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The rapid pace of economic and industrial development has led to increasingly severe environmental
pollution and energy scarcity, emerging as pressing global concerns. Photocatalysis represents
a promising strategy for addressing these dual challenges by converting solar energy into chemical
energy or degrading pollutants. Among various photocatalysts, bismuth molybdate (Bi,MoOg),
a representative Aurivillius-phase material, has garnered considerable attention owing to its visible-light-
responsive bandgap, low toxicity, cost-effectiveness, and outstanding chemical stability. However, its
practical application is significantly constrained by inherent drawbacks, including limited light absorption
range and rapid recombination of photogenerated electron—hole pairs. This review presents
a comprehensive overview of recent advances in Bi;MoOg-based photocatalysts, systematically
examining synthesis methods, modification strategies (such as heterojunction construction, defect
engineering, and elemental doping), and their diverse applications in both environmental remediation
and energy conversion. Specifically, the environmental applications encompass the degradation of

organic pollutants (e.g., dyes and antibiotics), antibacterial activity, and performance in complex water
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Accepted 17th October 2025 matrices. In the energy sector, applications include photocatalytic hydrogen evolution, CO, reduction,
and nitrogen fixation. Finally, the current challenges and future research directions for enhancing the

DOI: 10.1039/d5ra05129k photocatalytic performance of Bi,MoOg are discussed, with the aim of guiding further investigation and
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1. Introduction

The continuous development of industry and the economy has
exacerbated environmental pollution. This pressing challenge
poses a serious threat to the long-term sustainability of human
civilization." In response, many countries are intensifying
research and development efforts aimed at advancing efficient
and environmentally sustainable technologies. However,
conventional environmental treatment technologies often
suffer from several limitations, including low efficiency, the
generation of harmful by-products, and difficulty in meeting
increasingly stringent emission standards—particularly when
addressing complex and variable pollution scenarios.> These
challenges are even more pronounced in the treatment of
organic contaminants and antibiotic residues, where the
removal efficiency remains unsatisfactory.?

To alleviate environmental pressure and mitigate the adverse
effects of pollutants on human health, the development of more
efficient environmental purification and energy conversion
technologies has become an urgent priority. Among various
approaches, photocatalytic technology stands out due to its
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facilitating its practical implementation in sustainable environmental and energy technologies.

distinctive advantages. Utilizing renewable light energy, pho-
tocatalysts facilitate the conversion of toxic organic contami-
nants into harmless carbon dioxide and water, as well as the
production of clean energy sources such as hydrogen and
ammonia through processes like water splitting and nitrogen
fixation.** In addition, photocatalytic technology has demon-
strated varying degrees of effectiveness in treating a range of
pollutants, including dinitrophenol,” phenol,*** methyl
orange,”>* bisphenol A(BPA),">*” trichlorophenol*® etc.
Compared to other treatment methods, photocatalytic tech-
nology offers advantages such as low energy consumption, cost-
effectiveness, and the recyclability of photocatalysts, thereby
providing significant environmental benefits.” It has demon-
strated broad application potential across various fields,
including renewable energy development, photocatalytic
nitrogen fixation, pollutant degradation, and bacterial inhibi-
tion, making it a focal point of current research.

Among the various photocatalysts, traditional materials such
as TiO, and g-C3N, have been widely investigated. TiO,, for
instance, is renowned for its strong oxidation capability,
stability, and low cost, but its wide bandgap (~3.2 eV) restricts
its light absorption primarily to the ultraviolet region, which
constitutes only a small fraction of solar energy.?** g-C;N,,
with a narrower bandgap (~2.7 eV), exhibits visible-light
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activity; however, it often suffers from rapid charge recombi-
nation and limited surface area, constraining its overall
efficiency.>? In contrast, bismuth molybdate (Bi,M0Og), an
emerging visible-light-responsive photocatalyst, has attracted
considerable attention in photocatalysis due to its unique
Aurivillius-layer structure, suitable band gap (2.5-2.8 eV)
enabling enhanced visible-light harvesting compared to TiO,,
low toxicity, excellent stability, and cost-effectiveness.>”**

However, Bi,MoOs still faces bottleneck problems such as
fast photogenerated carrier recombination rate, limited light
absorption capacity, and slow surface reaction kinetics, which
limit the full play of its photocatalytic performance in practical
applications. To overcome these limitations, the construction of
Bi,MoOg-based composites has emerged as a central research
focus. Extensive research has been dedicated to various modi-
fication strategies, including morphological control, ion
doping, metal deposition, and—most prominently—hetero-
junction construction.” These modification techniques not
only enhance the photocatalytic performance of Bi,MoOs but
also improve its stability and selectivity, thereby facilitating
efficient pollutant degradation, antibacterial applications, and
energy conversion processes such as hydrogen evolution and
CO, reduction.

This review provides a comprehensive overview of the latest
advances in Bi,MoOg-based photocatalysts, systematically
examining their synthesis methods, modification strategies,
and multifaceted applications. It delves into their roles in
degrading environmental contaminants such as dyes and anti-
biotics, as well as their emerging applications in antibacterial
treatments and energy conversion systems—including photo-
catalytic hydrogen evolution, CO, reduction, and nitrogen
fixation. Furthermore, the review outlines future development
trends and the associated challenges in the field. It is antici-
pated that this work will offer valuable insights and guidance
for the rational design of efficient, stable, and eco-friendly
Bi,Mo0Os photocatalytic systems for both environmental and
energy-related applications.

2. Methods for preparing Bi,MoOg-
based photocatalytic materials

2.1. Hydrothermal method

The hydrothermal method stands as a pivotal and versatile
synthesis technique in the design of advanced semiconductor
photocatalysts. This liquid-phase process, which facilitates the
dissolution and recrystallization of precursors within a sealed
vessel under autogenous pressure, is particularly valued for
enabling precise control over critical material characteristics.
These include the morphology, size, and specific surface area of
the resulting nanomaterials, all of which are fundamental
determinants of photocatalytic performance. Hydrothermal
synthesis methods have been widely employed in the prepara-
tion of semiconductor photocatalysts owing to their simplicity,
low cost, and capacity to produce nanostructured materials with
relatively uniform morphology. In particular, numerous
Bi,Mo0Og-based photocatalysts have been successfully
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synthesized via hydrothermal routes, such as Ag/AgBr/
Bi,M00,*  g-C3N,/Bi,M0Og,*"  Bi/Bi,M00s,** BiOCOOH/
Bi,M00,* and Bi;¢Cl;S,,/Bi,M00e.** This capability is further
enhanced by the strategic use of surfactants and structure-
directing agents. For instance, employing surfactants such as
sodium dodecyl sulfate, polyvinylpyrrolidone, and cetyltri-
methylammonium bromide allows for the synthesis of Bi;M0Og
single crystals with precisely controlled and
morphology.**** Among these, Bi,Mo0Os synthesized with
cetyltrimethylammonium bromide exhibited superior photo-
catalytic activity under simulated sunlight, degrading 98% of
methylene blue (MB) within 90 minutes. This enhanced
performance is attributed to its ultra-fine nanocrystal structure
and high specific surface area.*

In addition, composites of Bi,MoO, and banana peel-derived
biochar (BPB) were synthesized via a hydrothermal method
(Fig. 1a). Visible-light-driven ciprofloxacin (CIP) degradation
tests conducted in artificial seawater demonstrated that incor-
porating BPB into Bi,Mo0Og significantly enhances photo-
catalytic efficiency. The BPB/Bi,Mo0Os (1 : 4) composite exhibits
a rate constant of 0.0486 min ', approximately 12.5 times
higher than that of pure Bi,M0Og (0.0039 min~*), underscoring
the effectiveness of BPB in enhancing reaction kinetics. As
shown in the photoluminescence (PL) spectra (Fig. 1b), the
incorporation of BPB leads to a marked reduction in the emis-
sion peak at ~470 nm, indicating suppressed electron-hole
recombination and improved charge separation within the
composite. Furthermore, the photocurrent response illustrated
in Fig. 1c reveals that the BPB/Bi,MoOs (1:4) composite
exhibits superior charge transport efficiency compared to pure
Bi,Mo0Og. This enhancement is attributed to the strong inter-
facial coupling between Bi,M0Os and BPB, which facilitates
efficient charge migration. Electrochemical impedance spec-
troscopy (EIS) measurements (Fig. 1d) further confirm
improved charge separation at the heterojunction interface, as
indicated by the smaller arc radius in the Nyquist plot, reflect-
ing lower charge transfer resistance. The optimized interface
effectively suppresses charge recombination, thereby increasing
the availability of free carriers for photocatalytic reactions.
Consequently, the synergistic interaction between Bi,MoO and
BPB enhances photocatalytic performance by promoting charge
transfer and minimizing recombination losses.*’

Furthermore, Huang et al. successfully synthesized a novel
BilO,/Bi,M00¢ heterojunction photocatalyst via a one-step
hydrothermal method. Compared to pure BilO, and Bi,Mo0O,
the composite exhibited significantly enhanced visible-light
photocatalytic activity for the degradation of rhodamine B
(RhB).**

Notwithstanding its extensive utility, the hydrothermal
method is not without inherent limitations that can impact
reproducibility and scalability. Common challenges associated
with the technique include non-uniform temperature distribu-
tion within the reaction vessel, significant solution temperature
gradients, and relatively slow heating rates, all of which can
impede the precise control of crystal growth and final
morphology. Furthermore, the typically lengthy reaction times
and the inability to perform in situ monitoring of the

size
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Fig.1 (a) Process flow chart of synthesizing BPB/Bi,MoOg composite. (b) PL spectra, (c) photocurrent responses, and (d) EIS analysis of Bi,MoOg

and BPB/Bi;,MoOg (1: 4). Reproduced from ref. 40 with permission from Elsevier. Copyright 2024.

crystallization process pose significant constraints on the effi-
cient optimization of reaction parameters. Despite these chal-
lenges, ongoing methodological refinements and the strategic
design of composite materials continue to make hydrothermal
synthesis a highly productive route for developing high-
performance photocatalysts.

