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A B S T R A C T

The simultaneous mitigation of antibiotic pollution and greenhouse gas CO₂ represents a critical yet challenging 
goal for sustainable environmental technology. This study reports the rational development of a new direct Z- 
scheme CeVO₄/Bi₂Sn₂O₇ heterojunction fabricated through a straightforward, well-controlled hydro
thermal–ultrasonication strategy, and demonstrates its dual-function photocatalytic performance. Comprehen
sive characterization confirms the formation of an intimate interface between n-type CeVO₄ and p-type Bi₂Sn₂O₇, 
which facilitates a direct Z-scheme charge-transfer mechanism. This unique configuration effectively suppresses 
electron-hole recombination while preserving high redox potentials, as validated by photoelectrochemical 
measurements, ESR, and radical trapping experiments. The optimized 30 wt% CeVO₄/Bi₂Sn₂O₇ composite ex
hibits exceptional performance, achieving a visible-light CO₂ reduction rate of 5.17 μmol g− 1 h− 1 for CO and 
3.96 μmol g− 1 h− 1 for CH₄, which corresponds to 11.5-fold and 19.8-fold enhancements over pristine CeVO₄, 
respectively. Concurrently, the composite degrades 98.18% of sulfamethoxazole (SMX), with a mineralization 
efficiency of 81.46% and a significant reduction in ecotoxicity of the byproducts. The catalyst demonstrates 
outstanding stability over four cycles, broad-spectrum activity against various antibiotics, and robust perfor
mance in complex water matrices, including tap and real wastewater. Density Functional Theory (DFT) calcu
lations elucidate the reactive sites on the SMX molecule, corroborating the proposed degradation pathways. This 
study provides a mechanistic blueprint for developing efficient Z-scheme heterostructures, positioning the 
CeVO₄/Bi₂Sn₂O₇ photocatalyst as a promising platform for integrated environmental remediation and solar fuel 
production.

1. Introduction

The growing concentration of carbon dioxide (CO₂) in the atmo
sphere, primarily driven by industrialization and the burning of fossil 

fuels, has become a central environmental issue [1,2]. CO₂ is a signifi
cant greenhouse gas that contributes to global warming, ocean acidifi
cation, and the broader climate change crisis [3]. This escalating 
environmental threat highlights the urgent need for effective strategies 
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to mitigate CO₂ emissions and convert it into valuable products [4]. In 
this context, the photocatalytic conversion of CO₂ into valuable chem
icals CO, CH₄, and other C2+ products has garnered considerable 
attention [5]. These technologies present a promising solution to reduce 
carbon emissions while simultaneously contributing to sustainable in
dustrial practices. On the other hand, sulfonamide antibiotics, especially 
SMX, are widely used to treat bacterial infections in humans and animals 
[6]. However, SMX persists in the environment, posing risks to aquatic 
ecosystems and human health. A large proportion is excreted unchanged 
and enters water bodies via wastewater, where it accumulates at 
detectable levels, such as 1.468 μg/L in the Yangtze River Basin. Despite 
conventional treatment, removal efficiencies are often below 30%, 
leading to bioaccumulation and potential disruption of aquatic life 
[7,8]. The persistence of SMX can also promote antibiotic resistance and 
pose long-term health risks to humans through contaminated water. 
Therefore, developing efficient photocatalytic systems to remove SMX 
while simultaneously facilitating CO₂ conversion is an urgent priority for 
environmental health.

Conventional wastewater treatment approaches—including ozona
tion [9], chlorination [10], adsorption [11], and membrane filtration 
[12] —are widely used, yet they often suffer from drawbacks such as 
elevated operating expenses, lengthy processing durations, and the 
production of secondary sludge [13–15]. These shortcomings highlight 
the need for more efficient and next-generation treatment strategies. In 
this context, advanced oxidation processes (AOPs) have attracted 
increasing attention as effective routes for breaking down recalcitrant 
organic contaminants, including SMX [16,17]. AOPs involve generating 
highly reactive radicals and other reactive oxygen species (ROS) that 
effectively break down organic contaminants in water. Photocatalysis, 
as a form of AOP, is particularly effective in wastewater treatment 
[18,19]. This process utilizes solar energy to generate electron-hole 
pairs in photocatalysts, which subsequently participate in redox re
actions to degrade pollutants [20,21]. At the same time, photocatalytic 
CO₂ reduction is gaining significant attention as a sustainable approach 
to address the global CO₂ emissions crisis [22]. Unlike thermocatalytic 
and electrocatalytic methods, which require high temperatures or 
external power sources, photocatalysis operates under mild conditions 
using only solar energy [23–25]. This makes it a promising candidate for 
large-scale CO₂ conversion processes. However, single-component pho
tocatalysts often face challenges such as poor charge separation, limited 
redox potential, and low solar-to-chemical conversion efficiency. These 
drawbacks result in rapid electron-hole recombination, which leads to 
energy losses and poor catalytic performance. Moreover, traditional 
systems struggle to achieve both effective light absorption and the 
necessary redox potentials to drive the CO₂ reduction process, limiting 
their practical applications.

To overcome these limitations, the development of heterojunction 
photocatalysts, such as type-II, Z-scheme, and S-scheme systems, has 
gained attention for their ability to enhance charge separation and 
improve photocatalytic efficiency [26–28]. While type-II hetero
junctions effectively promote charge separation, they compromise redox 
potential due to the unbalanced distribution of photogenerated carriers 
[29,30]. Conversely, S-scheme systems maintain high redox potentials 
but suffer from inefficient charge transfer, leading to suboptimal per
formance. The recently proposed Z-scheme heterojunction addresses 
both limitations by enabling selective recombination of low-energy 
carriers while preserving the strong redox capabilities of the high- 
energy carriers [31–33]. This mechanism significantly enhances the 
photocatalytic performance for both pollutant degradation and CO₂ 
reduction, making it an ideal strategy for improving photocatalytic ef
ficiency under visible light.

Cerium vanadate (CeVO₄), with its narrow band gap and strong 
redox activity, has attracted significant interest as a photocatalyst. The 
Ce3+/Ce4+ redox pair further enhances charge carrier mobility, making 
CeVO₄ an effective candidate for photocatalytic reactions [34]. How
ever, its photocatalytic performance is often limited by rapid electron- 

hole recombination, moderate light absorption, and a relatively low 
specific surface area [35]. To enhance the performance of CeVO₄, 
several composites have been developed, including CeVO4/MIL-88 [36], 
CeVO4/TiO2/SnS [37], and n2S3-CeVO4-La2O3 [38], which improve 
charge transfer and enhance photocatalytic activity. Similarly, Bi₂Sn₂O₇, 
a promising p-type semiconductor, exhibits excellent oxidative potential 
but suffers from poor electrical conductivity and fast charge recombi
nation [39,40]. Hybrid structures involving Bi₂Sn₂O₇, such as AgI/ 
Bi2Sn2O7 [41] and Bi2Sn2O7/ZnIn2S4 [42], have demonstrated 
enhanced photoactivity by improving charge separation and light uti
lization. It's to be noted that, CeVO₄ and Bi₂Sn₂O₇ were selected based on 
a complementary, mechanism-driven design for dual photocatalysis. 
CeVO₄ is a visible-light-active vanadate in which the Ce3+/Ce4+ redox 
couple and defect-tolerant lattice can promote interfacial charge trans
port and surface redox cycling, offering a suitable oxidation-side 
component for antibiotic degradation. Nevertheless, pristine CeVO₄ 
typically suffers from rapid electron–hole recombination and limited 
carrier utilization, which restricts its standalone activity. In parallel, 
Bi₂Sn₂O₇ is a chemically robust bismuth-based oxide (often reported as 
p-type) whose electronic structure can support efficient electron 
participation, yet its practical performance is frequently limited by low 
conductivity and fast recombination. Coupling these two oxides is 
therefore expected to create a built-in electric field and a tightly con
tacted interface that promotes directional charge separation while 
maintaining strong redox capability, which is essential for simulta
neously driving oxidative SMX degradation and reductive CO₂ conver
sion under visible light. The combination of CeVO₄ and Bi₂Sn₂O₇ into a Z- 
scheme structure is anticipated to effectively overcome the limitations of 
both materials, leading to more efficient charge separation and 
enhanced photocatalytic activity.

Here, we describe the rational development and fabrication of a new 
direct Z-scheme CeVO₄/Bi₂Sn₂O₇ heterojunction using a convenient, 
well-controlled hydrothermal–ultrasonication approach. The study in
vestigates its dual-function photocatalytic performance for simulta
neous visible-light-driven degradation of SMX in water and CO₂ 
reduction. The synergistic interplay between n-type CeVO₄ and p-type 
Bi₂Sn₂O₇ was meticulously investigated through a suite of physico
chemical, electrochemical, and spectroscopic techniques. Furthermore, 
the charge-transfer mechanism and the pathways for SMX degradation 
were elucidated through radical trapping experiments, electron spin 
resonance (ESR), and Density Functional Theory (DFT) calculations. The 
catalyst's practical applicability was assessed through reusability tests, 
mineralization efficiency (TOC), toxicity evaluation of transformation 
products, and performance across various antibiotic pollutants and 
water matrices. This study provides a comprehensive mechanistic 
insight into the functioning of a CeVO₄/Bi₂Sn₂O₇ Z-scheme hetero
junction, presenting it as a robust and versatile photocatalyst for 
addressing intertwined environmental and energy challenges.

