Fig. 3b reveal the 
characteristic functional groups and bonding environments of the pre
pared materials. The MoSi2N4 sample exhibits distinct absorption peaks 
at approximately 780 cm− 1 and 900 cm− 1, corresponding to Si–N and 
Mo–Si–N vibrations, confirming the formation of covalent bonds be
tween Si, Mo, and N atoms within the nitride lattice. The Bi2O2CO3 
spectrum shows prominent bands near 3400 cm− 1 (O–H stretching), 
1400–1450 cm− 1 (asymmetric stretching of CO₃2− groups), 820 cm− 1 

(out-of-plane bending of CO₃2− ), and 590 cm− 1 (Bi–O stretching), 
verifying the coexistence of hydroxyl, carbonate, and bismuth–oxygen 
groups [54]. In the FTIR spectra of the MSN–BOC composites, all 
characteristic peaks of both Bi2O2CO3 and MoSi2N4 can be clearly 
identified, indicating the successful combination of the two components 
without forming new impurity phases. A broad band around 3400 cm− 1 

is assigned to surface hydroxyl groups, which can facilitate interfacial 
interaction between Bi2O2CO3 and MoSi2N4. The intensity of the CO₃2−

vibration near 1400 cm− 1 gradually increases with higher Bi2O2CO3 
content (from MSN0.2–BOC to MSN0.6–BOC), suggesting enhanced 
incorporation of Bi2O2CO3 within the composite structure.

The Raman spectra shown in Fig. 3c provide complementary infor
mation on the vibrational modes and bonding characteristics of the 
samples. In the MoSi2N4 spectrum, distinct peaks are observed at ~295 
cm− 1, ~340 cm− 1, and ~ 520 cm− 1, assigned to Mo–N, Si–N–Mo, and 
Mo–Si vibrational modes, respectively, confirming the presence of the 
crystalline Mo–Si–N network [55]. The Bi2O2CO3 sample exhibits 
characteristic modes at ~185 cm− 1 (Bi–O lattice), ~380 cm− 1 (Eg 
mode), and ~ 510 cm− 1 (A₁g stretching), along with a weaker band near 
1080 cm− 1 attributed to the symmetric stretching of CO₃2− groups [56]. 
For the MSN–BOC composites, the Raman spectra exhibit a combination 
of the characteristic vibrational modes of both MoSi2N4 and Bi2O2CO3, 
demonstrating that the two components coexist without forming un
wanted impurity phases. Notably, the intensity and position of certain 
peaks undergo slight variations compared with the pristine materials. 
The Mo–N and Si–N–Mo modes in the composite show minor peak 
broadening and slight red-shifts, which can be attributed to interfacial 
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strain, charge redistribution, and strong coupling between MoSi2N4 
nanosheets and the Bi2O2CO3 surface. Similarly, the Bi–O-related peaks 
of Bi2O2CO3 become broader and slightly attenuated in the hybrid 
samples, suggesting partial modulation of the local coordination envi
ronment due to intimate heterojunction formation.

The N2 adsorption–desorption isotherms in Fig. S2a exhibit type IV 
hysteresis loops, characteristic of mesoporous structures. Among all 
samples, Bi2O2CO3 shows the highest nitrogen uptake, with a BET sur
face area of about 165 m2 g− 1, pore volume 0.31 cm3 g− 1, and average 
pore diameter 13.2 nm, indicating a highly porous framework. In 
contrast, MoSi2N4 exhibits the lowest surface area (≈42 m2 g− 1) and 
smallest pore volume (0.08 cm3 g− 1), reflecting its compact, less-porous 
crystalline structure. The MSN–BOC composites display intermediate 
characteristics: MSN0.2–BOC (130 m2 g− 1, 0.25 cm3 g− 1) and 
MSN0.4–BOC (95 m2 g− 1, 0.18 cm3 g− 1), confirming the presence of 
well-developed mesopores. The inset pore-size distributions reveal 
narrow peaks at 11–14 nm for the MSN–BOC and Bi2O2CO3 samples, 
while MoSi2N4 exhibits a broader distribution near 9 nm. The trend 
Bi2O2CO3 > MSN0.2–BOC > MSN0.4–BOC > MoSi2N4 demonstrates 

that increasing structural openness and surface hydroxylation enhance 
nitrogen adsorption. The high porosity of Bi2O2CO3 provides abundant 
accessible channels for diffusion, whereas MoSi2N4's dense structure 
limits gas uptake [57]. Overall, these results confirm that Bi2O2CO3 
possesses superior textural properties, while MoSi2N4 contributes 
mainly structural stability rather than surface area.