2.2. Solvothermal method

The solvothermal method represents a significant extension of
the hydrothermal technique, wherein non-aqueous solvents are
employed as the reaction medium. This key modification
profoundly expands the synthetic toolbox for advanced photo-
catalysts by leveraging adjustable solvent properties such as
polarity, boiling point, and coordination ability. These param-
eters provide enhanced control over nucleation and crystal
growth, enabling the precise fabrication of nanomaterials with
diverse and complex architectures, which are often unattain-
able through purely aqueous routes. A common theme across
numerous studies is the critical influence of reaction condi-
tions, particularly temperature and solvent composition, on the
final product's morphology and, consequently, its photo-
catalytic performance.*>*

The Bi,M0O¢/N-rGO composite, synthesized via a sol-
vothermal method, exhibits enhanced photocatalytic activity
(Fig. 2g). HRSEM images reveal clear morphological differences
among the samples: pristine Bi,MoOg consists of aggregated
nanorods approximately 2 um in length (Fig. 2a and b), while
rGO incorporation promotes the formation of nanoplates

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2¢). N-doping (Fig. 2d) maintains a similar morphology to
the undoped composite. The PL spectra provide insights into
carrier recombination behavior; lower PL intensity indicates
improved charge separation. As shown in Fig. 2e, the Bi,MoOg/
N-rGO composite exhibits the weakest PL signal, suggesting
significantly suppressed electron-hole recombination and thus
enhanced photocatalytic efficiency. EIS results (Fig. 2f) show
that this composite has the smallest semicircle in the Nyquist
plot, indicating the lowest charge transfer resistance among the
samples. The formation of a heterojunction between Bi,Mo0Og
and N-rGO facilitates efficient electron migration from the
conduction band (CB) of Bi,MoOg to the N-rGO sheets. Owing to
the unique electronic properties of graphene, N-rGO can effec-
tively accept and transport electrons, thereby promoting inter-
facial redox reactions with surrounding pollutant molecules.**

Chankhanittha et al. synthesized an efficient Bi,MoOg pho-
tocatalyst at low temperatures using a solvothermal method.
The orthorhombic Bi,MoOg catalyst achieved up to 90% pho-
todegradation efficiency against two azo dyes (Reactive Red and
Congo Red) and two antibiotics (ofloxacin and norfloxacin)
under both UV and visible light irradiation.*® Zhang and his
team synthesized Bi,M0O4/ZnO photocatalysts with well-
defined interfacial contact using a solvothermal method. By
adjusting the precursor concentration, they obtained two
Bi,M00O4/ZnO composites with distinct morphologies—nano-
particles and nanosheets. Under visible light irradiation, the
Bi,M004/ZnO composites exhibited significantly higher photo-
reduction activity toward Cr(vi) compared to pure Bi;M0Og and

RSC Adv, 2025, 15, 42545-42572 | 42547
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ZnO. The composite also demonstrated a stronger photocurrent
response and lower electrochemical impedance than its indi-
vidual components, indicating more efficient separation and
transfer of photogenerated charge carriers. The formation of
a layered heterojunction between Bi,M0oOg and ZnO contributes
to the enhanced charge separation efficiency and overall pho-
tocatalytic performance. Moreover, the Bi,M0O¢/ZnO photo-
catalyst maintained excellent stability over three consecutive
photocatalytic cycles.*® Zhang et al. synthesized Bi,MoOg/

42548 | RSC Adv, 2025, 15, 42545-42572

Bi,Sn,0; composite photocatalytic materials using a sol-
vothermal method to create a three-dimensional layered struc-
ture. It was discovered that the ability to photodegradation
ability substances using light of Bi,Mo00O¢/Bi,Sn,0;. The
composite for RhB and tetracycline (TC) under LED irradiation
was much higher than that of unadulterated Bi,MoOg and pure
Bi,Sn,0,.47

Compared with the hydrothermal method, the solvothermal
method, which utilizes organic or non-aqueous solvents,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provides enhanced control over the reaction environment
through adjustable parameters such as solvent polarity, boiling
point, and coordination behavior. This facilitates better tuning
of nucleation and growth processes, offering greater structural
and morphological diversity in the resulting photocatalysts.
Additionally, solvothermal systems often allow lower reaction
temperatures and shorter synthesis times, and are more
adaptable to the incorporation of organic-inorganic interfaces
and hybrid nanostructures. However, limitations such as
potential toxicity or flammability of organic solvents, higher
cost, and complexity in post-processing and purification may
hinder large-scale application.

2.3. Electrospinning method

Electrospinning has been strategically employed to engineer
Bi,Mo0O¢-based photocatalysts into unique one-dimensional
and hierarchical nanostructures—such as fibers, tubes, and
belts—which are pivotal for overcoming charge recombination
and mass transfer limitations. This technique utilizes a high-
voltage electrostatic field to draw a charged polymer solution
into fine jets that solidify into continuous nanostructures, often
using polymer templates as sacrificial frameworks to create
bespoke morphologies difficult to achieve by other means.*® In
the context of Bi,Mo0Os, electrospinning excels in constructing
materials with high specific surface area for abundant reactive
sites, directional electron transport pathways that enhance
charge separation, and self-supporting macroscopic structures
that facilitate catalyst recovery and reuse. These collective
attributes offer unparalleled advantages for enhancing the
photocatalytic efficiency and practicality of Bi;Mo0Og in envi-
ronmental pollutant degradation.

One-dimensional Bi,MoOg nanotubes were synthesized by
Zhao et al. using electrospinning followed by a calcination
process. Among the samples, the Bi;MoOg nanotubes calcined
at 600 °C for 2 hours exhibited superior photocatalytic activity
under simulated sunlight compared to those treated at 500 °C
or 700 °C, corresponding to y-Bi,MoOs phases.*” Li et al
synthesized one-dimensional CeO,/Bi;,M0Os nanofibers sensi-
tized with 2,9,16,23-tetranitrocopper phthalocyanine (TNCuPc)
via a combined electrospinning-solvothermal method, as
illustrated in Fig. 3a. During the synthesis, TNCuPc particles
were uniformly deposited in situ onto the surface of the CeO,/
Bi,M0O¢ nanofibers. The resulting one-dimensional TNCuPc/
Ce0,/Bi,Mo0Og photocatalyst exhibited efficient photogenerated
charge separation, a broad light absorption range, excellent
photocatalytic performance toward TC under simulated
sunlight, as well as good recyclability and long-term operational
stability.®® In the study by Zhang et al, electrospun ternary
composites composed of polyacrylonitrile (PAN), Bi;MoOg, and
Ti3C, (PAN/Bi,Mo00g/Ti3C,) exhibited a 3.2-fold enhancement in
TC photodegradation efficiency compared to pristine Bi,Mo0Osg.
The formation of a Bi,Mo0Oe/TizC, heterojunction effectively
facilitated interfacial charge separation and inhibited charge
carrier recombination. Meanwhile, the PAN matrix imparted
mechanical integrity, enabling easy recovery and reuse of the
photocatalyst film.** Xu et al. prepared a Bi,MoOg/LaFeO;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterojunction photocatalyst by combining electrospinning
with solvothermal synthesis (Fig. 3b and c). By adjusting the
concentrations of Bi(NO3);-5H,0 and Na,MoO,-2H,0, the
density and thickness of 2D n-type Bi,M0O, nanosheets on 1D
p-type LaFeO; hollow nanofibers were effectively controlled.
The optimized Bi,M0Os/LaFeO;-4 sample demonstrated supe-
rior visible-light photocatalytic degradation of tetracycline TC
(92.31% in 30 minutes) with the highest rate constant
(0.05526 min ). The possible mechanism for charge separation
and migration during the tetracycline hydrochloride (TCH)
photocatalytic degradation process using Bi,M0Og/LaFeO;-4 is
shown in Fig. 3d. Enhanced performance is attributed to the
wide spectral response, direct Z-scheme p-n heterojunction,
large surface area resulting from the 2D/1D architecture, rapid
charge transfer, and a built-in electric field.>

Despite its morphological advantages, electrospinning
suffers from several inherent drawbacks, including high oper-
ational costs, low production throughput, sensitivity to envi-
ronmental conditions (e.g., humidity, solvent volatility), and
limited scalability, which significantly constrain its widespread
industrial application. Consequently, its use remains less
prevalent compared to more conventional techniques such as
hydrothermal or solvothermal synthesis. Nevertheless, recent
studies have demonstrated the successful preparation of high-
performance Bi,MoOg-based composite photocatalysts via
electrospinning, such as ZnO/y-Bi,Mo00Os heterostructure
nanotubes,® one-dimensional SiO,-doped Bi,M0Ogs micro-
strips,® and Bi,M00O¢/ZnFe,0, heterostructure nanofibers®
were prepared by electrospinning. All of them showed enhanced
photocatalytic activity. These nanostructures exhibit signifi-
cantly improved photocatalytic activity under visible light irra-
diation, attributed to enhanced charge separation, one-
dimensional electron transport pathways, and increased reac-
tive surface area.

2.4. Co-precipitation method

The co-precipitation method is a widely used wet-chemical
technique for the synthesis of metal oxide photocatalysts due
to its operational simplicity, low energy consumption, and
ability to produce homogeneous multicomponent systems. A
key advantage of this method is the achievement of molecular-
level mixing of precursors, which promotes the formation of
uniform phases and solid solutions, and is particularly condu-
cive to constructing intimate heterojunction interfaces. In the
context of Bi,MoOg-based photocatalysts, this method typically
involves the simultaneous precipitation of bismuth and
molybdate precursors in an aqueous medium under controlled
pH and temperature conditions, followed by filtration, drying,
and calcination. For instance, Yu et al. prepared ZnCuAl layered
double hydroxide (LDH)/Bi,M0Oy nanocomposites via a steady-
state co-precipitation strategy. The stacked LDH and Bi,MoOg
nanosheets provided abundant active sites, increasing the
specific surface area of the composite to 19.1 m* g~ . Moreover,
the formation of heterojunctions and potential quantum size
effects extended the light absorption range of the LDH/Bi,M00Os¢
composites beyond that of pristine LDH and Bi,MoO. Jin et al.

RSC Adv, 2025, 15, 42545-42572 | 42549
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(a) Schematic diagram of the experimental synthesis of TNCUPC/CeO,/Bi,MoOg nanofibers. (b) Illustration of the preparation of LaFeOs

hollow nanofiber and (c) Bi,MoOg/LaFeO3 heterojunction photocatalyst. (d) Illustration of possible mechanisms for charges separation and
migration during photocatalytic degradation of TCH over Bi,MoOg/LaFeO3z-4. Reproduced from ref. 52 with permission from Elsevier. Copyright

2024.
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synthesized a Ho*'/Yb** co-doped Bi,MoO, (Ho*'/Yb**-
Bi,M00O¢) photocatalyst via co-precipitation followed by
annealing. The resulting powder exhibited a spherical and flaky
morphology and demonstrated significantly enhanced photo-
catalytic activity for RhB degradation compared to pristine
Bi;Mo00¢.**  Benazir et al. synthesized Bi,M0Og/MoS,
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nanocomposite using the co-precipitation method (Fig. 4a). The
composite demonstrated high photocatalytic efficiency under
UV light, degrading Rose Bengal and Acid Blue dyes by
approximately 83% and 82% within 60 minutes, with stable
activity over five cycles (Fig. 4b and c). MoS, synthesis involved
dissolving precursors in water, mixing under stirring, adjusting
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(a) Synthesis method of Bi,MoOs/MoS, nanocomposite. (b) UV-Vis spectrum graphs showing the deterioration of dyes over various times.