2. Materials and methods

2.1. Chemicals and materials

All reagents used in this work were of analytical grade and utilized 
without additional purification. Cerium nitrate hexahydrate [Ce 
(NO₃)₃⋅6H₂O] and ammonium metavanadate (NH₄VO₃) served as pre
cursor salts for synthesizing CeVO₄, while bismuth nitrate pentahydrate 
[Bi(NO₃)₃⋅5H₂O] and tin(IV) chloride pentahydrate [SnCl₄⋅5H₂O] were 
employed for Bi₂Sn₂O₇ preparation. Urea (CO(NH₂)₂) and sodium hy
droxide (NaOH) were used as precipitating and pH-controlling agents 
during hydrothermal processing. SMX was chosen as the model anti
biotic pollutant due to its persistence and environmental relevance. 
Ethanol (≥99.8%) and deionized water (DI) were used as solvents for 
washing, dispersion, and all aqueous preparations.
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2.2. Preparation of n-type CeVO₄ photocatalyst

Pure CeVO₄ nanoparticles were synthesized through a controlled 
hydrothermal route. In a standard procedure, aqueous solutions of 
cerium nitrate hexahydrate [Ce(NO₃)₃⋅6H₂O, 0.2 M] and ammonium 
metavanadate (NH₄VO₃, 0.1 M) were separately prepared under 
continuous magnetic stirring (Schematic 1). The NH₄VO₃ solution was 
gradually introduced into the Ce(NO₃)₃ solution, resulting in a visible 
color shift from pale yellow to golden within approximately 10 min, 
which indicated the onset of complex formation between Ce3+ and 
VO₄3− species. To modulate nucleation kinetics and facilitate uniform 
crystal formation, urea (0.1 M) was introduced as a gentle chelating/ 
stabilizing additive. The suspension was further stirred for 30 min to 
ensure thorough precursor dispersion. The resulting homogeneous sol 
was then loaded into a Teflon-lined stainless-steel autoclave and heated 
at 180 ◦C for 12 h under static conditions. After cooling naturally to 
room temperature, the yellow solid was separated by centrifugation, 
repeatedly washed with absolute ethanol and deionized water to elim
inate residual species, and dried at 80 ◦C overnight. The final product 
was highly crystalline CeVO₄ nanoparticles.

2.3. Preparation of p-type bi₂Sn₂O₇ photocatalyst

Bi₂Sn₂O₇ nanoparticles were prepared through a simple one-step 
hydrothermal synthesis. Typically, stoichiometric quantities of bis
muth nitrate pentahydrate [Bi(NO₃)₃⋅5H₂O] and tin(IV) chloride pen
tahydrate [SnCl₄⋅5H₂O] were individually dissolved in 30 mL of 
deionized water under constant stirring for 25 min. To ensure complete 
dissolution of Bi3+ ions, a small volume of nitric acid (HNO₃) was slowly 
added until a transparent solution was obtained (Schematic 1). The two 
precursor solutions were then combined dropwise under continuous 
stirring for 30 min to form a uniform sol. The pH of the resulting mixture 
was carefully adjusted to about 8 using a 1 M NaOH solution. Subse
quently, the mixture was sealed in a 100 mL Teflon-lined autoclave and 
subjected to hydrothermal treatment at 180 ◦C for 12 h. After cooling, 
the yellow precipitate was separated by centrifugation, washed repeat
edly with deionized water and ethanol to remove residual ions, and 
dried at 80 ◦C for 12 h. The resulting fine powder was lightly ground 
using an agate mortar to yield homogeneous Bi₂Sn₂O₇ nanoparticles with 
uniform morphology and high purity.

2.4. Fabrication of Z-scheme CeVO₄/bi₂Sn₂O₇ heterojunction

The Z-scheme CeVO₄/Bi₂Sn₂O₇ heterostructured photocatalysts were 
fabricated using a straightforward water-based dispersion followed by 
ultrasonication. Typically, a predetermined amount of the prepared 
Bi₂Sn₂O₇ powder was dispersed in 150 mL of deionized water and 
magnetically stirred for 20 min to form a stable suspension. Then, an 
appropriate mass of CeVO₄ nanoparticles was added to obtain a series of 
composites with different loadings (10, 20, 30, and 40 wt% with respect 
to Bi₂Sn₂O₇). The resulting composites were designated as x-CeVO₄/ 
Bi₂Sn₂O₇ (x = 10, 20, 30, 40 wt%). Each dispersion was kept under dark 
stirring for 20 min, followed by 40 min of ultrasonication to promote 
intimate interfacial contact between CeVO₄ and Bi₂Sn₂O₇ and to facili
tate the in-situ formation of a Z-scheme charge transfer junction. The 
mixture was further stirred for an additional 30 min to stabilize the 
suspension. The products were subsequently filtered, vacuum-dried at 
80 ◦C overnight, and stored for subsequent characterization and pho
tocatalytic studies.

2.5. Photocatalytic degradation of sulfamethoxazole pollutant

The photocatalytic performance of the prepared materials was 
evaluated using the degradation of SMX as a model contaminant under 
visible-light irradiation. A 100 mL aqueous SMX solution (5 mg L− 1) was 
prepared in deionized water and mixed with 50 mg of photocatalyst in a 
quartz reactor equipped with continuous stirring. Prior to illumination, 
the suspension was stirred in the dark for 30 min to establish adsorp
tion–desorption equilibrium between SMX molecules and the catalyst 
surface. Subsequently, the reaction mixture was irradiated using a 300 
W Xe lamp fitted with a 420 nm cutoff filter to ensure visible-light 
excitation. At defined time intervals, 5 mL aliquots were withdrawn, 
centrifuged at 8000 rpm for 10 min, and filtered through 0.45 μm glass 
microfiber filters to remove catalyst residues. The residual concentration 
of SMX was monitored via UV–Vis spectrophotometry at its character
istic absorption wavelength (λmax ≈ 266 nm). Additionally, total organic 
carbon (TOC) analysis was conducted to evaluate the extent of miner
alization, providing a more comprehensive assessment of pollutant 
removal efficiency.

2.6. Photocatalytic CO₂ reduction

Photocatalytic CO₂ conversion experiments were conducted in a 

Schematic 1. Schematic of the preparation of the catalysts.
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sealed 25 mL Pyrex reactor under visible-light irradiation. In a typical 
test, 3 mg of photocatalyst was dispersed in 40 μL of deionized water to 
act as the proton donor. The reactor was initially evacuated to remove 
residual air, then purged with ultra-high-purity CO₂ (99.999%) for 40 
min to achieve a saturated CO₂ environment. Illumination was provided 
by a 300 W Xe arc lamp equipped with a 400 nm long-pass optical filter, 
simulating visible-light conditions. The incident light intensity was 
adjusted to 100 mW cm− 2 using a calibrated silicon photodiode to 
ensure consistent irradiance. After the reaction, the evolved gaseous 
products were analyzed using a SHIMADZU GC-2014 gas chromato
graph equipped with a flame ionization detector and methanizer, 
allowing for quantitative detection of CO₂ reduction products such as 

CO, CH₄.

2.7. Characterization techniques

A comprehensive suite of physicochemical analyses was performed 
to elucidate the structural, morphological, optical, and electronic char
acteristics of the synthesized photocatalysts. The crystalline phases were 
examined using X-ray diffraction (XRD, Bruker D8 Advance, Cu Kα ra
diation, λ = 1.5406 Å) to determine phase composition, lattice param
eters, and crystallite sizes. Morphological features were analyzed via 
scanning electron microscopy (SEM, Hitachi Regulus 8230) and trans
mission electron microscopy (TEM, JEOL JEM-2100), while high- 

Fig. 1. Structural, morphological and surface characterization of the synthesized photocatalysts: (a) XRD patterns, (b–c) SEM images of CeVO₄ and Bi₂Sn₂O₇, (d–e) 
SEM and TEM images of 30 wt% CeVO₄/Bi₂Sn₂O₇, (f–g) BJH pore-size dsistribution and N₂ adsorption–desorption isotherms, (h–m) XPS spectra of CeVO₄/Bi₂Sn₂O₇ 
(survey, Ce 3d, V 2p, O 1 s, Bi 4f, Sn 3d), and (n) SMX adsorption and degradation efficiencies under visible light.
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resolution TEM (HR-TEM) provided interplanar spacing and lattice- 
fringe details, confirming intimate junction formation. The elemental 
makeup and corresponding oxidation (valence) states were examined 
using X-ray photoelectron spectroscopy (XPS; Thermo Fisher ESCALAB 
250Xi). Optical light-harvesting behavior was evaluated via UV–Vis 
diffuse reflectance spectroscopy (Shimadzu UV-2600), and the optical 
bandgap values were derived from Tauc-plot analysis. The Bru
nauer–Emmett–Teller (BET) method was applied to nitrogen adsorp
tion–desorption isotherms (Micromeritics ASAP 2020) to estimate 
surface area, pore volume, and pore size distribution. Photo
luminescence (PL) and time-resolved PL (TRPL) measurements were 
carried out to investigate the recombination behavior and lifetimes of 
photoinduced charge carriers. Electrochemical impedance spectroscopy 
(EIS) and transient photocurrent measurements were conducted using a 
CHI660E workstation in a standard three-electrode setup to evaluate 
charge transfer resistance and interfacial carrier dynamics.

2.8. Density functional theory (DFT) calculations

Density functional theory (DFT) simulations were performed using 
the DMol3 module in Materials Studio 2024 to elucidate the electronic 
properties and reactivity of SMX. Geometry optimization employed the 
PBE functional under the GGA framework with a DNP basis set and DSPP 
treatment for heavy atoms. Convergence thresholds were 1 × 10− 6 Ha 
(energy), 1 × 10− 5 Ha⋅Å− 1 (forces), and 5 × 10− 4 Å (displacements). 
Frequency analysis confirmed the absence of imaginary modes. Frontier 
orbital distributions (HOMO and LUMO), electrostatic potential (ESP) 
maps, Hirshfeld charge populations, and condensed Fukui indices (f+, 
f− , f0) were evaluated to identify the most likely reactive centers and to 
link key electronic descriptors with the degradation routes observed 
experimentally.