The XPS spectra in Fig. 3e-i provides detailed information on the 
chemical composition and bonding states of the materials. The Fig. S2b 
survey XPS spectrum reveals the presence of important elements, 
including Si, N, Mo, Bi, O, and C highlighting the complexity of the 
MSN0.4-BOC composite. The C 1 s XPS spectrum (Fig. 3d) shows three 
peaks at 284.82 eV (C–C), 287.07 eV (C=O), and 289.31 eV (C–O), 
confirming the presence of multiple carbon environments [58]. The Mo 
3d spectrum in Fig. 3e for MoSi2N4 shows binding energies at 229.63 eV 
(Mo 3d₅/₂) and 232.81 eV (Mo 3d₃/₂), characteristic of molybdenum in 
the Mo–N environment, confirming the presence of MoSi2N4 [59]. The 
Si 2p spectrum in Fig. 3f at 101.50 eV (Si 2p₃/₂) and 102.91 eV (Si 2p₅/₂) 
indicates the presence of silicon in Si–N and Si–O bonding environ
ments, which is consistent with the MoSi2N4 structure. The N 1 s 

Fig. 3. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra. XPS spectra showing the binding energies of C 1 s (d), Mo 3d (e), Si 2p (f), N 1 s (g), Bi 4f (h), and O 1 s 
(i) for the MSN0.4–BOC samples.
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spectrum in Fig. 3g shows peaks at 398.39 eV (Mo–N) and 399.82 eV 
(Si–N), confirming nitrogen bonding to molybdenum and silicon in the 
nitride structure. The Bi 4f spectrum in Fig. 3h for Bi2O2CO3 reveals 
peaks at 158.70 eV and 164.64 eV, confirming the presence of bismuth 
in the +3 oxidation state, bonded to oxygen [60]. The O 1 s spectrum in 
Fig. 3i for all materials shows peaks at 529.51 eV (Bi–O), 530.41 eV 
(C–O), and 532.21 eV (O–H), indicating the presence of oxygen in 
various bonding environments.

3.3. Morphological analysis

The structural and elemental characterization of MoSi2N4 and 
MSN0.4–BOC composite in Fig. 4 provides comprehensive insights into 
the materials' morphology, crystallinity, and elemental distribution, 
which are essential for understanding their potential applications. The 
SEM image of MoSi2N4 in Fig. 4a shows a crystalline, granular structure 
with tightly packed particles exhibiting smooth, well-defined surfaces. 
The particles appear uniformly sized, with grain boundaries clearly 
visible, indicating a highly ordered structure. The granular morphology 
of MoSi2N4 suggests that it is a high-purity, crystalline compound, which 
is beneficial for applications in catalysis, electronics, and high- 
temperature environments where stability and crystalline integrity are 
crucial. The particle size appears to range from 0.5 μm to 1.5 μm, with 
individual grains possibly smaller in the nanometer range, a character
istic of well-synthesized MoSi2N4 materials.

In contrast, the SEM image of MSN0.4–BOC (Fig. 4b) exhibits a 
distinct morphological structure compared with the pristine compo
nents. The MSN0.4–BOC composite displays an irregular and rough 
surface decorated with thin MoSi2N4 nanosheets intimately anchored on 
Bi2O2CO3 particles. This architecture generates numerous interfacial 
voids and nanosized pores (approximately 5–10 nm) arising from the 
stacking of 2D layers and particle junctions. Such a porous and hetero
interfaced morphology facilitates charge separation and mass transfer, 
thereby enhancing photocatalytic performance. The observed agglom
erates (2–5 μm) correspond to secondary assemblies of the hybrid 

nanosheets formed during the ultrasonic-assisted coupling process. 
Overall, the composite maintains a hierarchical structure that provides a 
high specific surface area and abundant active sites, making it well 
suited for photocatalytic and environmental remediation applications.

The TEM image of MoSi2N4 in Fig. 4c displays a highly crystalline, 
layered morphology composed of nanosheets with lateral sizes of 
approximately 50–100 nm. Clear lattice fringes can be observed, con
firming the ordered atomic arrangement characteristic of the MoSi2N4 
phase. The HR-TEM image of the MSN0.4–BOC composite (Fig. 4d) 
provides deeper insight into the nanostructure of the heterojunction. 
The image reveals intimate contact between MoSi2N4 nanosheets and 
Bi2O2CO3 particles, forming coherent interfaces that facilitate charge 
transfer. Distinct lattice fringes with spacings of ~0.25 nm and ~ 0.31 
nm are observed, corresponding to the (200) plane of MoSi2N4 and the 
(121) plane of Bi2O2CO3, respectively, confirming the coexistence of 
both crystalline phases within the composite. The interfacial region 
appears uniform and well-defined, demonstrating that the incorporation 
of MoSi2N4 does not disrupt the crystalline structure of either compo
nent. Overall, the HR-TEM results verify the preservation of structural 
integrity after hybridization, and the formation of abundant hetero
interfaces is expected to promote efficient charge separation—an 
essential factor for enhanced photocatalytic activity. Moreover, the EDX 
elemental mapping results (Fig. 4e–j) further confirm the homogeneous 
spatial distribution of Mo, Si, N, Bi, O, and C across the MSN0.4–BOC 
composite.