(c) Acid Blue dye's degradation percentage against time graphs demonstrate. (d) UV-Vis spectrum graphs showing the deterioration of dyes over
various times. (e) Rose Bengal dye's degradation percentage against time graphs demonstrate. (f) Mechanism of photocatalytic activity of
Bi>MoOg/MoS, nanocomposite. Reproduced from ref. 57 with permission from Elsevier. Copyright 2025.
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the pH with NaOH, sedimentation, centrifugation, washing,
and calcination. Fig. 4f illustrates the photodegradation
mechanism of the Bi,MoO¢Mo0S, nanocomposite. The
enhanced photocatalytic performance is attributed to the uni-
que heterojunction structure, wide light absorption, and effi-
cient charge separation; Bi,M0oOg generates electron-hole pairs,
while MoS,'s layered structure facilitates charge transfer and
inhibits recombination. Reactive oxygen species produced
degrade dyes via oxidative cleavage of chromophoric groups,
mineralizing them into non-toxic compounds.®”

One of the primary advantages of the co-precipitation
method is its cost-effectiveness and scalability, which make it
attractive for large-scale synthesis. Moreover, the method
enables uniform dispersion of multiple metal species at the
molecular or atomic level, which is conducive to the formation
of phase-pure or compositionally homogeneous products.
When carefully optimized, the co-precipitation process can
yield Bi,M0Os materials with relatively small particle sizes,
large surface areas, and good stoichiometric control—factors
that are crucial for enhancing photocatalytic performance.
Despite these merits, the co-precipitation method also presents
several notable limitations. First, it is highly sensitive to process
parameters, such as pH, stirring rate, temperature, and
precursor concentration, which can lead to poor reproducibility
and batch-to-batch variation. Second, agglomeration of parti-
cles during or after precipitation is a common issue, which may
reduce the effective surface area and hinder photocatalytic
activity. Third, the resulting materials often exhibit low crys-
tallinity, requiring additional thermal treatment to improve
crystal structure, which may in turn compromise surface area or
induce particle growth.

2.5. Microwave-assisted synthesis technique

Microwave-assisted hydrothermal/solvothermal synthesis has
emerged as a novel and efficient technique in the field of
synthetic chemistry, offering significant advancements in the
rapid preparation of nanomaterials. Unlike conventional
hydrothermal or solvothermal methods that rely on conductive
or convective heating, microwave heating employs alternating
electromagnetic fields to induce molecular rotation and dipolar
polarization, resulting in uniform and volumetric heating. This
distinct heating mechanism accelerates both nucleation and
crystal growth processes, enabling rapid synthesis of high-
quality materials with improved crystallinity and reduced
energy consumption.

Li et al. successfully prepared Bi/Bi,M0Os hollow micro-
sphere (BMO-HMS) composites via microwave-assisted
synthesis followed by nitrogen annealing. The BMO-HMS
composites exhibited enhanced photocatalytic degradation of
RhB under visible light irradiation, achieving a maximum
degradation efficiency of 91%, significantly outperforming pure
Bi,M0Os. The incorporation of Bi improved light absorption,
suppressed electron-hole recombination, and substantially
enhanced the photocatalytic performance of the composite.*®
The Ag/Bi,Mo0O4/ZnO ternary heterojunction photocatalyst was
synthesized via a two-step microwave-assisted hydrothermal
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method (Fig. 5a), showing superior degradation of LFX with an
86.4% removal rate, surpassing pure Bi,MoOg and ZnO by 3 and
7 times, respectively. As shown in Fig. 5b and c, PL and transient
photocurrent response curves demonstrated enhanced charge
separation and reduced electron-hole recombination in the
composite, aided by Ag nanoparticles acting as electron pumps.
EIS confirmed lower charge transfer resistance in Ag/Bi,MoOs/
ZnO (Fig. 5d). Under light irradiation, electrons transfer from
Bi,Mo0O¢ to ZnO, while holes migrate oppositely; Ag nano-
particles facilitate this charge flow. Reactive oxygen species,
especially '0,, "OH, and "0, ", play key roles in LFX degradation,
producing harmless end products (Fig. 5e).*

The advantages of microwave-assisted synthesis are multi-
fold: it not only shortens reaction times significantly but also
enhances product yield and selectivity while minimizing by-
product formation. Such characteristics make it especially
beneficial for materials that are highly sensitive to reaction
parameters, allowing precise control over morphology and
phase purity. However, this method also has inherent limita-
tions. The efficiency of microwave heating depends heavily on
the presence of polar molecules such as water or ethanol in the
reaction medium, as nonpolar solvents are less responsive to
microwave irradiation and may adversely affect the uniformity
of heating, consequently impacting product size and shape.
Additionally, factors such as solvent volume and the dielectric
properties of the reaction vessel can influence the distribution
of the electromagnetic field, necessitating careful optimization
of reaction conditions.

2.6. Sol-gel method

The sol-gel method stands as a versatile and widely adopted
chemical synthesis technique, renowned for its exceptional
capability in producing high-purity and homogeneous mate-
rials at relatively low temperatures. In contrast to many top-
down approaches that break down bulk materials, the sol-gel
process is a bottom-up method, building materials from
molecular precursors. It typically involves the transition of
a system from a liquid “sol” (a colloidal suspension of solid
particles) into a solid “gel” network.® This distinctive mecha-
nism allows for precise control over the chemical composition,
microstructure, and porosity of the final product. Consequently,
the sol-gel technique enables the fabrication of a wide range of
advanced materials, including uniform nanoparticles, thin
films, and monolithic aerogels, with tailored properties for
specific applications.**

Sun et al. optimized the photocatalytic performance of
Bi,MoOg-based catalysts by systematically varying the calcina-
tion temperature during sol-gel synthesis. Calcination
temperature was identified as a key parameter affecting the
crystallinity and bandgap of Bi,MoOs. Notably, spherical
Bi,Mo0Og synthesized at 450 °C exhibited the highest photo-
catalytic efficiency for phenol degradation. Under visible light
irradiation for 5 hours, the photocatalyst achieved approxi-
mately 99.3% degradation of phenol, demonstrating excellent
activity.®> Zhu et al. successfully synthesized an AgI-Bi,MoOs/
vermiculite composite photocatalyst via a combined sol-gel and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ref. 59 with permission from Elsevier. Copyright 2024. Note: “BMO" in this figure denotes Bi,M0oOg.
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precipitation method. Compared to pure Bi,MoOs and
Bi,MoOg/vermiculite composites, the AgI-Bi,MoOg/vermiculite
exhibited significantly enhanced photocatalytic degradation
efficiency toward malachite green (MG) dye. Both Bi,M0O, and
Agl were uniformly dispersed on the vermiculite surface,
resulting in a stable structure with improved adsorption
capacity. Furthermore, the composite demonstrated an
extended visible-light absorption range and accelerated elec-
tron-hole separation, contributing to its superior photocatalytic
performance.®® Nguyen Trung et al synthesized Bi Z-type
heterojunctions via a combination of solvothermal and sol-
gel methods. The resulting heterojunctions exhibited enhanced
photocatalytic activity, which was attributed to the efficient
separation of photogenerated charge carriers within the
heterojunction structure.”* In another study, a 3D SrTiOs/
Bi,M0Og¢ heterojunction photocatalyst was fabricated via sol-
gel and impregnation methods to enhance visible-light-driven
overall water splitting (Fig. 6a). Among various compositions,
50% ST/BM exhibited the highest hydrogen (3350 pmol) and
oxygen (1875 pmol) evolution, with excellent stability over five
cycles. As shown in Fig. 6¢-e, characterizations (PL, EIS, Mott-
Schottky) confirmed strong interfacial contact, efficient charge
transfer, and reduced electron-hole recombination. The
heterojunction promoted band alignment: holes transferred
from SrTiO; to Bi;MoOg, while electrons moved oppositely,
enhancing charge separation (Fig. 6b).*
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Jia et al successfully synthesized CuFeO,/Bi;M0Oq
composite materials by loading CuFeO, nanoparticles onto the
surface of Bi,M0oOs microflowers via a facile sol-gel combined
with hydrothermal method. The strong interfacial interaction
between CuFeO, and Bi,Mo0Og resulted in an increased specific
surface area and enhanced porosity, providing abundant active
sites for metal ion reactions and facilitating charge transfer.
Furthermore, the intimate contact between the two components
promoted efficient charge carrier separation and suppressed
electron-hole recombination. Consequently, the optimized
CBM-10 catalyst achieved a remarkable LFX degradation effi-
ciency of 95.1% within 60 minutes under photocatalytic
conditions.*®

The sol-gel method presents a highly advantageous and
versatile route for the synthesis of Bi,MoOg-based photo-
catalytic materials, primarily due to its exceptional capability for
precise compositional and structural control. The foremost
merits of this technique include: (1) Precise stoichiometric
control through molecular-level mixing of precursors, which
ensures a uniform elemental distribution and is crucial for
obtaining phase-pure Bi,MoOs; (2) facile compositional engi-
neering, as the liquid-phase process allows for the effortless
incorporation of dopants (e.g., rare earth metals) or the forma-
tion of intimate heterojunctions with other semiconductors,
enabling tailored optoelectronic properties; and (3) versatile
material architecture, permitting the synthesis of diverse
morphologies such as porous xerogels and aerogels that offer
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(a) Overall synthesis procedure for 3D SrTiOz hanocubes (step 1), 2D Bi,MoOg nanoflakes (step 2), and x% SrTiO3/Bi,MoOg heterojunction

nanocomposite (step 3). (b) The photocatalytic overall water splitting mechanism of 50-SrTiOs/Bi,MoOg nanocomposite. (c) PL spectra (d) EIS
Nyquist plots and (e) the Mott—Schottky plots of SrTiOs, Bi,MoOsg, and 50-SrTiOz/Bi,MoOg nanocomposite. Reproduced from ref. 65 with
permission from Elsevier. Copyright 2025. Note: “ST/BM" in this figure denotes SrTiOz/Bi,MoOs.
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high specific surface areas, thereby providing abundant active
sites for photocatalytic reactions. However, the application of
the sol-gel method is accompanied by several inherent chal-
lenges: the process often involves a lengthy synthesis cycle with
aging and drying steps; the reliance on metal-organic precur-
sors can lead to high costs and environmental concerns; and the
requisite calcination step must be meticulously controlled to
prevent particle agglomeration and the consequent loss of
surface area. Despite these limitations, the unparalleled control
over material chemistry and microstructure makes sol-gel
synthesis a powerful and widely adopted strategy for the
fundamental research and development of high-performance
Bi,MoOg-based photocatalysts.

3. Construction of Bi,MoOg matrix
composites

Although Bi,MoOg is a promising photocatalyst due to its uni-
que layered structure, the single-component material suffers
from several limitations, including low quantum yield, rapid
recombination of photogenerated electron-hole pairs, and poor
charge transport efficiency.®” To overcome these bottlenecks,
researchers have focused on optimizing their photocatalytic
performance through a variety of strategies in recent years.

3.1. Heterojunction construction

An ideal semiconductor photocatalyst should possess a broad
visible-light absorption range, efficient charge separation and
transport, as well as strong redox capabilities. While narrow-
bandgap materials exhibit excellent light absorption, their
limited redox potentials motivate the search for wide-bandgap
semiconductors with suitably positioned CB and valence
bands (VB). However, a single semiconductor often fails to meet
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Fig. 7 Diagram of heterojunction structure.
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the complex demands of photocatalytic reactions, leading to the
development of semiconductor heterojunction composites.
Constructing such heterojunctions effectively suppresses the
rapid recombination of photogenerated charge carriers, thereby
enhancing photocatalytic efficiency through band structure
optimization and extended photoresponse.®® Therefore, con-
structing heterojunctions is an effective strategy to expand the
applicability of photocatalysts. By forming heterojunctions with
other semiconductor materials, Bi,M0oOs can modulate inter-
facial electron transfer, thereby promoting the separation and
migration of photogenerated charge carriers.* Bi,MoOg-based
heterojunctions can be classified into four configurations: type I
heterojunction (Fig. 7a), type II heterojunction (Fig. 7b), Z-
scheme heterojunctions (Fig. 7c and d), and S-scheme hetero-
junctions. Among these, S-scheme and Z-scheme hetero-
junctions have garnered significant attention in recent research
owing to their enhanced redox capabilities.