3. Results and discussions

3.1. Structural and morphological properties

The crystallographic structures of the pristine CeVO₄, Bi₂Sn₂O₇, and 
the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite were examined using powder X- 
ray diffraction, and the corresponding diffraction patterns are presented 
in Fig. 1. The characteristic reflections of pure CeVO₄ appear at 2θ =
18.9◦, 28.9◦, 30.1◦, 34.3◦, 47.4◦, 50.2◦, 53.4◦, 56.5◦, and 58.8◦, which 
can be indexed to the (101), (112), (200), (004), (220), (204), (116), 
(312), and (224) crystal planes, respectively. These diffraction peaks are 
consistent with the tetragonal zircon-type CeVO₄ phase (JCPDS No. 
01–079-1065), confirming the formation of a well-crystallized structure 
[43,44]. The XRD pattern of pristine Bi₂Sn₂O₇ exhibits distinct re
flections at 2θ values of 28.9◦, 33.3◦, 47.2◦, 56.1◦, and 59.5◦. These 
peaks can be indexed to the (222), (400), (440), (622), and (444) planes, 
respectively, matching well with the reported cubic pyrochlore phase of 
Bi₂Sn₂O₇ (JCPDS No. 01–087-0284) [45]. The sharp and intense re
flections indicate high crystallinity and phase purity of the Bi₂Sn₂O₇ 
nanoparticles synthesized through the hydrothermal route. In the case of 
the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite, all major diffraction peaks 
associated with both CeVO₄ and Bi₂Sn₂O₇ phases are retained, and no 
additional reflections corresponding to impurities or secondary phases 
are observed, demonstrating the successful formation of a binary het
erojunction without structural distortion. The coexistence of the CeVO₄ 
(112), (200), and (220) planes with the Bi₂Sn₂O₇ (222) and (400) planes 
clearly confirms the integration of both semiconductors. Notably, the 
relative intensity of the CeVO₄ peaks slightly decreases and broadens in 
the composite pattern, which can be attributed to the strong interfacial 
coupling between the two phases and partial lattice strain generated 
during hydrothermal assembly. Such microstructural modification is 
often associated with a reduction in coherent domain size and enhanced 
defect concentration, both of which can favor charge separation and 
light absorption in photocatalytic systems.

The CeVO₄ sample (Fig. 1b) exhibits aggregated microspheres 
composed of irregularly shaped nanoparticles with rough surfaces, 
indicative of self-assembled growth during hydrothermal synthesis. 
These clusters display an average particle size of approximately 
200–300 nm, providing a relatively high surface roughness that favors 
light scattering and photon capture. In contrast, the Bi₂Sn₂O₇ nano
particles (Fig. 1c) demonstrate a more compact, nearly spherical 
morphology with smoother surfaces and particle diameters in the range 
of 100–200 nm, consistent with the crystalline pyrochlore structure 
observed in the XRD pattern [46]. After compositing, the 30 wt% 
CeVO₄/Bi₂Sn₂O₇ heterojunction (Fig. 1d) shows a distinct morphological 
transformation in which fine CeVO₄ nanoparticles are uniformly 
anchored on the surface of the Bi₂Sn₂O₇ matrix. The red-boxed regions 
highlight these nanosized CeVO₄ domains intimately distributed across 
the Bi₂Sn₂O₇ framework, while the yellow-circled zones emphasize the 
preservation of the spherical Bi₂Sn₂O₇ cores. Such tight interfacial con
tact between the two semiconductors provides abundant active junc
tions that can facilitate efficient charge transfer across the CeVO₄/ 
Bi₂Sn₂O₇ boundary under visible-light excitation. The hierarchical 
microstructure also helps to suppress particle agglomeration and in
crease the number of accessible reactive sites for photocatalytic 
reactions.

Further structural verification was obtained from the TEM micro
graph of the composite (Fig. 1e), which clearly reveals the coexistence of 
darker CeVO₄ and lighter Bi₂Sn₂O₇ domains. The intimate interface be
tween these two regions confirms the successful coupling of the tetrag
onal CeVO₄ and cubic Bi₂Sn₂O₇ phases, consistent with the XRD findings. 
The absence of discrete particle boundaries and the presence of a 
coherent contact zone suggest strong electronic interaction and lattice 
compatibility between the two semiconductors. Such a nanoscale 
configuration is expected to enhance interfacial charge migration, 
reduce electron–hole recombination, and consequently improve the 
overall photocatalytic efficiency [47].

The textural characteristics of CeVO₄, Bi₂Sn₂O₇, and the CeVO₄/ 
Bi₂Sn₂O₇ composites were investigated through N₂ adsorp
tion–desorption measurements, and the corresponding isotherms and 
pore-size distributions are presented in Fig. 1(f–g). All samples display 
type IV isotherms with distinct H₃ hysteresis loops, characteristic of 
mesoporous materials formed by the aggregation of nanosized particles. 
The gradual increase in the adsorption volume with relative pressure 
indicates the prevalence of open mesopores, which facilitate molecular 
diffusion and adsorption processes during photocatalysis. As summa
rized in Table S1, the BET surface area of pure CeVO₄ (67.3 m2 g− 1) is 
considerably lower than that of Bi₂Sn₂O₇ (99.6 m2 g− 1) owing to its 
denser particle agglomeration. Upon formation of the heterojunction, 
the surface area markedly increases with CeVO₄ incorporation, reaching 
a maximum value of 137.1 m2 g− 1 for the 30 wt% CeVO₄/Bi₂Sn₂O₇ 
composite. This enhancement arises from the uniform distribution of 
finely dispersed CeVO₄ nanocrystals over the Bi₂Sn₂O₇ matrix, which 
inhibits aggregation and introduces additional mesoporous channels at 
the interfaces. Further loading of CeVO₄ to 40 wt% leads to a minor 
decline in surface area (131.0 m2 g− 1), attributable to partial pore 
blockage by excess CeVO₄ nanoparticles [48]. The BJH pore-size dis
tribution curves (Fig. 1g) reveal mesoporous frameworks with mean 
pore diameters between 32 and 43 nm. The composite samples exhibit 
broader and slightly shifted pore distributions toward larger diameters 
compared to the pristine oxides, reflecting the creation of interparticle 
voids and hierarchical pores during heterojunction assembly. Moreover, 
the total pore volume rises from 0.20 cm3 g− 1 for CeVO₄ to 0.40 cm3 g− 1 

for the 30 wt% composite, further confirming improved textural acces
sibility and enhanced porosity. These structural enhancements—higher 
surface area, enlarged pore volume, and hierarchical mesoporosity play 
a pivotal role in boosting photocatalytic efficiency.

XPS was employed to elucidate the surface composition and inter
facial electronic structure of the CeVO4/Bi2Sn2O7 heterostructure 
(Fig. 1h–m). To further demonstrate that the coupled material is a true 
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heterojunction (electronic coupling at an interface) rather than a simple 
physical mixture, the high-resolution spectra of the composite were 
compared with those of the pristine components (Fig. S1a–e). In this 
comparative analysis, the key evidence is not only the preservation of 
the expected oxidation states (Ce3+/Ce4+, V5+, Bi3+, Sn4+) but also the 
systematic binding-energy shifts that occur after coupling, which reflect 
interfacial charge redistribution and band bending. The wide-scan XPS 
spectrum verifies the presence of Ce, V, Bi, Sn, and O, confirming 
effective integration of the two oxide components and indicating that no 
measurable extraneous elements are present on the catalyst surface. For 
Ce 3d, pristine CeVO₄ (Fig. S1a) shows the characteristic multiple en
velopes of mixed-valence cerium, containing resolvable components 
assigned to Ce3+ and Ce4+. The composite (Fig. 1i) retains these Ce3+/ 
Ce4+ features, indicating that the CeVO₄ lattice chemistry is preserved 
after hybridization. The coexistence of Ce3+ and Ce4+ is also chemically 
meaningful because it implies a redox-flexible cerium environment that 
is frequently associated with oxygen-vacancy-related defect chemistry 
and reversible surface electron storage. Such mixed valence can facili
tate interfacial charge regulation by transiently trapping/delocalizing 
electrons, thereby suppressing electron–hole recombination during 
photocatalysis. Importantly, any subtle shift of the Ce 3d envelope after 
coupling (relative to pristine CeVO₄) is consistent with interfacial elec
tronic interaction rather than a mere superposition of two independent 
spectra [49]. The simultaneous presence of Ce3+ and Ce4+ species 
demonstrates a mixed-valence state within the CeVO4 lattice, indicative 
of abundant oxygen vacancies and defect sites. These Ce3+/Ce4+ redox 
pairs can act as efficient electron reservoirs, promoting dynamic charge 
transfer across the heterojunction interface and thus suppressing elec
tron–hole recombination during photocatalysis [50]. This mixed- 
valence feature is chemically meaningful because it indicates a redox- 
flexible cerium environment that is often coupled with defect chemis
try (e.g., oxygen-vacancy-associated Ce3+ formation) and can facilitate 
interfacial charge regulation under irradiation. The V 2p spectrum 
provides a clear indicator of electronic interaction on the CeVO₄ side. In 
pristine CeVO₄ (Fig. S1b), the V 2p doublet is centered at 517.21 eV (V 
2p₃/₂) and 524.28 eV (V 2p₁/₂), consistent with V5+ in VO₄3− units. After 
coupling, the corresponding peaks in the composite (Fig. 1j) appear at 
517.09 eV and 524.11 eV, showing a negative shift relative to the 
pristine material. A shift toward lower binding energy indicates 
increased electron density around vanadium sites, supporting electron 
enrichment on the CeVO₄ side induced by interfacial contact [51]. The O 
1 s spectra further reinforce the heterojunction interpretation by 
reflecting both lattice oxygen and defect-related surface chemistry. 
Pristine Bi₂Sn₂O₇ (Fig. S1c) can be deconvoluted into lattice oxygen at 
529.42 eV, a defect/vacancy-related component at 531.25 eV, and 
surface-adsorbed oxygen at ~532.31 eV. The composite O 1 s spectrum 
(Fig. 1k) similarly contains lattice oxygen and a pronounced defect- 
associated contribution near ~531.25 eV, together with a higher- 
binding-energy adsorbed‑oxygen component. The persistence and 
prominence of the defect-related oxygen signal indicate an oxygen- 
vacancy-involved surface, which can enhance carrier transport, pro
mote adsorption/activation of O₂/CO₂, and facilitate reactive oxygen 
species generation. Therefore, the O 1 s results provide functional evi
dence that complements the binding-energy shift analysis [52]. These 
vacancies not only enhance charge carrier mobility but also facilitate the 
adsorption and activation of molecular oxygen, thereby accelerating the 
generation of reactive oxygen species during photocatalytic reactions. 
On the Bi₂Sn₂O₇ side, pristine Bi₂Sn₂O₇ (Fig. S1d) exhibits Bi 4f peaks at 
158.88 eV (Bi 4f₇/₂) and 164.09 eV (Bi 4f₅/₂), characteristic of Bi3+. In 
the composite (Fig. 1l), the Bi 4f doublet is maintained (confirming the 
preservation of the Bi₂Sn₂O₇ framework) but shifts slightly to higher 
binding energy (e.g., 158.91/164.18 eV). This positive shift suggests 
reduced electron density at Bi sites after coupling, consistent with 
electron transfer away from Bi₂Sn₂O₇ during heterojunction formation 
[53]. Similarly, the Sn core levels support this trend. Pristine Bi₂Sn₂O₇ 
(Fig. S1e) shows the Sn 3d doublet at 485.91 eV (Sn 3d₅/₂) and 494.36 