3.4. Optical and electrochemical structure studies

The various characterization techniques shown in Fig. 5 provide 
crucial insights into the electronic structure, charge dynamics, and 
electrochemical properties of the materials MSN0.2-BOC, Bi2O2CO3, 
MSN0.4-BOC, and MoSi2N4. Each figure reveals fundamental aspects of 
material performance that are vital for applications in catalysis, energy 
storage, and other surface-sensitive technologies. The UV–Vis absorp
tion spectra in Fig. 5a show the light absorption capabilities of the 

Fig. 4. (a) SEM image of MoSi2N4. (b) SEM image of the MSN0.4–BOC composite. (c) TEM image and (d) HR-TEM image of the MSN0.4–BOC composite. (e–j) EDS 
elemental mapping of the samples showing the distribution of key elements: (e) Mo, (f) Si, (g) N, (h) Bi, (i) O, and (j) C.
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different materials across the UV–visible spectrum (300–600 nm). 
MSN0.2-BOC and MSN0.4-BOC exhibit similar UV absorption, with a 
pronounced absorption edge around 350 nm. Bi2O2CO3 exhibits strong 
absorption at wavelengths below 350 nm, with a sharp edge at 
approximately 340 nm, typical of bismuth oxide compounds, which 
absorb primarily in the UV region due to their electronic structure [61]. 
MoSi2N4 shows the highest absorption, spanning 300–500 nm, with a 
sharp rise starting at 350 nm, indicative of its wide bandgap and broad 
UV–visible absorption [62]. These differences in absorption properties 
are essential for photocatalytic applications, with MoSi2N4 having the 
widest light absorption and MSN0.4-BOC performing well in the visible 
spectrum due to the functionalization.

Based on Fig. 5b, the Tauc plots derived from the UV–Vis absorption 
spectra were used to estimate the optical band gaps (E₉) of the samples 
using the (αhν)2 vs. hν relationship. The calculated band gap values are 
1.86 eV for MoSi2N4, 2.29 eV for MSN0.4–BOC, 2.73 eV for 
MSN0.2–BOC, and 3.12 eV for Bi2O2CO3. Among them, MoSi2N4 ex
hibits the smallest band gap, indicating superior visible-light absorption 
capability and higher potential for photocatalytic activity [63]. In 
contrast, Bi2O2CO3 displays the widest band gap, consistent with its 
primary UV-light absorption characteristics. Overall, the trend MoSi2N4 
< MSN0.4–BOC < MSN0.2–BOC < Bi2O2CO3 demonstrates the 
tunability of optical properties through structural and compositional 
modifications.

The photoluminescence (PL) spectra in Fig. 5c provide valuable 
insight into the recombination behavior of photoinduced charge carriers 
in the as-prepared samples. All samples exhibit a main emission band in 
the range of 380–450 nm, which originates from the radiative recom
bination of photogenerated electron–hole pairs. Among them, MoSi2N4 
displays the strongest PL intensity, indicating a relatively high recom
bination rate of charge carriers. Bi2O2CO3 shows a slightly weaker and 
broader emission centered around 425 nm, which can be attributed to 

defect-related Bi–O states. In contrast, the MSN0.4–BOC composite 
exhibits the lowest PL intensity, confirming that the interfacial inter
action between MoSi2N4 and Bi2O2CO3 effectively suppresses radiative 
recombination and promotes efficient charge separation. This reduced 
PL emission suggests improved carrier lifetime and enhanced photo
catalytic activity for the composite system [64,65].

The time-resolved photoluminescence (TRPL) decay curves in Fig. 5d 
illustrate the carrier recombination dynamics of the samples. The 
MSN0.4–BOC composite exhibits the longest average lifetime of 4.32 ns, 
indicating effective charge separation and slower recombination of 
photogenerated carriers, both of which are beneficial for photocatalytic 
activity. In comparison, Bi2O2CO3 shows a shorter lifetime of 3.98 ns, 
suggesting relatively faster carrier recombination that may limit its 
photocatalytic performance. MoSi2N4 exhibits an intermediate lifetime 
of 3.87 ns, indicating a moderate carrier-separation efficiency. The 
prolonged lifetime in MSN0.4–BOC can be attributed to the synergistic 
effect of the MSN, which facilitates charge transport and reduces 
recombination losses [66]. Overall, the TRPL results confirm that 
MSN0.4–BOC exhibits superior photoinduced charge-carrier dynamics 
compared to Bi2O2CO3 and MoSi2N4, making it the most promising 
material for efficient photocatalytic applications.

The photocurrent response in Fig. 5e under periodic illumination 
shows the charge-transfer efficiency of the materials. The MSN0.4-BOC 
composite exhibits the highest photocurrent response, with a distinct, 
periodic increase in current upon light exposure, indicating efficient 
charge separation and transport. MoSi2N4 shows a moderate photocur
rent response, consistent with its lower bandgap and broader light- 
absorption range. Bi2O2CO3, however, shows a much weaker photo
current, reflecting its poor charge transport properties, which is typical 
of Bi₂O₃-based materials. The photocurrent response of MSN0.4-BOC is 
higher, indicating its suitability for applications that require efficient 
electron transport and charge separation, such as in photocatalysis.