The Z-scheme heterojunction exhibits a unique charge
transfer mechanism that offers significant advantages over
conventional Type I and II heterostructures. In this system,
photogenerated electrons in the lower CB of one semiconductor
recombine with holes in the higher VB of an adjacent semi-
conductor, thereby preserving holes with stronger oxidation
potential in the lower VB and electrons with higher reduction
potential in the higher CB. This selective interfacial charge
recombination pathway combines efficient carrier separation
with superior redox potentials compared to Type I/II hetero-
junctions, addressing a key limitation of traditional hetero-
structure designs.

3.1.1 All-solid-state Z-scheme heterojunctions. The all-
solid-state Z-scheme configuration employs solid electron
mediators (e.g., Au, Ag, Pt, or graphene-based materials) as
electron bridges to enable Z-scheme transfer while suppressing
backward recombination. However, this approach faces
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challenges, including the difficulty of precisely controlling
mediator distribution at the interface, high material costs, and
partial blockage of incident light by opaque mediators.

Ma et al. synthesized an all-solid Z-type Bi,M0O4/CNTs/g-
C;N, composite and systematically investigated the effect of g-
C;N, content by preparing composites with varying molar ratios
of g-C3N, to Bi,Mo0Og (25%, 50%, 75%, and 100%). These
ternary composites were designated as MTN25, MTN50,
MTN75, and MTN100, respectively. To elucidate the structural
and compositional features, the morphology and elemental
distribution of pristine Bi,M0Os and the MTN75 composite
were characterized by SEM, EDX, and HR-TEM (Fig. 8a—f). The
photocatalytic degradation and debromination of 2,4-di-
bromophenol followed a Z-scheme mechanism (Fig. 8g). Under
visible light irradiation, photoexcited electrons and holes are
generated in both g-C3N, and Bi,M0Oe. The presence of CNTs
as an electron mediator facilitates rapid electron transfer from

View Article Online
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the CB of Bi,M0O (PS II) to the VB of g-C3N, (PS I). This carrier
migration results in electron accumulation in the CB of g-C3N,
and hole accumulation in the VB of Bi,Mo0O,. The CB potential
of g-C;N, is located at —1.33 V, while the VB of Bi,MoOg is at
+3.21 V versus the normal hydrogen electrode (NHE). Electrons
accumulated in the CB of g-C3;N, drive the reduction of Bi, to
Br~, promoting the conversion of bromine into bromide ions
and producing monobrominated and debrominated interme-
diates during the initial photocatalytic stage. Concurrently,
holes concentrated in the VB of Bi,Mo0O¢ oxidize these inter-
mediates via radical pathways. Given the matched Fermi levels
of g-C3;N, and Bi,Mo0Og, CNTs serve as efficient charge-transfer
channels. Consequently, the optimized Bi,M0Os/CNTs/g-C3N,
composite exhibits significantly enhanced photocatalytic

degradation efficiency compared to pristine Bi,MoOs and g-
C3N4.7o
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Fig. 8 SEM images of (a) Bi,MoOg and (c) MTN75 composite, and the accompanying EDX spectra (the marked area b and d) of (b) Bi,MoOg and
(d) MTN75 composite. HRTEM images of MTN75 composite (e) and (f), and the inset of (f) is the SAED pattern of the MTN75 composite; (g)
photocatalytic mechanism scheme of all-solid-state Z-scheme MTN75 composite. Reproduced from ref. 70 with permission from Elsevier.
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3.1.2 Direct Z-scheme heterojunctions. Direct Z-scheme
heterojunctions eliminate the need for intermediate electron
mediators by establishing intimate contact between semi-
conductors with properly aligned band structures and Fermi
levels. This direct coupling configuration offers multiple
advantages: shortened charge transfer distances, formation of
built-in electric fields to accelerate carrier separation, and full
retention of the constituent materials’ redox potentials. The
absence of additional mediator materials not only simplifies the
fabrication process but also enhances light utilization effi-
ciency. The simplified fabrication and improved light absorp-
tion make direct Z-scheme systems a research priority, though
their formation requires precise control of interfacial atomic
and electronic structures.

A direct Z-scheme heterojunction photocatalyst was
successfully constructed by integrating Bi,MoO, nanoparticles
with NiFe-layered double hydroxide (NiFe-LDH) nanoflowers.
The optimized BMO/NiFel5 composite demonstrated excep-
tional photocatalytic activity, achieving 95% degradation of
tetracycline (TC) within 120 minutes under visible light, with
areaction rate constant (0.0219 min ') 4.2 and 8.4 times higher
than that of pure BMO and NiFe, respectively. The outstanding
performance is attributed not only to the enhanced visible light
absorption and the larger specific surface area but also to the
ingeniously designed Z-scheme charge transfer mechanism at
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the heterojunction interface. This unique pathway efficiently
directs the recombination of useless electrons in the conduc-
tion band (CB) of NiFe with holes in the valence band (VB) of
BMO at the interface, thereby preserving the most powerful
photoinduced electrons in the CB of BMO and holes in the VB of
NiFe. Consequently, the composite retains strong redox capa-
bilities: the electrons in BMO's CB (—0.34 eV vs. NHE) can
reduce O, to generate superoxide (‘O, ), while the holes in
NiFe's VB (3.16 eV vs. NHE) possess sufficient potential to
oxidize H,O/OH™ to form hydroxyl ("OH). This spatially directed
separation of charge carriers drastically suppresses the recom-
bination of electron-hole pairs, as confirmed by significantly
quenched PL intensity and improved photocurrent response.”

Fu et al engineered a direct Z-scheme heterojunction
composed of 2D Bi,O; nanosheets and 3D Bi,MoOs micro-
spheres, which exhibited outstanding visible-light photo-
catalytic performance, achieving 96.4% phenol degradation and
a hydrogen evolution rate of 52 umol g~ *. This enhancement is
attributed to spatially separated redox sites, improved light
absorption, and efficient charge transport.”” Direct Z-type
Bi,M0Og/CoWO, (BMC-x) heterostructures, characterized by
high redox potential, have been employed for the photo-
degradation of norfloxacin (NOR). Pure Bi,M0O¢ consists of
interlaced spheres assembled from nanosheets approximately 2
pum in diameter (Fig. 9a and f), while pure CowO, is composed
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(a) SEM images of Bi,MoOg, (b) CoWOy,, (c and d) BMC-30 composites, (e) TEM images of CoWOQy,, (f) Bi,MoOs. Reproduced with

permission. (g) Photocatalytic degradation, (h) and the corresponding k values of NOR by various samples under visible light. (Conditions:
photocatalyst = 400 mg L%, [NOR] = 10 mg L%, temperature = 25 + 0.5 °C). Reproduced from ref. 73 with permission from Elsevier. Copyright

2023.
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of irregular nanoparticles exhibiting good crystallinity (Fig. 9b
and e). In the BMC-3, nanocomposite (Fig. 9c and d), Bi,Mo0Og
nanosheets primarily cover CoWO, particles, attributable to the
in situ growth process. Elemental mapping confirms the
uniform distribution of W, Mo, Co, O, Bi, and C across the BMC-
30 surface. Under visible light irradiation, BMC-x composites
demonstrate excellent photodegradation performance toward
NOR. As shown in Fig. 9g and h, after 60 minutes of illumina-
tion, the NOR degradation efficiency of BMC-30 reached 97.1%,
with an apparent rate constant of 0.0588 min .7

Liu et al. constructed an efficient Bi-based Z-type BizO,Cl/
Bi,Mo0Og photocatalytic system by employing a coordinated in
situ growth method, where Bi,MoOg was directly synthesized on
Bi;O0,Cl. This in situ growth formed a porous and intimate
interface between Bi,MoOg and Biz;O,Cl nanoparticles, facili-
tating effective photogenerated electron transfer channels and
establishing the Z-type heterojunction framework. During
photocatalytic degradation, photogenerated holes were identi-
fied as the primary reactive species, while "0, and "OH radicals
contributed comparably to the degradation process.”

3.1.3 S-scheme heterojunctions. S-scheme heterojunctions
consist of two semiconductors with distinct band structures
that form atomic-scale interfaces. This configuration generally
combines a reductive photocatalyst (with a small work function
and high Fermi level) and an oxidative photocatalyst (with
a large work function and low Fermi level), facilitating direc-
tional charge transfer to enhance redox capabilities. The
formation of an internal electric field drives photogenerated
electrons from the oxidative photocatalyst (OP) to the reductive
photocatalyst (RP). The contact between the two semiconductor
interfaces causes band bending and under the action of the
coulomb force of the electron holes, the photogenerated elec-
trons of the OP and the holes of the RP are recombined at the
interface position, thus achieving strong redox ability and
effective separation of the electron hole pairs (Fig. 10). Owing to
the distinctive electron migration pathway of the S-type
heterojunction, photogenerated carriers can be effectively

(a)
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separated and utilized while preserving the material's optimal
redox capability.”

As an advanced alternative to the all-solid-state Z-scheme,
the S-scheme (Step-scheme) heterojunction design offers
significant performance and practicality advantages for
enhancing Bi,Mo0Og-based photocatalysts, while retaining the
core benefit of strong redox power preservation. The key
distinctions lie in three primary aspects. First, the all-solid-state
Z-scheme relies heavily on an external electron mediator (e.g.,
Au, graphene) to facilitate charge transfer. Conversely, the S-
scheme achieves directional charge flow through internally
driven forces, primarily the built-in electric field (IEF), band
bending, and coulombic attraction. This mediator-free mecha-
nism inherently circumvents associated performance losses,
including light absorption competition and inefficient interfa-
cial charge hopping. Second, while both strategies preserve
potent charge carriers, the S-scheme provides a more direct and
rational charge transfer pathway from the perspectives of
energy band theory and interface electrostatics. Finally, in
terms of practicality and design, the S-scheme configuration is
generally simpler and more cost-effective to fabricate, as it
avoids the complex process of embedding noble metal media-
tors.”® This mediator-free approach results in superior light
utilization, more efficient charge dynamics, and ultimately,
a more robust and high-performing photocatalyst for environ-
mental remediation applications.