eV (Sn 3d₃/₂), indicative of Sn4+ in the pyrochlore lattice. In the com
posite (Fig. 1m), these peaks shift to higher binding energies (e.g., 
486.26/494.72 eV), again pointing to electron depletion around Sn sites 
upon heterojunction formation. The concurrent positive shifts of Bi 4f 
and Sn 3d, together with the negative shift of V 2p, provide a consistent 
picture of interfacial charge redistribution rather than a physical 
mixture of two electronically isolated phases [54]. Overall, comparing 
the pristine XPS spectra (Fig. S1a–e) with those of the composite 
(Fig. 1h–m) demonstrates that the expected oxidation states of all con
stituent elements are preserved (Ce3+/Ce4+, V5+, Bi3+ and Sn4+), con
firming that the heterostructure is not formed by decomposition into 
unintended phases. More importantly, the systematic and directionally 
consistent binding-energy shifts (V 2p toward lower binding energy, 
whereas Bi 4f and Sn 3d shift toward higher binding energy) provide 
compelling evidence of interfacial electron redistribution and the 
establishment of a built-in electric field, which are defining signatures of 
a true heterojunction rather than a simple physical mixture. Collec
tively, the XPS results verify that the CeVO₄/Bi₂Sn₂O₇ composite com
prises mixed-valence Ce3+/Ce4+, V5+, Bi3+, Sn4+, and multiple oxygen 
species, and that the pronounced defect-related O 1 s contribution re
flects an oxygen-vacancy-rich surface. These vacancies offer functional 
implications beyond elemental-state assignment by improving charge 
transport, strengthening surface adsorption/activation of reactants, and 
facilitating reactive oxygen species generation, thereby accelerating 
SMX oxidation and promoting more efficient utilization of photo
generated electrons for CO₂ conversion. Overall, the XPS evidence sup
ports that the enhanced dual-function activity arises from 
heterointerface-enabled charge redistribution coupled with defect- 
assisted surface reaction kinetics, rather than from secondary-phase 
formation or unstable cation valence changes.

3.2. Photocatalytic activity toward SMX degradation

The photocatalytic degradation efficiency of SMX under visible-light 
irradiation over the synthesized photocatalysts is presented in Fig. 1n. 
The blank test (without catalyst) exhibited negligible SMX removal 
(4.58%), indicating that self-photolysis of the pollutant is insignificant 
under the experimental conditions. In contrast, pure CeVO₄ and Bi₂Sn₂O₇ 
achieved degradation efficiencies of 24.86% and 38.21%, respectively, 
after the same irradiation period. The modest activity of CeVO₄ can be 
attributed to its narrow band gap but poor charge-carrier separation, 
while Bi₂Sn₂O₇, despite its broader light-absorption window, suffers 
from limited redox potential and rapid electron–hole recombination. 
Upon coupling CeVO₄ with Bi₂Sn₂O₇, a remarkable enhancement in 
photocatalytic performance was observed. The degradation efficiencies 
increased progressively with CeVO₄ loading, reaching 50.29%, 58.76%, 
and 73.57% for the 10%, 20%, and 30 wt% CeVO₄/Bi₂Sn₂O₇ composites, 
respectively. The adsorption capacities also followed a similar upward 
trend, confirming that the heterojunction structure provides an 
expanded surface area and abundant accessible active sites for pollutant 
capture and reaction [55]. The photocatalytic activity reached its opti
mum for the 30 wt% CeVO₄/Bi₂Sn₂O₇ sample, achieving an impressive 
88.42% SMX degradation, which is more than twice that of pristine 
Bi₂Sn₂O₇ and over three times higher than CeVO₄ alone [56].

The superior performance of the 30 wt% composite can be attributed 
to several synergistic factors. First, at this loading, CeVO₄ nanoparticles 
are uniformly distributed over the Bi₂Sn₂O₇ surface, forming intimate 
interfacial contact that facilitates efficient charge separation through a 
Z-scheme electron-transfer pathway. This architecture allows photo
generated electrons in CeVO₄ and holes in Bi₂Sn₂O₇ to participate 
simultaneously in redox reactions while suppressing carrier recombi
nation. Second, the optimized CeVO₄ content introduces a high density 
of oxygen vacancies and Ce3+/Ce4+ redox couples, which serve as 
shallow traps and promote rapid interfacial charge migration. Third, the 
increased BET surface area and mesoporous texture (as confirmed by 
nitrogen adsorption analysis) improve light absorption, molecular 
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diffusion, and the accessibility of active sites. When the CeVO₄ content 
was further increased to 40 wt%, the degradation efficiency slightly 
declined to 82.9%. This reduction can be ascribed to partial surface 
shielding and particle agglomeration at higher CeVO₄ loadings, which 
hinder photon penetration and limit active-site exposure [57]. There
fore, the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite represents an optimal 
structural and electronic configuration that maximizes light harvesting, 
charge separation, and reactive-species generation, resulting in its 
outstanding photocatalytic activity toward SMX degradation.

3.3. Effect of operational parameters on the SMX degradation

The photocatalytic degradation performance of SMX is significantly 
influenced by various operational parameters, including pH, catalyst 
dosage, initial pollutant concentration, and reaction time. The interplay 
between these parameters governs the adsorption capacity, surface 
charge interactions, and overall efficiency of photocatalytic oxidation. 
The surface charge characteristics of the optimized 30 wt% CeVO₄/ 
Bi₂Sn₂O₇ composite, determined via zeta potential analysis, are shown in 
Fig. 2a. The point of zero charge (pHₚzc) is observed at 4.93, indicating 
that the catalyst surface is positively charged at pH < 4.93 and nega
tively charged at pH > 4.93. Meanwhile, as illustrated in Fig. 2b, SMX 
exists as a cation (SMX+) below its first dissociation constant (pKa₁ =
1.88), as a zwitterion (SMX0) between pKa₁ = 1.88 and pKa₂ = 5.6, and 
predominantly in an anionic form (SMX− ) above pKa₂ = 5.6. Therefore, 
the adsorption affinity between the SMX molecules and catalyst surface 
varies with pH due to electrostatic interactions between the charged 
species [58].

The influence of catalyst dosage on the photocatalytic degradation of 

SMX using the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite was systematically 
evaluated in the range of 0.10–0.25 g L− 1, and the corresponding 
degradation efficiencies after 70 min of visible-light irradiation are 
presented in Fig. 2c. The degradation performance exhibited a pro
nounced enhancement with increasing catalyst dosage, rising from 
74.9% at 0.10 g L− 1 to 98.34% at 0.25 g L− 1. At low catalyst loading 
(0.10 g L− 1), the relatively small number of photocatalyst particles 
provides limited surface-active sites and light absorption area, resulting 
in the generation of an insufficient quantity of photogenerated radicals 
(•O₂− and •OH) to completely oxidize the SMX molecules. As the dosage 
increases to 0.15 g L− 1, the degradation efficiency improves markedly to 
86.3%, which can be attributed to the larger specific surface area and 
greater number of heterojunction interfaces available for redox re
actions. A further increase to 0.20 g L− 1 results in 93.6% degradation 
efficiency, indicating that a higher particle concentration effectively 
enhances photon utilization and charge-carrier separation due to the 
intimate interfacial contact between CeVO₄ and Bi₂Sn₂O₇ components 
[59]. The maximum degradation efficiency of 98.34% was obtained at 
0.25 g L− 1, beyond which no significant improvement is expected. At 
this optimal dosage, sufficient light absorption and surface accessibility 
are achieved without inducing excessive scattering or aggregation. The 
abundant heterojunction sites promote rapid transfer of photogenerated 
electrons from the conduction band of CeVO₄ to that of Bi₂Sn₂O₇, while 
holes migrate in the opposite direction, effectively suppressing electro
n–hole recombination. Consequently, a larger population of reactive 
oxygen species is produced, accelerating SMX oxidation and minerali
zation [60].