Fig. 5. (a) UV–Vis absorption spectra, (b) Tauc plots for band gap determination, (c) photoluminescence (PL) spectra, (d) time-resolved photoluminescence (TRPL) 
decay curves showing carrier recombination time, (e) photocurrent response under periodic light illumination, and (f) electrochemical impedance spectroscopy (EIS) 
Nyquist plots of MSN0.2-BOC, Bi2O2CO3, MSN0.4-BOC, and MoSi2N4.
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The EIS Nyquist plots in Fig. 5f provide insights into the electro
chemical behavior and charge transfer resistance of the materials. The 
MSN0.4-BOC composite exhibits a low charge transfer resistance, with a 
semicircular arc at higher frequencies, indicating fast electron transport 
and efficient charge transfer at the interface. The Bi2O2CO3 and MoSi2N4 
samples exhibit larger arcs, indicating higher charge-transfer resistance 
and slower electron transport. The MSN0.4-BOC composite, with its 
smaller semicircle and lower impedance, indicates better electro
chemical performance, making it more suitable for energy storage and 
catalytic applications where fast electron exchange is critical. The dif
ferences in the Nyquist plots reflect varying degrees of charge-transfer 
efficiency and resistance in each material, which are crucial factors in 
determining their performance in photocatalysis, energy storage, and 
other electrochemical applications.

3.5. Evaluation of photocatalytic performance

The data presented in Fig. 6 provides a comprehensive analysis of the 

photocatalytic properties of MSN0.2-BOC, MSN0.4-BOC, MoSi2N4, and 
Bi2O2CO3 under various experimental conditions. All H2O2 production 
and DOX degradation experiments were performed in triplicate (n = 3) 
under identical conditions, and the reported results represent the mean 
of three independent runs. Fig. 6a shows the degradation of DOX 
(doxycycline) under both dark and light conditions, demonstrating that 
all materials exhibit significantly greater degradation under light 
exposure, a characteristic of photocatalytic processes. Among the ma
terials tested, MSN0.4-BOC exhibits the highest degradation rate, 
achieving approximately 97% DOX degradation in 80 min under light, 
indicating its superior photocatalytic performance. In comparison, 
MoSi2N4 and Bi2O2CO3 show slower degradation, reaching only 21% 
and 24%, respectively. These results suggest that MSN0.4-BOC is the 
most effective material for photocatalytic applications, which enhance 
light absorption and charge-carrier separation. The slow degradation 
observed in MoSi2N4 and Bi2O2CO3 may be due to their slower charge 
transport and higher charge recombination rates, as evidenced by their 
lower H2O2 generation and photocurrent response [67].

Fig. 6. (a) Degradation of DOX under dark and light conditions for different composites. (b) First-order kinetic plots for the degradation of DOX. (c) H2O2 generation 
under light irradiation. (d) Degradation of DOX at different initial concentrations. (e) pH calculation at the point of zero charge (pH pzc). (f) Degradation of DOX at 
different initial pH values. (g) Effect of catalyst dosage on DOX degradation. (h) Effect of ions (NO3− , Cl− , CO3− ) on DOX degradation. (i) Total organic carbon (TOC) 
removal efficiency over time.
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The first-order kinetic plots in Fig. 6b confirm the enhanced photo
catalytic performance of the MSN–BOC composites. The degradation of 
DOX follows a pseudo-first-order kinetic model, with rate constants (k) 
of 0.0029 min− 1 for Bi2O2CO3, 0.0035 min− 1 for MoSi2N4, 0.0068 min− 1 

for MSN0.2–BOC, 0.012 min− 1 for MSN0.6–BOC, and 0.023 min− 1 for 
MSN0.4–BOC. Among these, MSN0.4–BOC exhibits the highest rate 
constant, indicating the fastest degradation rate and superior photo
catalytic efficiency. In contrast, Bi2O2CO3 shows the lowest reaction rate 
due to its wider bandgap and limited visible-light absorption.

Fig. 6c illustrates the H2O2 evolution performance of the photo
catalysts under light irradiation. The H2O2 concentration was quantified 
using a titanium sulfate spectrophotometric method, and the measure
ments were calibrated using a pre-established standard calibration curve 
(Fig. S3a). Among all samples, MSN0.4–BOC shows the highest H2O2 
generation (610 μmol g− 1), followed by MSN0.6–BOC (570 μmol g− 1) 
and MSN0.2–BOC (540 μmol g− 1). In contrast, MoSi2N4 (250 μmol g− 1) 
and Bi2O2CO3 (180 μmol g− 1) exhibit much lower H2O2 yields due to 
faster charge recombination and weaker redox ability. The increased 
H2O2 production in MSN–BOC composites suggest more efficient charge 
separation and electron transfer under illumination. This enhanced ROS 
generation directly correlates with their superior photocatalytic degra
dation activity [68].