Yao et al. successfully constructed an S-scheme CdIn,S,/
Bi,Mo0O¢ heterojunction photocatalyst driven by a built-in
electric field (IEF). Under simulated sunlight, the 25%-
CdIn,S,/Bi,M00Os composite achieved an impressive degrada-
tion efficiency of 93.7% for levofloxacin (LFX) within 90
minutes. Free radical trapping and electron spin resonance
(ESR) tests confirmed that "OH and ‘O, are the primary active
species responsible for the degradation. In-depth analysis
suggests that the oxygen vacancy defects likely present on the
Bi,MoOg surface play a crucial role: they act as electron capture
centers, effectively suppressing the recombination of photog-
enerated electron-hole pairs and providing more sites for

(©)
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Fig. 10 Schematic of charge transfer of S-scheme heterojunction.
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molecular oxygen activation. Building upon this, the S-scheme
heterostructure establishes efficient spatial separation chan-
nels for charge carriers. Driven by the IEF, electrons in the CB of
Bi,Mo0Og recombine with holes in the VB of CdIn,S, at the
interface. This process selectively enriches highly reductive
electrons in the CB of CdIn,S, and retains highly oxidative holes
in the VB of Bi,M0Os. The synergistic effect between these
oxygen vacancy defects and the S-scheme heterojunction
collectively enables the highly efficient separation and migra-
tion of photogenerated carriers while maximizing the redox
potential of the system, thereby significantly enhancing the
photocatalytic degradation efficiency of LFX.”” Chen et al
assembled Bi,WO, nanoplates and Bi,MoOg nanoparticles into
hollow microspheres with a unique fractal structure, which
were then anchored onto reduced graphene oxide (RGO) to form
a ternary S-type RGO-Bi,M0Os/Bi,WO, heterojunction. This
composite exhibited significantly enhanced RhB degradation
efficiency under visible light irradiation, along with improved
photo-corrosion stability.”® Zhen et al. synthesized a g-C3N,/
Bi,M0Og S-scheme heterojunction that demonstrated enhanced
photocatalytic degradation of phenol and hydrogen evolution
under visible light irradiation. In this S-scheme composite, the
internal electric field, band bending, and interfacial charge
attraction between g-C;N, and Bi,MoOs synergistically promote
efficient separation of photogenerated electrons and holes. This
effective charge separation preserves the strong redox capabil-
ities of both components, contributing to the improved pho-
tocatalytic performance.”

Wang et al. employed a facile hydrothermal method to
construct 2D/2D S-scheme Fe,03/Bi,M00Os heterojunctions.
Under low-concentration H,0,, the composite with 0.5 wt%
Fe,0; achieved TC degradation rates 3.2 times higher than pure
Fe,O; and 2.0 times higher than pure Bi;Mo0Os. The photo-
catalytic activity of Fe,03/Bi,M0O, was significantly enhanced
due to improved charge carrier separation, as evidenced by PL
spectra, photocurrent response, and EIS analysis (Fig. 11a-c).
Fig. 11d-f shows the possible S-scheme charge transfer mech-
anism between Fe,O3 and Bi,M0O, under light irradiation. The
2D/2D S-scheme heterojunction between Fe,O; and Bi,MoOg
facilitated efficient electron-hole separation, with electrons
transferring from Bi,M0Og's CB to Fe,O;'s VB under an internal
electric field, preserving highly reactive carriers (CB electrons of
Fe,0; and VB holes of Bi,M00g). Additionally, the photo-Fenton
reaction further boosted TC degradation by generating ‘OH via
Fe**/Fe*" cycling, while the 2D/2D structure shortened charge
transfer distances and provided abundant active sites. The
system achieved high efficiency with minimal H,0, (30 uL),
demonstrating superior catalytic performance compared to
pure photocatalysis(Fig. 11g).*

3.2. Ion doping

Doping strategies are typically categorized into non-metal
doping and metal doping. Non-metal doping involves
elements such as carbon (C), nitrogen (N), phosphorus (P),
sulfur (S), halogens, and other non-metallic atomic groups.
These dopants can modify the electronic structure and enhance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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light absorption. Metal doping, on the other hand, focuses on
transition metal ions, which possess distinctive electron
configurations. When doped into Bi-based materials, these
metal ions can interact with the 6p orbitals of Bi, facilitating the
formation of crossover energy levels. This interaction signifi-
cantly promotes the separation and migration of photogene-
rated charge carriers, thereby improving photocatalytic
performance.

In addition to single-element doping, co-doping strategies—
where two or more different types of ions are simultaneously
introduced into a material—have garnered significant attention
for enhancing photocatalytic performance. Co-doping enables
the synergistic integration of distinct ionic characteristics. For
example, doping ions with varying valence states can substitute
lattice ions to enhance electrical conductivity, while differences
in ionic radii can create migration barriers that suppress
interstitial defects or ion interdiffusion within the structure.
Multi-ion co-doping is particularly effective in extending visible
light absorption and boosting the capacity of photocatalysts to
store and transfer photogenerated electrons or protons. This
enhances charge carrier separation and reduces recombination
losses, leading to improved photocatalytic efficiency. However,
the introduction of multiple dopants also increases the
complexity of the synthesis process. Precise control over the
chemical compatibility, concentration, and spatial distribution
of each dopant is essential to avoid undesirable phase separa-
tion or performance degradation, making the fabrication
process more challenging.

3.2.1 Metal ion doping strategy. Wang et al. synthesized
a series of Sm-doped Bi;M0O¢ photocatalysts with varying Sm
contents using a simple aqueous method. They observed that
increasing the Sm doping concentration resulted in a gradual
narrowing of the band gap energy, thereby enhancing the
catalyst's ability to absorb visible light. The photocatalytic
performance was found to be highly dependent on the Sm
concentration, with 0.8 at% Sm-doped Bi,MoO, showing the
most efficient activity—achieving 89% degradation of RhB
within 50 minutes under visible-light irradiation. The enhanced
activity was attributed to Sm ions functioning as effective elec-
tron traps, which suppressed electron-hole recombination and
promoted visible-light-driven photocatalytic reactions.** Guo
et al. incorporated Fe*" ions into the crystal lattice of Bi,M0Og to
synthesize xFe-Bi,Mo0Og photocatalysts and systematically
investigated the influence of Fe** doping concentration on
photocatalytic performance. They discovered a strong correla-
tion between the Fe*" content and the material's photocatalytic
activity: as the doping concentration increased, the VB edge
shifted downward, effectively narrowing the band gap (Fig. 12a
and b). This modification enhanced visible-light absorption.
Furthermore, the synergistic effect between Fe’" ions and the
intrinsic multilayered structure of Bi,MoOs facilitated faster
charge separation and improved surface reaction efficiency. As
a result, the doped photocatalysts exhibited superior light-
harvesting capabilities and enhanced photocatalytic perfor-
mance compared to undoped Bi,MoOg (Fig. 12¢).** Xu et al.
developed a Cd-doped Bi,MoO¢ photocatalyst and evaluated its
efficiency for the degradation ofloxacin under visible light. As
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(a) PL emission spectra for Fe,0Os3, Bi,MoOg, and Fe,0=/BiMoOg (0.5) photocatalysts. The wavelength of excitation light for fluorescence

emission spectra was 327 nm. (b) Transient photocurrent responses for the Fe,O3, Bi,MoOg and Fe,O3/Bi,MoOg (0.5) composite. (c) EIS Nyquist
plots of Fe,O3, Bi,MoOg and the Fe,Oz/Bi,MoOg (0.5) composite. (d) The work functions of Fe,O3 and Bi,MoOg before contact. (e) The internal
electric field and band edge bending at the interface of Fe,O3/Bi,MoOg after contact. (f) The S-scheme charge transfer mechanism between
Fe,O3 and Bi,MoOg under light irradiation. (g) Schematic diagram of the photo-Fenton catalytic oxidation of TC over Fe,0O3/Bi,MoOg (0.5) under
visible-light irradiation (1 = 420 nm). Reproduced from ref. 80 with permission from Royal Society of Chemistry. Copyright 2021. Note: "BMO" in

this figure denotes Bi,MoOg. “FO" in this figure denotes Fe,Os.

shown in Fig. 12d-i, the 1% Cd-doped Bi,M0O, photocatalyst
demonstrated significantly enhanced charge separation effi-
ciency, as evidenced by its photocurrent density (0.48 nA cm™?)
being twice that of pure Bi,MoOg and five times higher than
CdMoO,, along with reduced fluorescence intensity indicating
suppressed charge recombination. While maintaining similar
light absorption characteristics with an edge at 506 nm, the
doped material exhibited a slightly widened bandgap and more
positive CB position, which collectively improved charge

42560 | RSC Adv, 2025, 15, 42545-42572

separation despite a marginal decrease in 'O,  generation
capacity. These modified electronic properties, confirmed
through Mott-Schottky and DRS analyses, contributed to the
enhanced photocatalytic degradation efficiency of ofloxacin by
effectively suppressing charge recombination while preserving
sufficient light absorption capability.*®

Alemi et al. synthesized a series of Bi,M0Og photocatalysts
doped with rare earth ions (Gd**, Ho*", Yb®*") and investigated
their structural and photocatalytic properties. The results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 UV-Vis DRS spectra of (a) Bi,MoQg, (b) 0.4Sm-Bi,MoOs, (c) 0.6Sm-Bi>MoOsg, (d) 0.8Sm-Bi,MoOg, (e) 1.0Sm-Bi,MoOg and (f) 1.2Sm—
Bi,MoQOg. (c) Schematic illustration of the mechanism for the photocatalytic degradation of RhB on the Sm-doped Bi,MoOg photocatalyst.
Reproduced from ref. 82 with permission from Elsevier. Copyright 2017. (d) Transient photocurrent density, (e) Mott—Schottky (M-S) plots, (f)
fluorescence spectroscopy, (g) DRS spectra of pure CdMoQOy, Bi;MoOg and 1% Cd—-Bi,MoOg, (h) estimated band gaps of pure Bi,MoOg and 1%
Cd-Bi,Mo0Og, respectively, (i) the mechanism of 1% Cd-Bi,MoOg for photocatalytic degradation. Reproduced from ref. 83 with permission from
Elsevier. Copyright 2021. Note: "BMO" in this figure denotes Bi,MoOg. “CMO" in this figure denotes CdMoO,.

demonstrated that the incorporation of different rare earth
elements not only influenced the morphological evolution of
Bi,Mo0Os, resulting in varied structural forms, but also signifi-
cantly enhanced its visible-light absorption capability.** Dai
et al. demonstrated that controlled Ce doping significantly
enhances the visible-light-driven photocatalytic performance of
Bi,MoOg through deliberate crystal structure engineering. Their
work revealed a dual substitution mechanism, where Ce*"
replaces Bi*' and Ce'" substitutes for Mo°'. This process
induces lattice distortion and, for charge compensation, leads
to the partial reduction of Mo®" to Mo** and the formation of
oxygen vacancies (OVs). The creation of these OVs and crystal
defects serves as a pivotal micro-mechanism, effectively trap-
ping charge carriers and markedly suppressing the recombi-
nation of photogenerated electron-hole pairs. Furthermore, the
introduced Ce**/Ce*" and Mo*"/Mo®" redox couples actively
promote the generation of reactive oxygen species. This multi-
functional cerium doping strategy thus proved highly effec-
tive, significantly enhancing the photocatalytic performance of
Bi,Mo0Og across diverse applications. The Ce-doped Bi,MoO,

© 2025 The Author(s). Published by the Royal Society of Chemistry

particularly the 10% Ce-Bi,Mo0O; variant, consistently sur-
passed pure Bi,Mo0Osg, achieving complete mineralization of
nerve agent simulants methyl parathion (MP) and bis(4-
nitrophenyl) phosphate (b-NPP), exceptional disinfection effi-
ciency against S. aureus, and high degradation rates for organic
dyes (MB and RhB).**