The influence of initial SMX concentration on the photocatalytic 
performance of the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite was 

Fig. 2. Effect of operational parameters on SMX degradation using the 30 wt% CeVO₄/Bi₂Sn₂O₇ photocatalyst: (a–b) pH and ionization behavior, (c–e) influence of 
dosage, concentration, and pH, (f) TOC removal, (g–i) stability evaluation by cycling, XRD, and XPS, (j) kinetic fitting, and (k–l) degradation performance toward 
various antibiotics and in different water matrices.
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systematically investigated within the range of 5–35 mg L− 1, as depicted 
in Fig. 2d. The degradation efficiency after 70 min of visible-light irra
diation exhibited a strong dependence on pollutant concentration, 
reaching 98.1% at 25 mg L− 1, while lower and higher concentrations 
resulted in slightly reduced efficiencies of 88.7% (5 mg L− 1), 93.4% (15 
mg L− 1), and 84.9% (35 mg L− 1), respectively. At lower initial con
centrations (5–15 mg L− 1), the total number of SMX molecules in the 
solution is relatively small compared with the available photoactive sites 
and photogenerated radicals (•O₂− and •OH). Consequently, only a 
limited portion of the incident photons is utilized for pollutant oxida
tion, leading to moderate degradation efficiencies. As the concentration 
increases to 25 mg L− 1, the number of SMX molecules becomes sufficient 
to interact effectively with the generated radicals, ensuring efficient 
utilization of photoexcited charge carriers and maximizing visible-light 
absorption. Under this condition, the system achieves an optimal bal
ance between radical generation, molecular adsorption, and interfacial 
charge transfer across the CeVO₄/Bi₂Sn₂O₇ heterojunction, resulting in 
the highest degradation efficiency of nearly 98%. However, when the 
concentration is further increased to 35 mg L− 1, a noticeable decrease in 
photocatalytic activity occurs. This decline can be attributed to several 
concurrent effects: (i) excessive SMX molecules compete for a finite 
number of active sites, leading to surface saturation; (ii) the solution 
becomes optically dense, attenuating light penetration (inner-filter ef
fect); and (iii) intermediate by-products generated during partial 
oxidation competitively adsorb on the catalyst surface, hindering further 
reaction. These factors collectively reduce the availability of reactive 
radicals and suppress the overall degradation rate [61].

The influence of the initial solution pH on the photocatalytic 
degradation of SMX over the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite was 
evaluated in the pH range of 1–9, and the corresponding degradation 
efficiencies after 70 min of visible-light irradiation are presented in 
Fig. 2e. The results reveal a clear pH-dependent trend, with the degra
dation efficiency initially increasing from 72.3% at pH 1 to a maximum 
of 98.0% at pH 5, followed by a decline to 89.4% and 76.7% at pH 7 and 
9, respectively. This strong correlation between pH and photocatalytic 
performance arises from the interplay between the surface charge of the 
catalyst and the speciation of SMX molecules in aqueous solution. As 
shown previously (Fig. 2a–b), the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite 
has a point of zero charge (pHₚzc) of 4.93, meaning that its surface is 
positively charged in acidic media (pH < 4.93) and negatively charged 
in alkaline media (pH > 4.93). Meanwhile, SMX exists in cationic form 
(SMX+) below pKa₁ = 1.88, in zwitterionic form (SMX0) between pKa₁ =
1.88 and pKa₂ = 5.6, and predominantly as an anion (SMX− ) above pKa₂ 
= 5.6. At pH = 5, the surface charge of the photocatalyst is close to 
neutral while SMX primarily exists in its zwitterionic form. This condi
tion minimizes electrostatic repulsion and promotes strong molecular 
adsorption through dipole–dipole and hydrogen-bonding interactions, 
leading to optimal contact between SMX molecules and photoactive sites 
[62]. As a result, charge transfer across the CeVO₄/Bi₂Sn₂O₇ interface 
and the generation of reactive oxygen species (•O₂− and •OH) are 
significantly enhanced, resulting in near-complete SMX degradation 
(~98%). In strongly acidic environments (pH 1–3), both the catalyst 
surface and SMX molecules carry positive charges, resulting in electro
static repulsion that reduces adsorption efficiency and hinders electro
n–hole transfer. Conversely, at alkaline pH values (≥ 7), the catalyst 
surface becomes negatively charged while SMX is predominantly 
anionic (SMX− ), again causing repulsive interactions and limiting 
adsorption. Additionally, under basic conditions, excessive hydroxyl 
ions may act as scavengers for photogenerated holes, lowering •OH 
radical production and thereby decreasing degradation efficiency.

3.4. TOC removal, stability, reusability, and durability of the 
Photocatalyst

The photocatalytic mineralization efficiency of the optimized 30 wt 
% CeVO₄/Bi₂Sn₂O₇ composite was assessed through total organic carbon 

(TOC) analysis and recycling experiments to confirm its practical 
applicability and stability during repeated operation. As illustrated in 
Fig. 2f, the TOC removal progressively increased with irradiation time, 
achieving 26.09%, 48.85%, 65.56%, 74.02%, 78.64%, 80.23%, and 
81.46% after 10, 20, 30, 40, 50, 60 and 70 min, respectively. This 
gradual enhancement in mineralization efficiency signifies the effective 
oxidation of SMX and its intermediates into simple inorganic species 
such as CO₂, H₂O, NO₃− , and SO₄2− . The observed high TOC removal 
after 60 min underscores the superior charge separation and reactive 
oxygen species (ROS) generation capabilities of the CeVO₄/Bi₂Sn₂O₇ 
heterostructure, ensuring deep oxidation rather than partial degradation 
of SMX molecules.

To further evaluate its reusability, the photocatalytic activity of the 
composite was tested for four consecutive cycles under identical con
ditions (Fig. 2g). The degradation efficiency decreased slightly from 
98.18% in the first cycle to 97.84%, 95.23%, and 90.69% in the second, 
third, and fourth runs, respectively. The minor reduction in activity (<
8%) after four cycles can be attributed to partial surface fouling by re
sidual intermediates or minor catalyst loss during recovery. However, 
the consistently high degradation efficiency demonstrates the excellent 
durability and structural integrity of the CeVO₄/Bi₂Sn₂O₇ heterojunction 
during prolonged operation. The crystalline and chemical stability of the 
photocatalyst before and after four consecutive degradation cycles were 
examined using XRD and XPS analyses. As depicted in Fig. 2h, the XRD 
diffraction peaks of the used catalyst remain nearly identical to those of 
the fresh one, with no detectable phase transformation, new impurity 
peaks, or intensity loss. The characteristic reflections of CeVO₄ and 
Bi₂Sn₂O₇ are clearly preserved, confirming that the heterojunction 
maintains its crystallinity and structural integrity even after multiple 
photocatalytic reactions [63]. Complementary XPS survey spectra 
(Fig. 2i) further validate the chemical stability of the composite. The 
elemental signals of Ce 3d, V 2p, Bi 4f, Sn 3d, and O 1 s are retained with 
negligible shifts in binding energy, indicating that the oxidation states of 
the constituent elements remain unchanged. The persistence of these 
spectral features confirms that the CeVO₄/Bi₂Sn₂O₇ heterointerface re
mains electronically and chemically stable throughout cyclic photo
catalysis [64].

The reaction kinetics of SMX degradation over the as-prepared 
photocatalysts were analyzed using a pseudo-first-order kinetic model, 
expressed as –ln(C/C₀) = kt, where k (min− 1) denotes the apparent rate 
constant and C₀ and C represent the initial and instantaneous SMX 
concentrations, respectively. The linear plots of –ln(C/C₀) versus irra
diation time for different catalysts are presented in Fig. 2j, with the 
corresponding rate constants summarized in the inset. Among all the 
catalysts, the 30 wt% CeVO₄/Bi₂Sn₂O₇ composite exhibited the highest 
rate constant (k = 0.02546 min− 1), markedly outperforming pure CeVO₄ 
(k = 0.00133 min− 1) and Bi₂Sn₂O₇ (k = 0.00537 min− 1). The rate con
stants for the other composites followed the order: 40% CeVO₄/Bi₂Sn₂O₇ 
(0.03464 min− 1) > 30% (0.02546 min− 1) > 20% (0.01826 min− 1) >
10% (0.01492 min− 1), confirming that the photocatalytic efficiency 
strongly depends on the CeVO₄ loading ratio. The incorporation of an 
optimal 30 wt% CeVO₄ onto Bi₂Sn₂O₇ creates a well-balanced hetero
junction that facilitates efficient charge separation and visible-light 
utilization, while maintaining a high surface area and sufficient inter
facial contact between both semiconductors. The poor kinetic perfor
mance of pristine CeVO₄ can be attributed to its rapid charge 
recombination and narrow light absorption range, whereas pure 
Bi₂Sn₂O₇ suffers from limited photoresponse and low conductivity. At 
low CeVO₄ content (10–20 wt%), insufficient junction formation re
stricts interfacial electron–hole migration, leading to lower k values. 
Conversely, excessive CeVO₄ loading (40 wt%) partially blocks the 
active sites of Bi₂Sn₂O₇ and induces light-shielding effects, which slightly 
reduce the accessible surface area and reactive species generation effi
ciency [65].