Fig. 6d shows the degradation of DOX at different initial concen
trations, with MSN0.4-BOC exhibiting the most significant degradation 
at lower concentrations (25 ppm), with 97% degradation under light in 
80 min. However, as the DOX concentration increases to 55 ppm, the 
degradation efficiency drops to around 32%. This decrease in efficiency 
with increasing concentration is typical of photocatalytic processes, 
where higher pollutant concentrations can saturate active sites on the 
catalyst surface, thereby reducing the material's effectiveness [69].

The pHpzc (point of zero charge) for MSN0.4-BOC was determined to 
be 6.34, as shown in Fig. 6e. This value indicates the pH at which the 
material's surface charge is neutral, meaning it has an equal number of 
positive and negative charges [70]. At this pHpzc, the material will have 
minimal interaction with pollutants, as the surface charge neither at
tracts nor repels ions. When the pH is below 6.34, the surface of MSN0.4- 
BOC becomes positively charged. This increases the material's ability to 
interact with negatively charged pollutants such as DOX [71]. The 
positive surface charge enhances the adsorption of negatively charged 
DOX molecules, thereby increasing the degradation rate [72]. As a 
result, MSN0.4-BOC performs most efficiently at pH 4, with nearly 95% 
DOX degradation after 80 min under light exposure. However, when the 
pH exceeds 6.34, the surface charge of MSN0.4-BOC becomes negative. 
This change in surface charge reduces the interaction between the ma
terial and negatively charged pollutants, thereby decreasing photo
catalytic efficiency. At higher pH values (pH 8–10), the surface's 
negative charge repels the negatively charged DOX, resulting in a drop 
in degradation efficiency to about 50% (Fig. 6f). The material's effec
tiveness is thus reduced because the interaction with DOX becomes 
weaker.

Fig. 6g illustrates the influence of catalyst dosage on the photo
catalytic degradation of DOX under visible-light irradiation. As the 
catalyst dosage increases from 0.55 to 0.85 g L− 1, the degradation effi
ciency steadily improves for all samples. The enhanced performance at 
higher catalyst loadings can be attributed to the greater number of 
available active sites and the increased light absorption, which generate 
more photoinduced charge carriers and ROS participating in the 
degradation process. For the MSN0.4–BOC composite, the degradation 
efficiency rises from about 50% at 0.55 g L− 1 to nearly 96% at 0.85 g 
L− 1, outperforming the other catalysts across the entire range. This su
perior behavior indicates that MSN0.4–BOC possesses an efficient 
charge separation, and strong ROS generation capability, enabling rapid 
and complete DOX removal at higher catalyst dosages.

Fig. 6h illustrates the influence of different anions (NO₃− , Cl− , and 
CO₃2− ) on the photocatalytic degradation of DOX. In the absence of ions, 
the degradation efficiency reaches nearly 98% after 80 min, confirming 

the strong intrinsic activity of the photocatalyst. The presence of CO₃2−

ions slightly reduce degradation to about 85%, while Cl− ions further 
reduce it to about 70%, indicating moderate inhibition. However, the 
addition of NO₃− ions result in a pronounced decrease in activity, with 
only ≈50% degradation observed after 80 min. The strong inhibitory 
effect of NO₃− is attributed to its electron-scavenging nature, which 
competes with O2 for photogenerated electrons, thereby reducing 
reactive oxygen species (ROS) formation. In contrast, CO₃2− shows a 
minor promoting effect at initial stages, likely due to its buffering and 
charge-transfer assistance. Overall, the degradation trend follows 
Without ions > CO₃2− > Cl− > NO₃− , highlighting the sensitivity of the 
photocatalytic system to ionic species in solution. Finally, Fig. 6i shows 
the TOC removal efficiency, with MSN0.4-BOC achieving 57.24% TOC 
removal after 80 min, which is significantly higher than that of both 
Bi2O2CO3 and MoSi2N4. This indicates that MSN0.4-BOC not only de
grades DOX effectively but also mineralizes the organic matter, breaking 
it down into simpler, non-toxic compounds. This high TOC removal ef
ficiency is crucial for evaluating the overall efficiency of photocatalytic 
systems in treating organic pollutants.

3.6. Mechanistic elucidation of the Z–scheme charge transfer pathway

In Fig. 7, various analyses are performed to evaluate the photo
catalytic properties of the materials MSN0.4-BOC, Bi2O2CO3, MoSi2N4, 
and others under different experimental conditions. These include the 
effects of radical scavengers, electron-hole dynamics, and energy band 
structure, which provide critical insights into the degradation of DOX 
and the production of H2O2. Fig. 7a demonstrates DOX degradation 
under light exposure with different scavengers, showing how specific 
scavengers influence the photocatalytic process. The highest degrada
tion rate is observed in the absence of scavengers, with approximately 
97% degradation after 80 min. When BQ (benzoquinone), a scavenger 
for •O2− , is added, the degradation rate drops drastically to 13%, con
firming that •O2− plays a dominant role in the photocatalytic degra
dation of DOX. Similarly, the addition of EDTA-2Na, which scavenges 
h+, reduces the degradation efficiency to 48%, while IPA, which scav
enges •OH, results in a moderate reduction to 54%. These findings 
highlight the significant contribution of •O2− and •OH radicals in the 
photocatalytic degradation process, with •O2− being the most critical 
reactive species [73].