3.2.2 Non-metal doping strategy. Compared with transi-
tion metal dopants, non-metallic dopants such as B, C, and F—
characterized by their smaller ionic radii—are more readily
incorporated into the interstitial lattice sites of Bi,M0Og. These
small-radius elements are particularly effective at inducing
lattice defects that modulate electronic properties. A notable
example of non-metal doping that provides deep insight into
the micro-mechanism is iodine(i)-doped Bi,Mo0O¢. In this
system, I doping induces lattice expansion and creates defect
sites that serve as effective charge trapping centers, significantly
reducing PL intensity and suppressing charge recombination.
More profoundly, the doped iodine species establish an internal
I"/10;~ redox shuttle. This mechanism provides a continuous
pathway for the spatial separation of charge carriers: holes are

RSC Adv, 2025, 15, 42545-42572 | 42561
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consumed in oxidizing I" to 103, while electrons are simulta-
neously consumed in reducing I0;~ back to I". This sophisti-
cated strategy moves beyond simple band structure
modification and exemplifies how dopants can create specific
spatial separation pathways for electrons and holes, drastically
improving quantum efficiency and photocatalytic performance
for antibiotic degradation and Cr(vi) reduction.®® In addition,
Chen et al. prepared carbon-doped Bi,Mo0Og (C-Bi,M0Os)
nanosheet self-assembled microspheres via a solvothermal
calcination method. In this structure, carbon atoms replaced
0% anions in the Bi,MoO; lattice, resulting in thinner nano-
sheets, smaller microsphere sizes, and an increased specific
surface area. Among the samples, the C-Bi,M0O, microspheres
synthesized with a C/Bi molar ratio of 4 (denoted as 4C-
Bi,Mo0Og) exhibited the highest photocatalytic activity. Under
simulated solar irradiation, the RhB degradation rate constant
of 4C-Bi,M00, was 2.26 times higher than that of undoped
Bi,Mo0Os, demonstrating a significant enhancement in photo-
catalytic performance.®”

3.2.3 Co-doping strategy. Building upon single-element
doping, the co-doping strategy aims to construct a synergistic
catalytic system by introducing multiple functional components
to comprehensively enhance photocatalytic performance. This
approach typically involves co-doping between rare-earth ions
or combinations of rare-earth ions with metallic/non-metallic
elements. Through rational design, these components can
introduce defects into the semiconductor, modulate the band
structure, broaden the light response range, and establish effi-
cient spatial separation pathways for charge carriers, thereby
achieving in-depth optimization of the photocatalytic process.

For example, a study successfully synthesized Er’**/Yb*" co-
doped Bi,MoOg flower-like microspheres with a metallic Bi
core-shell structure (Bi,MoOs: Er**/Yb**@Bi) via a hydro-
thermal method. Under visible light irradiation, the optimized
sample (Bi;M0Og: Er’*/0.03Yb* @Bi, 40) exhibited significantly
enhanced photocatalytic activity, with a degradation rate
constant of 0.0918 min~", substantially superior to that of
unmodified Bi,M0O, (0.0660 min~'). Mechanistic studies
demonstrated that the enhanced photocatalytic performance
stemmed not only from improved charge separation but also
from critical micro-mechanisms. Oxygen vacancies, confirmed
by XPS, served as electron traps that suppressed carrier
recombination while broadening light absorption and
promoting O, activation for enhanced "O,  generation. Simul-
taneously, metallic Bi's SPR effect created localized electro-
magnetic fields that facilitated electron transfer from Bi,MoOg
to Bi surfaces, achieving spatial charge separation. The intro-
duced Er**/Yb®* impurity levels further optimized charge
transfer pathways as electron relays. Additionally, trapping
experiments and ESR tests verified the crucial roles of ‘O,
"OH, and h" in the degradation process.®®

Ion doping improves light absorption and carrier mobility by
altering the band structure or creating defects; however, it also
presents challenges such as doping uniformity and the risk of
forming recombination centers. Notably, differences in dopant
ionic radii hinder precise control over photocatalytic properties,
since concentration gradients and the doping mode
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(substitutional versus interstitial) often lead to uneven defect
distribution within the material.

3.3. Surface topography control

The properties of a catalytic material depend not only on its
chemical composition but also significantly on its structure and
morphology. Photocatalysts with a larger specific surface area
exhibit markedly enhanced photocatalytic performance. This is
because a greater surface area provides more active sites for
reactions, while smaller particle sizes can promote more effi-
cient separation of photogenerated charge carriers.* Therefore,
controlling the morphology offers remarkable flexibility to
enhance the photocatalytic performance of photocatalysts.
Bi,Mo0Og¢ nanostructures come in various forms, including one-
dimensional nanorods, strips, tubes, and fibers; two-
dimensional films, nanoplates, and sheets; as well as three-
dimensional hierarchical architectures. Generally, hollow
microspheres and layered structures demonstrate higher visible
light utilization compared to bulk materials, leading to
improved photocatalytic efficiency.

Zhang et al. discovered that by adjusting the pH of the
reaction system, Bi,M0Os nanomaterials with different
morphologies—such as nanosheets and microrods—can be
selectively synthesized. Notably, Bi,MoOg prepared under acidic
conditions showed photocatalytic activity under visible light
that was 12 times higher than that of samples synthesized
under alkaline conditions.”® Zhu et al. synthesized Bi,M0Og¢
samples with three-dimensional microsphere morphologies via
a hydrothermal method, varying the Bi:Mo molar ratios.
Among the tested compositions, the Bi:Mo ratio of 2:1
exhibited the highest catalytic activity, achieving 99.43%
removal of Orange II dye within 120 minutes. The microspheres’
surfaces were composed of irregular nanosheets that provided
abundant exposed reactive sites, significantly enhancing the
degradation efficiency of Orange I1.°* Cheng et al. prepared
a flower-like microsphere-shaped hydrothermal Bi,MoO, (HT-
Bi,Mo0Og) catalyst. This catalyst can effectively convert
mechanical energy into electrical energy through vibration,
enabling efficient degradation of dyes.?> Dong et al. synthesized
double-layer structured Bi,MoOs blossom balls via a simple
solvothermal method and achieved controllable introduction of
OVs by subsequent calcination at different temperatures. The
double-layer structure enhances light absorption efficiency
through increased multiple light reflections. Compared to
pristine Bi,MoOsg, the presence of OVs modulates the band
structure and promotes more efficient separation and transfer
of photogenerated electron-hole pairs.”

Three-dimensional functional structures are usually con-
structed by assembling low-dimensional building blocks. This
approach not only prevents the serious agglomeration often
seen in low-dimensional materials but also combines the uni-
que advantages of nanoscale components with their assembled
architectures. As a result, these 3D structures offer efficient
photogenerated carrier transport, enhanced light-harvesting
capability, and abundant surface-active sites, collectively
boosting photocatalytic performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4. Environmental application of
Bi,MoOg

4.1. Application of Bi,M0Os to degradation of pollutants in
the environment

4.1.1 Degradation of organic dyes. As a key sector of
traditional manufacturing, the textile industry inevitably
generates large volumes of colored wastewater containing
various persistent pollutants during production. Due to their
poor biodegradability, these dyes and pigments adversely
impact aquatic ecosystems by causing eutrophication, oxygen
depletion, discoloration, increased turbidity, and unpleasant
odors. Moreover, they pose long-term risks through persistence
in the environment, bioaccumulation of carcinogenic aromatic
compounds, formation of harmful chlorinated byproducts, and
potential mutagenic and carcinogenic effects.®* Textile printing
and dyeing wastewater is characterized by large volumes, high
concentrations of organic pollutants, strong alkalinity, signifi-
cant fluctuations in water quality, and a high risk of cross-
contamination. To tackle these challenges, Bi,M0O, and its
composites have gained attention as promising materials,
thanks to their outstanding ability to degrade organic dyes
effectively.

Bi,Mo00Og/TiO, showed rapid photodegradation of RhB under
simulated sunlight (degradation rate of 91.4% in 180 min).*”
Cui et al. prepared an In,S;/Bi,M0Og heterostructured photo-
catalyst via a hydrothermal method. Its degradation rate
constant was 2.48 times and 6.51 times higher than those of
pure In,S; and Bi,MoO, respectively. Additionally, the removal
efficiency remained above 81.4% after multiple reuse cycles,
demonstrating good stability.®® The degradation efficiency of
RhB by Ag@p-g-C;N,-Bi,M0Os nanocomposites was 99.7%.°”

5.0 mol% Te-doped Bi,MoOg can degrade 99.7% RhB within
1 hour under visible light, 6.4 times higher than the rate
constant of the original Bi,M0O¢.”® Similarly, Wu et al. devel-
oped fluorinated Bi,MoOg nanocrystals via a solvothermal-
calcination method. The incorporation of F~ ions induced
lattice shrinkage, reduced crystal size, and facilitated the
separation of photogenerated electron-hole pairs. The opti-
mized Fy,o-Bi,M0Og sample demonstrated a 78% removal of
RhB under simulated sunlight, with a rate constant 3.5 times
greater than that of undoped Bi,Mo00Og. This improvement was
attributed to the synergistic effects of OVs, surface-adsorbed F~,
and a more positive VB potential, which collectively enhanced
the oxidation capacity of the catalyst.*® The synthesized Bi,WO/
Bi,Mo0Os microspheres possess a high specific surface area of
12.16 m* g~ !, which contributes to their enhanced solar energy
harvesting and photoconversion capabilities. Consequently, the
hybrid photocatalyst achieved notable photocatalytic rate
constants of 0.0165 min~* for RhB and 0.0378 min~* for MB,
respectively.'® y-Bi,M0Og nanoparticles can effectively degrade
about 93.4% of the MB dye.*** The 2.4% MoS,/CdS/Bi,M00;-2.0
composite prepared by Wang et al. showed good photocatalytic
activity, and the removal rate of MB within 120 min was 96.0%.
In addition, the cyclic experiments show that 2.4% MoS,/CdS/
Bi,M00O,-2.0 has good stability and recyclability.'*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.1.2 Degradation of antibiotics. With the rapid progress of
agriculture and industrialization, water resources face unprec-
edented challenges, leading to a significantly accelerated dete-
rioration of water quality. Unabsorbed antibiotics enter the
aquatic environment, exacerbating water pollution and
contributing to eutrophication. Moreover, residual antibiotics
in water can disrupt human microbiota, weaken immune
defenses, and accelerate the development of antibiotic-resistant
bacteria, posing a potential threat to human health. However,
due to the high stability of antibiotics and their resistance to
biological treatments, traditional methods struggle to effec-
tively remove these contaminants. In contrast, Bi,Mo0Og
composites exhibit unique advantages in the photocatalytic
degradation of antibiotics, making them an increasingly
important focus of research.