The photocatalytic versatility of the optimized 30 wt% CeVO₄/ 
Bi₂Sn₂O₇ composite was further assessed by evaluating its degradation 
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efficiency toward various antibiotic pollutants and in different water 
matrices. As depicted in Fig. 2k, the composite exhibited outstanding 
degradation efficiency across a range of representative antibiotics, 
including sulfamethoxazole (SMX, 98.18%), cefixime (85.24%), gati
floxacin (86.10%), doxycycline (93.52%), and sulfonamide (90.74%). 
Among these, SMX demonstrated the highest degradation efficiency, 
which can be attributed to its favorable adsorption affinity toward the 
catalyst surface and its high photoreactivity under visible-light irradia
tion. The strong π–π interactions between SMX's aromatic rings and the 
oxygen-rich surface of CeVO₄/Bi₂Sn₂O₇ enhance charge transfer and 
facilitate oxidative degradation. In contrast, cefixime and gatifloxacin 
exhibited slightly lower efficiencies due to their more complex molec
ular structures and multiple heterocyclic substituents that hinder reac
tive oxygen species (ROS) attack. Doxycycline and sulfonamide 
displayed intermediate efficiencies, suggesting that molecular charge 
distribution, functional groups, and steric hindrance collectively govern 
photocatalytic degradation behavior.

To examine the catalyst's environmental applicability, degradation 
experiments were also conducted in different water matrices—deionized 

water (DW), tap water (TW), and real wastewater (RW)—as shown in 
Fig. 2l. The photocatalytic efficiency followed the order: DW (98.18%) 
> TW (91.07%) > RW (78.12%). The high efficiency in deionized water 
arises from the absence of interfering ions and organic impurities, 
allowing maximum photon absorption and reactive species generation. 
In tap water, the presence of common inorganic ions, partially scavenges 
hydroxyl radicals (•OH) and superoxide radicals (•O₂− ), thereby 
reducing degradation efficiency. The lowest performance in real 
wastewater can be attributed to the coexistence of competing organic 
and inorganic constituents, turbidity, and ionic species that quench ROS 
or block the active surface sites of the catalyst.

3.5. Detection of degradation pathways of SMX and toxicity evaluation

To elucidate the degradation mechanism of SMX over the 30 wt% 
CeVO₄/Bi₂Sn₂O₇ heterojunction, liquid chromatography–mass spec
trometry (LC–MS) analysis was conducted to identify intermediate 
byproducts (Fig. S3). Based on the detected ions and previous literature 
reports, four plausible degradation pathways (I–IV) were proposed, as 

Fig. 3. (a) Proposed photocatalytic degradation pathways of SMX over 30 wt% CeVO₄/Bi₂Sn₂O₇ derived from LC–MS analysis, and (b–d) predicted toxicity of SMX 
and its intermediates toward fish, daphnid, and green algae, showing a marked reduction in ecological risk after degradation. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
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illustrated in Fig. 3a. In Pathway I, SMX (m/z = 253.05) undergoes 
hydroxyl radical (•OH)-induced oxidation at the methyl site of the iso
xazole ring, generating P1 (m/z = 283.03). Subsequent cleavage of the 
isoxazole moiety leads to the formation of P2 (m/z = 172.03), which 
then experiences amino-group oxidation to yield P3 (m/z = 186.01). In 
Pathway II, the reaction initiates with the oxidation of the amine group 
to form hydroxylated intermediate P4 (m/z = 269.05). P4 further 

undergoes nitro-substitution and ring-opening processes, giving rise to 
P5 (m/z = 267.03) and P6 (m/z = 213.02), respectively [66]. Pathway 
III involves N–S bond cleavage of the sulfonamide linkage, resulting in 
the generation of P7 (m/z = 98.05) and P8 (m/z = 157.02) [67]. P8 then 
undergoes oxidation of the amino functionality, producing P9 (m/z =
171.00). In Pathway IV, C–S bond scission occurs, producing in
termediates P10 (m/z = 162.01) and P11 (m/z = 109.05). Further 

Fig. 4. (a–c) Photocatalytic CO₂ reduction activity, control tests, and recyclability of CeVO₄/Bi₂Sn₂O₇ composites; (d–f) Reactive species trapping and ESR spectra 
confirming •OH and •O₂− generation; (g–i) UV–Vis DRS and Mott–Schottky plots showing band structures of CeVO₄, Bi₂Sn₂O₇, and 30 wt% CeVO₄/Bi₂Sn₂O₇; (j–l) EIS, 
PL, and photocurrent results verifying enhanced charge separation and transfer in the 30 wt% CeVO₄/Bi₂Sn₂O₇ heterojunction.
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oxidation of the amine group and hydroxylation reactions result in the 
formation of P12 (m/z = 123.03) [10]. Ultimately, these intermediates 
are continuously attacked by reactive oxygen species (•OH and •O₂− ), 
leading to progressive demethylation, desulfonation, and ring-opening 
reactions. The complete mineralization of SMX proceeds through 
oxidation to innocuous end-products such as CO₂, H₂O, and inorganic 
ions (NO₃− , SO₄2− ). These findings confirm that the CeVO₄/Bi₂Sn₂O₇ 
heterojunction effectively promotes multistep degradation via com
bined oxidation and cleavage processes under visible-light irradiation 
(See Fig. 4).

Given the detection of multiple SMX degradation intermediates, it is 
crucial to assess their potential ecological toxicity. The acute and 
chronic toxicities of SMX and its degradation products were evaluated 
toward three representative aquatic organisms—fish, daphnid, and 
green algae—using the ECOSAR predictive model under the framework 
of the Globally Harmonized System (GHS) classification. The semi-lethal 
concentration (LC₅₀), semi-effective concentration (EC₅₀), and chronic 
toxicity value (ChV) were employed as toxicity indicators. As shown in 
Figs. 3b–3d, the majority of detected intermediates (P1–P12) exhibit 
significantly reduced toxicity levels compared to the parent SMX 
molecule. This notable decrease can be attributed to the disruption of 
the aromatic sulfonamide structure and the oxidative cleavage of N–S 
and C–S bonds, which substantially diminish bioactivity and environ
mental persistence. Among all intermediates, P7, P8, and P11 retained 
moderate toxicity levels comparable to SMX due to the presence of ar
omatic or amino-sulfonyl groups that can still interact with biological 
receptors. Nevertheless, their transient nature and further degradation 
into less harmful species mitigate long-term ecological risk. Collectively, 
these results indicate that the photocatalytic degradation process not 
only effectively decomposes SMX but also transforms toxic pharma
ceutical residues into low-toxicity or environmentally benign 
compounds.

3.6. Photocatalytic CO2 conversion

The photocatalytic reduction of CO₂ was carried out under visible- 
light irradiation to evaluate the dual-functional performance of the 
synthesized photocatalysts, and the corresponding results are presented 
in Figs. 4a–4c. As shown in Fig. 4a, both CH₄ and CO were generated as 
the main carbon-containing products for all tested samples, confirming 
the efficient photo-reduction of CO₂ over the CeVO₄/Bi₂Sn₂O₇ compos
ites. Quantitatively, pristine CeVO₄ and Bi₂Sn₂O₇ exhibited very limited 
activities, producing only 0.20 μmol g− 1 h− 1 of CH₄ and 0.45 μmol g− 1 

h− 1 of CO for CeVO₄, and 0.56 μmol g− 1 h− 1 of CH₄ and 0.96 μmol g− 1 

h− 1 of CO for Bi₂Sn₂O₇. Upon coupling CeVO₄ with Bi₂Sn₂O₇, the pho
tocatalytic efficiency increased dramatically, confirming that hetero
junction formation effectively enhances charge separation and CO₂ 
activation [68]. The 10%, 20%, 30%, and 40% CeVO₄/Bi₂Sn₂O₇ com
posites yielded 2.43, 3.18, 3.96, and 3.16 μmol g− 1 h− 1 of CH₄, 
respectively, and 3.58, 4.39, 5.17, and 4.41 μmol g− 1 h− 1 of CO, 
respectively. Notably, the 30 wt% CeVO₄/Bi₂Sn₂O₇ exhibited the highest 
product yields—3.96 μmol g− 1 h− 1 (CH₄) and 5.17 μmol g− 1 h− 1 (CO)— 
demonstrating its optimal interfacial configuration and superior pho
toactivity [69]. This enhanced yield corresponds to a 19.8-fold (CH₄) 
and 11.5-fold (CO) increase compared with pure CeVO₄, and a 7.1-fold 
(CH₄) and 5.4-fold (CO) improvement relative to Bi₂Sn₂O₇, evidencing 
the decisive synergistic effect of the heterojunction [70]. The remark
able CO₂ reduction efficiency of the 30 wt% CeVO₄/Bi₂Sn₂O₇ hetero
junction arises from several synergistic mechanisms. First, the Z-scheme 
charge transfer pathway between CeVO₄ and Bi₂Sn₂O₇ maintains the 
strong redox potentials of each component, as the photogenerated 
electrons in the CB of CeVO₄ (ECB = 1.25 eV) and the holes in the VB of 
Bi₂Sn₂O₇ (EVB = 2.16 eV) remain highly active. This configuration fa
cilitates spatial charge migration and suppresses recombination, thereby 
enhancing both reduction and oxidation half-reactions. Second, the 
presence of Ce3+/Ce4+ and V4+/V5+ redox pairs in CeVO₄ creates 

efficient electron-trapping sites, extending carrier lifetimes and enabling 
multi-electron transfer steps crucial for CH₄ generation. Third, the 
mesoporous structure and large surface area of the composite, as verified 
by BET analysis, offer abundant CO₂ adsorption sites and improved gas 
diffusion, further accelerating reaction kinetics.