The ESR analyses shown in Fig. 7b and Fig. S3b provide compelling 
evidence for the light-induced formation of ROS in the MSN0.4–BOC 
photocatalytic system. In Fig. 7b, the characteristic quartet ESR signal of 
the DMPO–•OH adduct appears only under visible-light irradiation, 
with a markedly stronger intensity compared to the dark condition. This 
confirms that •OH are predominantly generated through light-activated 
oxidation pathways, consistent with the high valence-band potential of 
Bi2O2CO3 in the Z-scheme heterojunction. The minimal ESR response in 
the dark further demonstrates that •OH formation is photo-driven and 
closely associated with the photocatalytic process. Complementarily, 
Fig. S3b displays the ESR spectra of DMPO–•O2

− , revealing the typical 
multi-line hyperfine splitting pattern associated with superoxide radical 
trapping. Under visible light, the ESR intensity increases significantly 
with irradiation time (5 to 10 min), indicating continuous generation of 
•O₂− via the two-electron oxygen reduction reaction on MoSi2N4. The 
absence of a noticeable signal in the dark confirms that superoxide 
formation is strictly light-dependent.

Fig. S3c compares the photocatalytic degradation efficiency of DOX 
in distilled water and river water to evaluate the robustness of the 
MSN0.4–BOC catalyst under realistic environmental conditions. In 
distilled water, rapid degradation occurs after light irradiation, reaching 
nearly complete removal within 80 min. Although degradation in river 
water is slightly slower due to the presence of natural ions and organic 
impurities that compete for reactive species, the catalyst still maintains 
high activity, achieving more than 60% removal. These results confirm 
that MSN0.4–BOC exhibits strong tolerance to real-water matrices, 
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demonstrating its practical applicability for environmental water 
treatment.

The Mott–Schottky plots in Fig. 7c and Fig. 7d reveal the flat-band 
potential (Vfb) and conduction band (CB) positions of the two mate
rials. MoSi2N4 exhibits a Vfb of − 0.31 V vs. NHE, corresponding to a CB 
position of approximately − 0.41 V, indicating a moderate electron af
finity and good electron-donating capability. In contrast, Bi2O2CO3 
shows a more positive Vfb of +0.55 V vs. NHE, resulting in a CB at 

+0.45 V, which suggests a stronger electron-accepting tendency 
compared to MoSi2N4. This potential difference between their CB levels 
facilitates efficient interfacial electron transfer in the Z-scheme hetero
junction, enabling photogenerated electrons in Bi2O2CO3's CB to migrate 
to MoSi2N4, driving H2O2 production and pollutant degradation 
[74,75]. Further insights into the electronic structure are obtained from 
the XPS valence band (VB) spectra in Fig. 7e and Fig. 7f. The VB 
maximum of Bi2O2CO3 is located at 3.32 eV, whereas MoSi2N4 has a 

Fig. 7. (a) DOX degradation with different scavengers. (b) ESR spectra of DMPO-OH for MoSi2N4 under light and dark conditions. (c) Mott-Schottky plots for 
MoSi2N4. (d) Mott-Schottky plots for Bi2O2CO3. (e) XPS valence band spectra of Bi2O2CO3. (f) XPS valence band spectra of MoSi2N4. (g) Schematic of the Z-scheme 
mechanism for DOX degradation and H2O2 production.

R. Batul et al.                                                                                                                                                                                                                                    Journal of Water Process Engineering 83 (2026) 109580 

11 



lower VB at 1.38 eV, confirming that Bi2O2CO3 possesses a stronger 
oxidation potential suitable for degrading organic pollutants like DOX 
under visible light. Conversely, MoSi2N4's lower VB makes it an efficient 
electron donor for H2O2 formation. The complementary band structures 
of MoSi2N4 and Bi2O2CO3 enable effective electron–hole separation and 
directional charge transfer within the Z-scheme system. The Fermi levels 
(Ef), determined from the difference between the XPS VB positions and 
the calculated band edges, are 0.07 eV for MoSi2N4 and 0.25 eV for 
Bi2O2CO3, indicating that Bi2O2CO3 has a higher Ef and thus a greater 
tendency to accept electrons. This Fermi level offset promotes sponta
neous electron transfer from Bi2O2CO3 to MoSi2N4, driving redox re
actions for both H2O2 evolution and pollutant oxidation [33,76]. 
Overall, the well-aligned CB, VB, and Ef levels confirm that the Z-scheme 
heterostructure effectively suppresses charge recombination, enhances 
visible-light utilization, and significantly improves photocatalytic effi
ciency for energy and environmental applications.