The Fe;CN/Bi,M0Og catalyst achieved a TC removal rate of
95.54% within 30 minutes. Its outstanding performance is
attributed to efficient Fe**/Fe®" redox cycling facilitated by the
decomposition of H,0,. Moreover, Fe;CN/Bi,M0Os demon-
strates excellent photo-Fenton degradation activity across
a wide pH range (3.0-11.0) and maintains good stability during
TC wastewater treatment.'” The removal rate of chlortetracy-
cline by Bi;M00O4/Cu,O composite photocatalyst was 88%.'**
The Bi,M00¢/g-C3N, composite (1:32) achieved optimal sulfa-
diazin photodegradation under visible light, removing 93.88%
within 120 min.'” The 3D hierarchical Bi,Mo0O¢/Bi,Sn,0-
composite, synthesized via a solvothermal method, demon-
strates significantly enhanced photocatalytic activity over its
individual components. It achieves high degradation efficien-
cies for both RhB (95.28%) and TC (87.45%) under LED light,
with excellent cycling stability.'®

Table 1 summarizes the photocatalytic degradation effi-
ciencies of various Bi,Mo0Og-based composites against a range
of organic pollutants, including antibiotics, synthetic dyes, and
other persistent contaminants. The data clearly demonstrate
that Bi,MoOs-based photocatalysts consistently deliver high
degradation efficiencies, underscoring their strong potential for
environmental remediation applications. Continued research
efforts focus on developing novel Bi,MoOg-based materials with
improved photocatalytic performance, promising further
advancements in pollutant removal capabilities.

4.2. Application of Bi,M0Og in antibacterial properties

Microbial and antibiotic contamination present serious threats
to public health, making the development of rapid and safe
antibacterial strategies crucial. Recently, heterogeneous-
structured photocatalytic materials have emerged as a prom-
ising research focus for combating pathogenic microorganisms.
Their advantages include efficient charge separation and multi-
mechanism synergistic antibacterial effects. Among these,
Bi,MoOg-based photocatalytic materials stand out due to their
excellent antibacterial performance, garnering significant
attention from researchers worldwide (Table 2).
Solvothermally  synthesized  AgBiO3/Bi,Mo0Og
structures combine flower-like AgBiO; and sheet-like Bi;,Mo0Og.
The AgBiO;/Bi,M00Os_40 variant achieved complete E. coli

hetero-
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Table 1 Comparison of degradation performance of various modified Bi,MoOg-based photocatalysts reported for organic pollutants

Removal
Photocatalyst Growth method Weight (mg) Pollutants Time (min) efficiency (%) Ref.
C-Bi,M00g nanosheet self- Solvothermal-calcination 20 100 mL RhB solution 120 98.31 107
assembled microspheres  method with glyoxal as the (20 mg L™
carbon source
P-Bi,M00Og/g-C3N, Solvothermal method 25 50 mL RhB solution 80 99.7 108
(20 mg L™
ZnO@Bi;M00-Mo0S, One-pot hydrothermal 30 100 mL RhB solution (20 ppm) 60 97.2 109
method
Self-supported Bi,MoOs/  Solvothermal method 20 50 mL RhB solution 80 96.8 110
carbon fiber (10 mg L") and 1.5 mmol
peroxymonosulfate
CQDs (5 wt%)-Bi,M0oOg Hydrothermal method 30 30 mL RhB solution (5 mg L") 300 99.76 111
2-C3N,/BiOBr/Bi,MoOg Solvothermal method 50 200 mL RhB solution 180 92 112
(10mgL™)
Ce0,/Bi,M00g Precipitation and 50 100 mL acid orange II solution 50 85 113
hydrothermal method (15mg L™
Bi,Mo0Og/Corn Straw Hydrothermal method 50 100 mL BPA solution 75 93 114
biochar (10mgL™)
Bi,M0Og/N-TiO, Electrospinning method 10 40 mL TCH solution 90 93.76 115
and hydrothermal (20mg L™
synthesis
Type II Bi,M00O¢/Bi,OsBr, Two-step solvothermal 15 30 mL TCH solution 120 76 116
heterojunction method (20 mg L™
Mn, 5Cd, 5S/Bi,M0Og Solvothermal method 30 90 mL TC solution (20 mg L") 60 90.7 117
30%-SO4, -Bi,M0Og Solvothermal method 70 100 mL TC solution 30 92.8 118
(20 mg L™
Sn-Bi,M0Og Solvothermal method 20 100 mL TC solution 120 81.1 119
(20 mg L™
Bi,M00Og/g-C3N,/kaolinite ~ Calcination crystallization 40 50 mL TC solution (30 mg L") 300 90.8 120
and solvothermal method
Bi;4Cl;S,,/Bi,M00g Hydrothermal method 20 80 mL TC solution (20 mg L") 75 76.58 121
CuFe,0,/Bi,M0Og Solvothermal method 30 50 mL TC solution (50 mg L™") 30 98.54 122
2-C;3N,/BiOBr/BiMo0Og Solvothermal method 50 200 mL CIP solution 180 94 112
(10 mg L™
Bi,Mo0Og-Br Solvothermal method 20 50 mL sulfamethazine solution 150 70 123
(10 mg L™
Bi,M00¢/g-C3N4/kaolinite ~ Calcination crystallization 750 125 L gaseous formaldehyde 180 55.5 120
and solvothermal method (10 ppm)
Bi self-doped Bi,M0Og Hydrothermal method 25 25 mL perfluorooctanoic acid 40 88.1 124
solution (100 mg L")
Sn-Bi,M0Og Solvothermal method 10 2-Mercaptobenzothiazole 120 85.1 119

(10 mg L™

eradication within 90 min under visible light."** Han et al.
developed a novel Cu,0/Bi,M0Ogs composite photocatalyst
sensitized by UiO-66. Mott-Schottky analysis (Fig. 13a-c)
confirmed n-type semiconducting behavior for Cu,O, UiO-66,
and Bi,Mo0Og, with flat-band potentials of —0.33, —0.12, and
—0.15 eV Ag/AgCl, respectively. Photoelectrochemical
measurements revealed enhanced carrier lifetimes and multi-
pathway electron transfer within the Cu,O/UiO-66/Bi,M00O¢
ternary system, attributed to UiO-66-mediated photocorrosion
suppression and efficient charge transfer from Bi,MoOg to
Cu,0. Antibacterial assays against S. aureus, methicillin-
resistant Staphylococcus aureus (MRSA), and E. coli (Fig. 13d-g)
demonstrated near-complete sterilization (>99.9%) under light
irradiation. Additionally, the Cu,0/UiO-66/Bi,M0O, composite
exhibited superior anticancer activity against HepG2 cells

42564 | RSC Adv, 2025, 15, 42545-42572

compared to Flu-5."** The CuBi,0,/Bi,M00O¢ p—n heterojunction
exhibits enhanced visible-light (A > 420 nm) antibacterial
performance against E. coli compared to its individual compo-
nents. Specifically, the CuBi,0,/Bi,M00-0.5 hybrid achieves
complete inactivation of Escherichia coli cells within 4 hours.
The antibacterial mechanism involves damage to the bacterial
cell membrane, leading to leakage and degradation of intra-
cellular contents, including total proteins and DNA.***

4.3. Performance in complex water matrices and practical
application potential

Although laboratory studies have confirmed the excellent pho-
tocatalytic performance of Bi,MoOg and its composites in
simulated wastewater, their practical application efficacy is
significantly influenced by complex water matrices. Common

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the antibacterial activity by different modified Bi,MoOg-based photocatalysts

Photocatalyst Growth method Weight (mg) Pollutants Time (min) Photocatalytic activity Ref.

Bi,M00/Bi5s0,1 In situ solvothermal 20 50 mL Escherichia coli 90 Completely achieve 125
method solution (108 cfu mL ") disinfection

AgBiO;/Bi,M0Og Hydrothermal 0.05 10 mL Escherichia coli 90 Completely achieve 126
method solution disinfection

Bi,M0O¢/Ag-AgCl ~ Chemical 1 10 mL Escherichia coli 30 Completely achieve 127
precipitation and solution (107 cfu mL™") disinfection
photo-reduction

Bi,MoOg/red Hydrothermal 15 25 mL Escherichia coli 30 The colony count was 128

phosphorus method solution (2.84 x 108 decreased to 1.6 x 107

heterojunction cfu mL ™) cfu mL !

Agl/Bi,M0Og Solvothermal- 4 50 mL Escherichia coli and 30 and 90, Complete disinfection was 129
precipitation Staphylococcus aureus respectively achieved, respectively
approach solution (5.0 x 107

cfu mL™)

MoS,/Bi,M0Og Bath evaporation 100 100 mL Escherichia coli 60 The survival ratio reduced 130
method solution (106 cfu mL ") to (60.3 + 3.7)%

Bi,M0Os-AgBr Adsorption- 6 50 mL Escherichia coli 90 Completely achieve 131
deposition method solution (3 x 106 cfu mL ") disinfection

CuBi,0,/Bi;M00s  Solvothermal 40 50 mL Escherichia coli 240 Almost completely 132
method solution (107 cfu mL ") disinfected

inorganic anions and cations in real water bodies, such as Cl~,
NO;~, SO4°7, CO;>/HCO; , Ca®, and Mg”*, can inhibit
degradation by competing for photogenerated active species or
altering the solution environment. The synergistic effect of
cations and pH is particularly critical, as the solution pH
influences both the catalyst surface charge and the speciation of
the pollutant. For example, the degradation rate of TCH by CeO,
quantum dots/Bi,M0Os S-scheme heterojunction was much
higher under alkaline conditions (approximately 88% at pH =9
and 11) than under acidic conditions (approximately 52% at pH
= 3 and 5). This is attributed to the more facile generation of
"OH radicals from the oxidation of OH™ by holes (h") in alkaline
media, coupled with the transformation of TCH into the more
readily degradable isotetracycline form.**®

Natural Organic Matter (NOM), such as humic and fulvic
acids, is another key factor affecting photocatalytic efficiency.
The light-shielding effect of NOM was demonstrated during the
degradation experiments with a PDI/Bi,MoOs composite in Wei
River water, where the persistent fluorescence peak of humic
acid-like organics after reaction indicated competition with the
catalyst for photon absorption."*® Furthermore, NOM acts as
a high-concentration background organic substance that scav-
enges photogenerated holes and radicals, leading to reduced
degradation efficiency for target pollutants like CIP. The
complex and high organic load of actual wastewater poses
a more severe challenge, resulting in a comprehensive inhibi-
tory effect. Performance attenuation is commonly observed
when transitioning from simulated to real wastewater. For
instance, the degradation efficiency of TCH by CeO,/Bi,M0Og
dropped from 91.2% in deionized water to 71.9% in pharma-
ceutical wastewater. Similarly, the C;N,/Bi,MoOg/carbon fiber
cloth achieved an 86% degradation of TC under optimal acidic
conditions (pH = 5), a performance that surpasses its individual
components. While the presence of common coexisting ions

© 2025 The Author(s). Published by the Royal Society of Chemistry

had an insignificant impact on TC degradation, a slight but
consistent performance decline was observed when moving
from deionized water (86%) to tap water (83%) and lake water
(81%), highlighting the subtle yet tangible effect of complex
background substances.”® This trend of varying efficiency
across different water sources is further exemplified by the N, S-
GQDs and Au co-modified Bi,Mo0Og, which exhibited high and
stable degradation efficiency for oxytetracycline in tap water
(80.15%), lake water (78.36%), and river water (79.16%).
Notably, a more discernible efficiency reduction was observed
in industrial wastewater (76.31%) and medical wastewater
(75.32%), clearly illustrating a performance gradient that
correlates with the increasing complexity and organic load of
the water matrix."*®

In summary, the transition from simulated to real waste-
water universally leads to a measurable attenuation in the
performance of Bi,MoOs-based photocatalysts, establishing
a clear inverse correlation between catalytic efficiency and the
complexity of the water matrix. Nevertheless, the evidence pre-
sented herein confirms that this performance gap can be
significantly bridged through rational material design, under-
scoring the necessity of evaluating and developing these
advanced materials under environmentally relevant conditions.