To validate the light-driven nature of the reaction and the involve
ment of photoinduced charge carriers, several control experiments were 
performed (Fig. 4b). Negligible product formation was observed in the 
absence of light, under argon atmosphere, or without catalyst, con
firming that both light and the photocatalyst are essential. Under visible- 
light illumination, the system produced 3.96 μmol g− 1 h− 1 (CH₄) and 
5.17 μmol g− 1 h− 1 (CO), in line with the optimal photocatalytic per
formance. The addition of isopropanol (IPA) as a hole scavenger slightly 
enhanced the yields to 4.45 μmol g− 1 h− 1 (CH₄) and 5.10 μmol g− 1 h− 1 

(CO), confirming that photogenerated electrons predominantly drive 
CO₂ reduction while holes are efficiently quenched by IPA [71]. These 
results substantiate a photoexcitation-driven reduction mechanism, 
where electrons reduce CO₂ to CO and subsequently to CH₄, while holes 
oxidize water molecules to provide protons for hydrocarbon formation.

The durability of the optimal photocatalyst was examined through 
four consecutive CO₂ reduction cycles (Fig. 4c). The CH₄ yield gradually 
declined from 3.96 μmol g− 1 h− 1 in the first run to 3.81, 2.97, and 1.96 
μmol g− 1 h− 1 in the subsequent cycles, while CO production decreased 
from 5.17 μmol g− 1 h− 1 to 5.02, 3.87, and 2.23 μmol g− 1 h− 1, respec
tively. This decline is primarily attributed to progressive surface/inter
facial deactivation rather than bulk structural degradation. During 
repeated operation, strongly adsorbed carbonate/bicarbonate species 
and carbonaceous intermediates can accumulate on the catalyst surface 
and partially block CO2 adsorption/activation sites, thereby hindering 
interfacial electron transfer and reducing electron utilization efficiency. 
In parallel, cyclic photoredox conditions may gradually alter defect- 
related active centers (e.g., oxygen-vacancy-associated sites and the 
Ce3+/Ce4+ surface balance), leading to fewer effective reduction sites 
and weaker charge separation across the heterojunction. Minor catalyst 
loss and mild agglomeration during recovery/washing steps may further 
reduce accessible surface area [72,73]. Notably, because CH₄ formation 
requires a more demanding multi-electron transfer pathway than CO, it 
is more sensitive to site blocking and reduced electron availability, 
explaining the more pronounced decrease in CH₄ with cycling [72]. 
Nonetheless, over 90% of the initial activity was retained after the 
second cycle, indicating excellent photochemical stability and structural 
robustness of the 30 wt% CeVO₄/Bi₂Sn₂O₇ heterojunction [74,75].

3.7. Reactive species and optical properties

To gain deeper insight into the active species governing the photo
catalytic degradation of SMX over the 30 wt% CeVO₄/Bi₂Sn₂O₇ com
posite, radical-trapping experiments were initially performed using 
specific scavengers for different reactive oxygen species (ROS), and the 
results are shown in Fig. 4d. Isopropanol (IPA), p-benzoquinone (BQ), 
and ethylenediaminetetraacetic acid (EDTA) were employed as 
quenchers for •OH, •O₂− , and h+, respectively. The blank experiment 
(without scavengers) exhibited a degradation efficiency of 98.18%, 
confirming the strong intrinsic photocatalytic activity of the optimized 
composite. Upon the addition of IPA, the efficiency sharply decreased to 
26.21%, while the presence of BQ further reduced it to 23.64%, 
demonstrating that both •OH and •O₂− radicals play dominant roles in 
the degradation process. Meanwhile, the degradation efficiency in the 
presence of EDTA decreased moderately to 80.17%, indicating that 
photogenerated holes (h+) also participate in the oxidation reactions but 
to a lesser extent. These results collectively suggest that •OH and •O₂−

radicals are the principal oxidative species responsible for the photo
catalytic breakdown of SMX, with holes contributing secondarily to 
sustaining the oxidation chain.

To further verify the generation of these radicals under visible-light 
irradiation, ESR spectroscopy was performed using 5,5-dimethyl-1- 
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pyrroline N-oxide (DMPO) as the spin-trapping agent (Figs. 4e and 4f). 
In the dark, no ESR signals were observed for either DMPO–•O₂− or 
DMPO–•OH adducts, confirming the absence of radical species without 
photoexcitation. Upon visible-light illumination for 10 min, the ESR 
spectra displayed distinct and intense quadruple peaks characteristic of 
DMPO–•O₂− and DMPO–•OH signals, respectively. The strong signal 
intensity observed under irradiation directly confirms the efficient in- 
situ generation of both superoxide radicals (•O₂− ) and hydroxyl radi
cals (•OH) on the surface of the heterojunction. The simultaneous 
detection of these active species validates the proposed Z-scheme 
charge-transfer mechanism, wherein the photogenerated electrons in 
the conduction band of CeVO₄ reduce adsorbed O₂ molecules to •O₂−

radicals, while the photogenerated holes in the valence band of Bi₂Sn₂O₇ 
oxidize surface-bound H₂O or OH− to produce •OH radicals [76].

The intrinsic light-harvesting behaviors of the monomers and the 
electronic band configurations of the individual/composite photo
catalysts were clarified by combining the UV–vis spectra of pristine 
CeVO₄ and Bi2Sn2O7 (Fig. S3) with the Kubelka–Munk–transformed 
Tauc analyses (Fig. 4 g–i). As shown in Fig. S3a, Bi2Sn2O7 exhibits a 
steep absorption edge in the near-UV region (around the UV–visible 
boundary), confirming that its photoresponse is dominated by high- 
energy photons and that its visible-light absorption is comparatively 
limited. This trend is consistent with the wider optical band gap 
extracted from the Tauc plot (Eg = 2.86 eV, Fig. 4 h), which places the 
fundamental transition close to the UV/visible interface. In contrast, 
pristine CeVO4 displays a much broader absorption profile extending 
deep into the visible region (Fig. S3b), evidencing its strong visible-light 
utilization. The Tauc analysis further quantifies this behavior by giving a 
narrower band gap of 1.67 eV (Fig. 4 g), which corresponds to a visible- 
light absorption edge; meanwhile, the long-wavelength tail observed up 
to ~825 nm in Fig. S3b can be reasonably attributed to sub-bandgap 
absorption contributions (e.g., defect/oxygen-vacancy-related states, 
Urbach tailing, and light scattering in the powder), rather than the 
fundamental band-to-band transition. Importantly, upon coupling 
CeVO4 with Bi2Sn2O7, the 30 wt% CeVO4/ Bi2Sn2O7 heterojunction 
shows an intermediate apparent band gap of 2.43 eV (Fig. 4i), indicating 
enhanced visible-light harvesting compared with Bi2Sn2O7 while 
maintaining a broader absorption response than the pristine wide-band- 
gap oxide. This intermediate Eg, together with the complementary ab
sorption features of the two monomers, supports the formation of 
interfacial electronic coupling in the composite and suggests improved 
photon utilization and charge excitation under visible irradiation. 
Consequently, the optical results provide a consistent foundation for the 
subsequent charge-separation and activity enhancements observed for 
the heterojunction, as the composite benefits simultaneously from 
CeVO4's strong visible-light absorption and Bi2Sn2O7's wide-band-gap 
framework, yielding more effective photocarrier generation and utili
zation during photocatalysis.

To further elucidate the electronic band structures, Mott–Schottky 
(M–S) measurements were performed to determine the flat-band po
tentials (Efb) of CeVO4and Bi2Sn2O7. The positive slopes observed in the 
M–S plots confirm that both photocatalysts possess n-type semi
conducting behavior. As illustrated in the insets of Figs. 4 g and 4 h, the 
flat-band potentials were determined to be approximately 1.15 V vs. 
NHE for CeVO4 and − 0.60 V vs. NHE for Bi2Sn2O7. Considering that, for 
n-type semiconductors, the conduction band (ECB) lies about 0.1 V more 
negative than Efb, the conduction band positions can be estimated as 
1.25 eV and − 0.70 eV for CeVO4 and Bi2Sn2O7, respectively. The cor
responding valence band (EVB) potentials, obtained by adding the op
tical band gap values, are 2.92 eV for CeVO4 and 2.16 eV for Bi2Sn2O7. 
Furthermore, the M–S-derived Fermi levels can be used to clarify the 
interfacial driving force for charge redistribution: taking EFb , the 
effective work functions are Φ = 4.44+ Efb, giving Φ CeVO4 = 5.59 eV 
and Φ Bi2Sn2O7 = 3.84 eV. This work-function difference indicates 
spontaneous electron transfer from Bi2Sn2O7 (lower Φ, higher EFb ) to 
CeVO4 (higher Φ, lower EFb) upon contact until Fermi-level alignment, 

establishing interfacial band bending and a built-in electric field that 
governs directional carrier migration in the heterojunction.