3.7. Identification of degradation intermediates and toxicity assessment

LC–MS analysis (Fig. S4) was conducted to identify the intermediate 
products formed during the photocatalytic degradation of DOX and to 
elucidate the corresponding oxidative pathways. As shown in Fig. 8a, 
the degradation process proceeds through two primary oxidative routes, 
Path I (P1 → P2 → P3) and Path II (P4 → P5 → P6 → P7 → P8), both 
ultimately leading to complete mineralization to CO2 and H₂O. Under 
visible-light irradiation, photogenerated holes and reactive oxygen 
species (mainly •OH and •O2

− ) first attack the amino-sugar and side 
chains of DOX, causing N-dealkylation, deamination, and cleavage of 
the glycosidic linkage. In Path I, removal of the side-chain and partial 
oxidation of the tetracyclic chromophore produces P1 (m/z = 355.82), 
in which the anthracycline core is retained. However, the sugar moiety 
is largely eliminated, and some hydroxyl groups are oxidized to carbonyl 

groups [77]. Further oxidative ring-opening and decarboxylation of this 
aromatic framework yields P2 (m/z = 231.47), a smaller poly
oxygenated aromatic fragment [78]. Continued attack by •OH radicals 
causes additional demethylation and C–C bond cleavage, generating P3 
(m/z = 110.01), a simple alkyl-substituted cyclic fragment that is then 
fully oxidized to CO2 and H₂O. In Path II, DOX undergoes initial hy
droxylation and oxidative deamination to form P4 (m/z = 387.47), 
where the quinone-like structure becomes more oxygen-rich. Successive 
removal of hydroxyl and side-chain groups, accompanied by oxidation 
of secondary alcohols to carbonyls, leads to P5 (m/z = 339.97). Further 
oxidative ring contraction and cleavage of the fused aromatic system 
give rise to P6 (m/z = 215.74) and P7 (m/z = 149.01), which corre
spond to smaller bicyclic and benzylic intermediates [79]. Ultimately, 
deep oxidation of these aromatic fragments and scission of the remain
ing C–C bonds generate P8 (m/z = 72.47), a low-molecular-weight 
aliphatic species. P8 is then mineralized to CO2 and H₂O.

In Fig. 8b, the acute toxicity of DOX and its degradation products 
toward Daphnia and Fathead minnow was analyzed to evaluate the 
environmental safety of the photocatalytic degradation process. The 
parent compound DOX exhibits very high toxicity, with LC₅₀ values 
below 1 mg/L for both organisms, leading to severe mortality even at 
low concentrations. After photocatalytic degradation, the toxicity of all 
intermediates decreases significantly. For Daphnia, the LC₅₀ values in
crease to approximately P1: 25 mg/L, P2: 110 mg/L, P3: 650 mg/L, P4: 
1200 mg/L, P5: 850 mg/L, P6: 900 mg/L, P7: 1500 mg/L, and P8: 2000 
mg/L, indicating that most products are classified as non-toxic or less 
harmful. A similar trend is observed for Fathead minnow, where DOX 
remains highly toxic (LC₅₀ < 1 mg/L), while the intermediates show 
drastically lower toxicity: P1: 1.5 mg/L, P2: 5 mg/L, P3: 750 mg/L, P4: 
1250 mg/L, P5: 400 mg/L, P6: 500 mg/L, P7: 1600 mg/L, and P8: 1900 
mg/L. These results confirm that the photocatalytic degradation of DOX 
effectively reduces its ecotoxicity, transforming it into benign or non- 

Fig. 8. (a) Proposed degradation pathway of DOX under photocatalytic conditions. (b) Acute toxicity of DOX and its degradation products on Daphnia and Fathead 
minnow. (c) Developmental toxicity and acute toxicity (LC50) analysis of DOX and degradation products.
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toxic compounds. Overall, the data demonstrate that the degradation 
pathway leads to environmental detoxification, making the treated 
water considerably safer for aquatic organisms.

Fig. 8c illustrates the developmental toxicity of DOX and its photo
catalytic degradation intermediates. The developmental toxicity score is 
a normalized index, where lower values indicate lower predicted 
toxicity and values closer to 1 indicate higher developmental toxicity. 
The parent compound DOX exhibits a high developmental toxicity score 
of about 0.85, classifying it as a strong toxicant capable of causing severe 
developmental abnormalities in aquatic organisms. After photocatalytic 
degradation, the toxicity of the intermediates decreases significantly. 
The early-stage products P1, P2, P4, and P5 exhibit moderate develop
mental toxicity values of 0.6–0.7, suggesting partial toxicity but far less 
harmful than DOX. In contrast, the later-stage degradation products P3, 
P6, P7, and P8 show much lower developmental toxicity scores 
(0.2–0.4), indicating that they are essentially non-toxic. Among these, 
P8 exhibits the lowest toxicity, confirming almost complete detoxifica
tion. The clear downward trend in developmental toxicity along the 
degradation pathway confirms that the photocatalytic process not only 
decomposes DOX structurally but also reduces its potential biological 
and ecological risks. Overall, the transformation of DOX into low- 
toxicity or non-toxic species underscores the environmental safety and 
effectiveness of photocatalytic treatment for pharmaceutical 
contaminants.