The charge-transfer dynamics and photoelectronic behavior of the 
photocatalysts were further analyzed using EIS, photoluminescence (PL) 
spectroscopy, and transient photocurrent response analyses, as shown in 
Figs. 4j–4 l. As illustrated in Fig. 4j, the Nyquist plots display semi
circular arcs whose diameters represent the charge-transfer resistance 
(Rct) at the electrode–electrolyte interface [77]. Among all samples, 30 
wt% CeVO₄/Bi₂Sn₂O₇ exhibited the smallest arc radius, indicating the 
lowest charge-transfer resistance and highest interfacial conductivity 
[78]. In contrast, pristine CeVO₄ and Bi₂Sn₂O₇ presented significantly 
larger semicircles, suggesting more pronounced recombination of pho
togenerated electron–hole pairs. The reduced Rct in the composite im
plies that heterojunction formation facilitates faster electron migration 
and more efficient charge separation, consistent with the Z-scheme 
transfer pathway deduced from band structure analysis [79]. This 
improved charge transport is critical for enhancing redox reactions 
during both SMX degradation and CO₂ photoreduction.

The PL spectra (Fig. 4 k) provide further evidence for the suppres
sion of radiative recombination in the heterostructure. Typically, PL 
emission results from electron–hole recombination, and a lower PL in
tensity reflects better charge separation. The emission peaks for all 
samples appeared near 450 nm, corresponding to the band–band 
recombination of photoexcited carriers. However, the 30 wt% CeVO₄/ 
Bi₂Sn₂O₇ composite exhibited the weakest PL intensity compared with 
individual CeVO₄ and Bi₂Sn₂O₇, confirming a substantial decrease in 
electron–hole recombination probability [80]. This quenching effect 
arises from efficient charge transfer across the heterojunction interface, 
facilitated by the favorable band alignment and internal electric field at 
the CeVO₄/Bi₂Sn₂O₇ interface.

Complementarily, the transient photocurrent response measure
ments (Fig. 4 l) demonstrate the photoinduced charge-separation effi
ciency of the photocatalysts under visible-light illumination. All samples 
exhibited stable, reproducible photocurrent cycles, confirming their 
photochemical stability. Notably, the photocurrent density followed the 
order: 30 wt% CeVO₄/Bi₂Sn₂O₇ > Bi₂Sn₂O₇ > CeVO₄, indicating superior 
light-driven charge transport in the composite system. The highest 
photocurrent response of the 30 wt% CeVO₄/Bi₂Sn₂O₇ heterojunction 
underscores its improved photogenerated carrier lifetime and efficient 
electron transfer, consistent with EIS and PL results.

3.8. Mechanistic insights into charge transfer, CO₂ conversion, and SMX 
degradation

To elucidate the photocatalytic mechanism of the 30 wt% CeVO4/ 
Bi2Sn2O7 heterojunction, the band alignment derived from UV–Vis DRS 
and Mott–Schottky (M–S) analyses was correlated with the reactive- 
species evidence (ESR and scavenger tests) and the photo
electrochemical responses (photocurrent/EIS), as schematically sum
marized in Fig. 5. In principle, an oxide–oxide junction may operate 
through a conventional type-II pathway or a direct Z-scheme (S-scheme- 
like) charge-transfer route. However, the experimentally observed 
simultaneous CO₂ reduction (CO and CH₄ formation) and strong oxida
tive degradation of SMX, together with the detected •OH/•O₂− -related 
activity, are more consistent with a Z-scheme mechanism that preserves 
high redox capability rather than a redox-attenuating type-II 
arrangement.

According to the M–S results, both CeVO4 and Bi2Sn2O7 exhibit n- 
type behavior, with flat-band potentials of 1.15 V and − 0.60 V vs NHE, 
respectively. Using the common n-type approximation that the 
conduction-band edge is ~0.10 V more negative than Efb, the band 
edges are estimated as ECB ≈ 1.05 V and EVB ≈ 2.72 V for CeVO4 (Eg =
1.67 eV), and ECB ≈ − 0.70 V and EVB ≈ 2.16 V for Bi2Sn2O7 (Eg = 2.86 
eV). Furthermore, the interfacial driving force can be rationalized by the 
effective work functions estimated from the M–S-derived Fermi levels 
(EF ≈ Efb): Φ CeVO4 ≈ 5.59 eV and Φ Bi2Sn2O7 ≈ 3.84 eV. Upon contact, 
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electrons spontaneously transfer from Bi2Sn2O7 (lower Φ, higher EF) to 
CeVO4 (higher Φ, lower EF) until Fermi-level equilibration, establishing 
interfacial band bending and a built-in electric field that promotes 
directional charge separation across the heterojunction [81].

If a conventional type-II pathway dominated, photogenerated elec
trons would preferentially accumulate in the less negative conduction 
band and holes in the less positive valence band, which would diminish 
the intrinsic redox power. With the present band edges, electron accu
mulation in the CeVO4 conduction band (ECB ≈ 1.05 V vs NHE) would 
be thermodynamically incapable of driving CO₂ reduction (E0(CO₂/CO) 
= − 0.53 V; E0(CO₂/CH₄) = − 0.24 V vs NHE), while hole accumulation 
in the Bi2Sn2O7 valence band (EVB ≈ 2.16 V) would be insufficient to 
generate •OH from H₂O (E0(•OH/H₂O) = 2.27 V). Therefore, a type-II 
mechanism cannot account for the experimentally observed CO/CH₄ 
production together with strong •OH-involved oxidation activity.

In the revised direct Z-scheme mechanism (Fig. 5), both semi
conductors are photoexcited under visible-light irradiation. At the 
interface, the built-in electric field and band bending facilitate selective 
recombination between the relatively weak carriers, namely electrons in 
the CeVO4 conduction band and holes in the Bi2Sn2O7 valence band. 
This interfacial recombination retains the strongly reducing electrons on 
Bi2Sn2O7 (ECB ≈ − 0.70 V) and the strongly oxidizing holes on CeVO4 
(EVB ≈ 2.72 V), thereby preserving high redox capability while sup
pressing bulk recombination—consistent with the enhanced photo
electrochemical behavior of the heterojunction [82].

On the reduction side, CO₂ molecules adsorbed on the catalyst sur
face are activated and reduced by electrons accumulated in the Bi2Sn2O7 
conduction band (ECB ≈ − 0.70 V), which is sufficiently negative to 
drive CO formation and, under favorable proton/electron availability, 
deeper hydrogenation toward CH₄. The corresponding half-reactions can 
be expressed as: CO₂ + 2H+ + 2e− → CO + H₂O (E0 = − 0.53 V) and CO₂ 
+ 8H+ + 8e− → CH₄ + 2H₂O (E0 = − 0.24 V vs NHE). In addition, dis
solved O₂ can scavenge electrons to form •O₂− (O₂ + e− → •O₂− , E0 =

− 0.33 V), which contributes to oxidative pathways and further sup
presses electron–hole recombination.

On the oxidation side, holes preserved on the CeVO4 valence band 

(EVB ≈ 2.72 V) possess sufficient oxidizing power to produce hydroxyl 
radicals via H₂O/OH− oxidation (H₂O + h+ → •OH + H+, E0 = 2.27 V; 
OH− + h+ → •OH, E0 = 1.99 V). The generated •OH, together with •O₂−

and direct hole oxidation, serves as the primary oxidative ensemble 
responsible for SMX degradation, consistent with the ESR and radical- 
trapping results. These reactive species initiate successive bond cleav
age and ring-opening reactions, ultimately transforming SMX into low- 
molecular-weight intermediates and mineralization products (CO₂ and 
H₂O). Overall, the CeVO4/ Bi2Sn2O7 heterojunction functions as an 
interfacial electric-field-assisted Z-scheme system that simultaneously 
sustains strong reduction activity for CO₂ conversion on Bi2Sn2O7 and 
strong oxidation activity for SMX degradation on CeVO4, thereby 
rationalizing the dual-function photocatalytic performance.

4. Conclusions

In summary, a novel Z-scheme CeVO₄/Bi₂Sn₂O₇ heterojunction was 
successfully fabricated via a facile hydrothermal–ultrasonication 
method. Comprehensive characterization using XRD, XPS, SEM/TEM, 
and BET analysis confirmed the successful formation of the hetero
structure with intimate interfacial contact, a high surface area, and a 
mixed-valence defect-rich surface. This unique architecture was instru
mental in establishing a direct Z-scheme charge-transfer pathway, as 
verified by ESR and photoelectrochemical analyses, which drastically 
enhanced the spatial separation of photogenerated electron-hole pairs 
while preserving their high redox potentials. The optimized 30 wt% 
CeVO₄/Bi₂Sn₂O₇ composite exhibited remarkable dual-functional activ
ity. It achieved CO₂ conversion rates of 3.96 μmol g− 1 h− 1 for CH₄ and 
5.17 μmol g− 1 h− 1 for CO, representing a 19.8-fold and 11.5-fold 
enhancement, respectively, over pristine CeVO₄. Simultaneously, it 
demonstrated superior photocatalytic degradation, removing 98.18% of 
SMX under visible light. The process ensured deep mineralization 
(81.46% TOC removal), and toxicity assessments confirmed the effective 
detoxification of SMX. The catalyst also displayed remarkable versatility 
against various antibiotics and maintained robust performance in 
different water matrices, including real wastewater. Furthermore, the 

Fig. 5. Schematic illustration of the charge-transfer pathways in the CeVO4/Bi2Sn2O7 heterojunction under visible-light irradiation, comparing the conventional 
type-II route and the revised direct Z-scheme mechanism.
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composite exhibited excellent photostability and reusability over mul
tiple cycles. DFT calculations provided fundamental insights into the 
SMX degradation pathways, aligning perfectly with the proposed Z- 
scheme mechanism. Collectively, this work presents the CeVO₄/Bi₂Sn₂O₇ 
Z-scheme heterojunction as a highly efficient, stable, and versatile 
photocatalyst with significant potential for addressing the dual chal
lenges of environmental remediation and renewable energy production.
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