3.8. Stability and reusability of the heterojunction catalyst

Fig. 9 illustrates the stability and efficiency of a photocatalytic sys
tem in degrading DOX over multiple cycles, as well as the structural 
integrity of the catalyst after prolonged use. Fig. 9a presents the 
degradation efficiency of DOX across five cycling runs. Initially, the 
system achieves 97.25% degradation in the first cycle, demonstrating its 
high efficiency. However, over successive cycles, the degradation effi
ciency decreases slightly, dropping to 88.74% by the fifth cycle. This 
decline indicates a loss of catalytic activity after multiple cycles. How
ever, it shows that the photocatalyst maintains relatively high perfor
mance, with only a 9.51% reduction in degradation efficiency over the 
five cycles. The results suggest that the catalyst retains good activity and 
efficiency for DOX degradation, even after several uses, making it a 
potentially viable option for repeated applications in wastewater treat
ment or for removing pharmaceutical pollution.

In Fig. 9b, the XRD patterns before and after the fifth cycle are 
compared to assess the structural stability of the photocatalyst. X-ray 

diffraction (XRD) analysis shows that the catalyst's diffraction peaks 
remain largely unchanged after five cycles of photocatalytic degrada
tion. This suggests that the catalyst retains its crystallinity and structural 
integrity throughout the degradation process. The minimal shift in peak 
intensity or position indicates that the material does not undergo sig
nificant phase transformation or structural damage during cycling, 
which is essential for ensuring its long-term viability in practical ap
plications. This stability is critical for industrial-scale applications, as it 
ensures the catalyst can be reused without significant structural degra
dation, maintaining high photocatalytic activity for sustained pollutant 
removal.

Table S3 provides a comparative overview of representative visible- 
light photocatalysts reported for H2O2 generation and pollutant 
removal. The comparison highlights differences in catalyst design, 
charge-transfer mechanisms, and performance metrics reported in the 
literature. Although direct numerical comparison is influenced by var
iations in reaction conditions and reporting units, the table demon
strates that the present MSN0.4-BOC system achieves competitive H2O2 
production while simultaneously delivering efficient antibiotic removal 
and mineralization. This combined functionality and mechanistic vali
dation distinguish the present work from many previously reported 
systems.

4. Conclusions and prospects

In summary, a novel Z-scheme MoSi2N4–Bi2O2CO3 heterojunction 
photocatalyst was successfully fabricated through a hydro
thermal–ultrasonic self-assembly approach, offering an efficient plat
form for simultaneous H2O2 production and DOX degradation under 
visible-light irradiation. Comprehensive structural and physicochemical 
characterizations, including XRD, XPS, Raman, FTIR, and TEM analyses, 
confirmed the intimate interfacial contact between MoSi2N4 nanosheets 
and Bi2O2CO3 microplates. The well-defined heterointerface facilitated 
efficient charge migration across the junction, effectively suppressing 
electron–hole recombination and maintaining the strong redox poten
tials of both semiconductors. The optimized MSN0.4–BOC composite 
exhibited superior photocatalytic performance, achieving an H2O2 yield 
of 610 μmol g− 1 h− 1 and over 97% degradation efficiency of DOX, along 
with 57% TOC removal. Electrochemical and photophysical in
vestigations, including EIS, photocurrent responses, and Mott–Schottky 
analyses, revealed enhanced charge separation and lower interfacial 
resistance due to the formation of a direct Z-scheme charge-transfer 
pathway. ESR and radical trapping experiments confirmed that •O2−

Fig. 9. (a) Degradation efficiency of DOX over five cycling runs. (b) XRD patterns before and after 5 cycling runs, showing the stability of the catalyst.
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and •OH radicals played dominant roles in the oxidation and reduction 
processes. At the same time, LC–MS analysis identified the key in
termediates and degradation pathways of DOX. Moreover, ecotoxicity 
assessments using Daphnia and Fathead minnow demonstrated that the 
photocatalytic treatment significantly reduced the acute and develop
mental toxicity of DOX and its byproducts. The photocatalyst retained 
its structural integrity and activity after five successive cycles, high
lighting its excellent reusability and chemical stability. Future research 
should focus on scaling up the synthesis for large-scale wastewater 
treatment and continuous-flow systems. In-depth in situ spectroscopic 
and theoretical studies could further elucidate charge-transfer dynamics 
and the evolution of reactive species during photocatalysis. Addition
ally, coupling this Z-scheme system with other 2D materials or co- 
catalysts may further improve visible-light utilization and selectivity 
toward H2O2 production. The integration of such multifunctional het
erostructures offers a promising pathway toward sustainable environ
mental remediation and solar-driven green chemical production.
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