5. Emerging applications in energy
conversion and storage

The escalating global energy demand and the urgent need to
mitigate climate change have spurred extensive research into
sustainable and clean energy technologies. Photocatalysis,
which directly converts solar energy into chemical fuels, stands
at the forefront of these efforts.”* Among the various photo-
catalytic materials, Bi,M0oO, has emerged as a particularly
versatile visible-light-responsive photocatalyst. Its tunable band

RSC Adv., 2025, 15, 42545-42572 | 42565
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Fig. 13

(a—c) Mott's Schottky plots of Cu,O, UiO-66, and Bi,MoOg; (d) the bacteriostatic effect of UiO-66, Bi,MoOg, Cu,O/BiMoOg, and CUB

treatments on Staphylococcus aureus, Escherichia coli, and MRSA; (e—g) Histogram of the bacteriostatic effect of each material against several
bacteria. Reproduced from ref. 133 with permission from Elsevier. Copyright 2025.

structure, layered architecture, and chemical stability make it
a promising candidate for a trio of critical energy conversion
reactions: hydrogen evolution, carbon dioxide reduction, and
nitrogen fixation. While each reaction faces distinct chal-
lenges—such as the inertness of CO, and N, molecules or the
competing hydrogen evolution reaction (HER)—a common
strategy to enhance the performance of Bi,MoOg lies in the
rational design of composite structures. By constructing
sophisticated heterojunctions (e.g., S-scheme, Z-scheme) and
introducing defect engineering, researchers can effectively
modulate the charge separation dynamics and surface reaction
pathways of Bi,MoOg-based catalysts.

42566 | RSC Adv, 2025, 15, 42545-42572

5.1. Photocatalytic hydrogen evolution

The relentless consumption of fossil fuels has precipitated
a dual crisis of energy scarcity and environmental degradation,
driving the urgent quest for sustainable alternatives.'®
Hydrogen, with its high energy density and zero-carbon emis-
sions upon combustion, is widely regarded as the ultimate clean
energy carrier. Photocatalytic water splitting, which harnesses
solar energy to directly extract hydrogen from water, represents
a paradigm shift towards renewable hydrogen production.
Among various photocatalysts, Bi,M0Os has emerged as
a promising visible-light-driven candidate for the HER.****" Its
intrinsic advantages, including a suitable CB position for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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proton reduction and a narrow bandgap for visible-light
absorption, are nonetheless hampered by rapid charge carrier
recombination. To unlock its full potential, the construction of
advanced heterojunctions—such as S-scheme, 3D/2D, and
ternary composites—has proven to be a highly effective strategy.
These engineered interfaces are pivotal for directing charge flow
and suppressing recombination, thereby translating the
promise of solar hydrogen into dramatically enhanced
production rates.

Additionally, a separate system featuring a 2D/2D S-scheme
heterojunction composed of Bi,MoOgs and an ultra-thin Zn-
based  metal-organic = framework  using tetrakis(4-
carboxyphenyl) porphyrin (Zn-TCPP) as the ligand. The exten-
sive interfacial contact between the two 2D components,
together with the built-in electric field and coulombic attraction
inherent to the S-scheme mechanism, promotes directed carrier
migration. The resulting Bi,M0Oe/Zn-TCPP composite achieves
a hydrogen evolution rate of 10900.94 umol g~ * h™', surpassing
pure Bi;MoOs and Zn-TCPP by factors of 38.9 and 3.24,
respectively.'*

Beyond hydrogen evolution, Bi,MoOg-based systems also
enable overall water splitting without sacrificial agents. A 3D/2D
hybrid of SrTiO; nanocubes and Bi,MoOs nanoflakes exem-
plifies this capacity. In this system, SrTiO; primarily facilitates
the HER, while Bi,MoOs, with its more positive VB potential,
excels in the oxygen evolution reaction (OER). The optimal
sample, with a SrTiO; content of 50 wt%, demonstrated the
highest photocatalytic activity and stability. The close interfa-
cial contact ensures efficient intercomponent charge transfer,
yielding H, and O, evolution amounts of 3350 umol g~ * and
1875 pumol g~ " over 8 hours, with stable performance over
multiple cycles.'*® Researchers have designed a Bi,MoOg/g-
C3;Ny/multi-walled carbon nanotube (CNT) ternary nano-
composite to produce hydrogen fuel from water using simu-
lated solar energy. Here, CNTs serve as an electron conduit and
form a pseudo-Schottky junction, effectively extracting and
shuttling photogenerated electrons from the Bi,MoO4/g-C3N,
interface. This system attains a hydrogen evolution amount of
3480 pmol g~', substantially exceeding that of the binary
Bi,M00O¢/g-C3N, composite (1980 umol g~ ') and its individual
constituents.™*

5.2. Photocatalytic CO, reduction

The excessive emission of CO, from fossil fuel combustion is
the primary culprit behind global warming and climate change.
Photocatalytic CO, reduction offers a transformative “kill two
birds with one stone” strategy, simultaneously addressing both
the energy crisis and environmental issues by converting the
greenhouse gas into valuable solar fuels, such as CO and
CH,."*>™ This artificial photosynthetic process aims to close
the carbon cycle, storing intermittent solar energy in the
chemical bonds of portable fuels. The key challenges, however,
lie in the extreme chemical inertness of the CO, molecule and
the complexity of its multi-electron reduction pathways.
Bi,Mo0Og-based materials, with their moderate CB potential and
highly tunable surface properties, show immense promise in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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this field. Their true potential is realized when engineered into
sophisticated heterostructures, particularly S-scheme and Z-
scheme heterojunctions. These designs are crucial not only
for achieving efficient spatial charge separation but, more
importantly, for preserving the strong redox potentials neces-
sary to drive the challenging CO, reduction reactions with high
selectivity.

A breakthrough was achieved by constructing a hierarchical
S-scheme heterojunction between Bi,MoOs nanoflakes rich in
surface oxygen vacancies (SOVs) and In,S; nanotubes (Bi,M00Os-
SOVs@1In,S;). This design synergized multiple advantages: the
hollow tubular structure enhanced light harvesting, while the
SOVs served as highly active centers for CO, adsorption and
activation. The S-scheme mechanism ensured efficient charge
separation, resulting in an exceptional CO-production rate of
28.54 pmol g~ " h™" under visible light and high CO selectivity
(~94.1%)."*® In another exemplary study, a 2D/2D van der Waals
heterojunction was constructed by coupling few-layered
Bi,Mo00O¢ nanosheets with BiOI nanosheets. This architecture
created a large-area, intimate interface conducive to rapid
charge transfer via an S-scheme pathway. This mechanism
effectively preserved the strong reduction ability of BiOI for CO,
reduction, leading to production rates of 8.34 pmol g~ * h™" for
CO and 3.31 umol g~ h™" for CH,."*®

Notably, the charge transfer pathway is not limited to the S-
scheme. The construction of a Z-scheme heterojunction can
also yield exceptional performance. Jiao et al. constructed a 2D/
2D Z-scheme heterojunction between S-doped graphitic carbon
nitride (SCN) and Bi,Mo0Og. The S-doping effectively narrowed
the band gap of g-C;N, and served as active sites, while the
microwave-assisted synthesis created an intimate interfacial
connection. The Z-scheme mechanism directed the transfer of
photogenerated electrons from the CB of Bi,M0Og to the VB of
SCN, thereby preserving the most powerful holes in Bi,Mo0Og
and the most powerful electrons in SCN for redox reactions.
This system exhibited a remarkable selectivity of 99.15% for
converting CO, to CH;OH, with a production rate of 6.19 pmol
g ' h™!, and maintained 94.6% of its initial activity after six

cycles.™

5.3. Photocatalytic nitrogen fixation

Nitrogen is fundamental to life and modern agriculture, yet the
industrial production of NH; via the century-old Haber-Bosch
process is exceptionally energy-intensive, consuming ~2% of
the world's annual energy supply and contributing significantly
to global carbon emissions.' Photocatalytic nitrogen fixation,
which leverages solar energy to convert atmospheric N, into
NH; under ambient conditions, presents a revolutionary and
sustainable alternative. This process mimics nature's nitrogen
cycle but faces the monumental challenge of activating the
ultra-stable N=N triple bond.***** Bi,MoOs-based materials
have recently garnered attention as promising catalysts for this
demanding reaction. The focus of research has shifted from
mere charge separation to the precise engineering of surface
active sites. Key strategies, such as the creation of OVs and
strategic anion doping, are employed to tailor the local
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electronic structure of Bi,MoOg. These defects serve as exclusive
hubs for N, adsorption and activation, effectively suppressing
the competing HER and steering the photocatalytic process
towards efficient ammonia synthesis.

A notable example is the construction of a Bi,MoOg/bismuth-
based metal-organic framework (Bi,M0Os/Bi-MOF) composite,
where the concentration of surface OVs in the Bi-MOF compo-
nent was meticulously controlled. The porous Bi-MOF provided
a high specific surface area for N, enrichment, while the OVs
served dual functions: acting as trapping sites for photogene-
rated electrons to suppress charge recombination, and
providing active centers for N, adsorption and activation. The
internal electric field at the Bi,Mo0QO4/Bi-MOF interface facili-
tated the flow of electrons from Bi,M0Og to the OVs in Bi-MOF,
where they were utilized for N, reduction. The optimized cata-
lyst achieved an outstanding NH; production rate of 125.78
umol g¢~* h™', which was 21.4 times and 3.7 times higher than
that of pristine Bi,M0Os and the OV-free composite, respec-
tively.™™ Liu et al. discovered that doping S*~ ions into the
Bi,MoOg lattice (S-Bi,M0Og) could significantly boost its pho-
tocatalytic nitrogen fixation performance. Even with an
extremely low doping content, the S atoms, which preferentially
substituted lattice 0>, induced a notable upward shift of the
CB minimum, endowing S-Bi,MoO, with a more negative
reduction potential (—0.72 V vs..HNE) crucial for N, reduction.
Furthermore, the S-doping created a defect level near the CB,
which enhanced visible light absorption and served as an
electron acceptor to suppress charge recombination. As a result,
the optimized 0.7% S-Bi,M0Os catalyst achieved a high NH,
production rate of 122.14 pmol ¢~ * h™", which was 3.67 times
that of the pristine Bi,Mo0O,. Importantly, the study confirmed
through Nitrogen temperature-programmed desorption (N2-
TPD) and control experiments that the enhancement
primarily stemmed from improved charge separation and
increased reduction capability, rather than a change in oxygen
vacancy concentration, and that the competing HER was effec-
tively suppressed.'>®

6. Conclusion and prospect

Bi,MoOg-based photocatalysts have demonstrated significant
potential in the field of environmental remediation, owing to
their tunable bandgap, non-toxic nature, structural stability,
and facile synthesis. This review systematically outlined the
recent advancements in modification strategies for enhancing
the photocatalytic activity of Bi,M0Os, including heterojunction
construction, ion doping, and surface topography control.
These approaches have been shown to effectively promote
charge separation, expand visible-light absorption, and improve
overall photocatalytic efficiency.

Z-Scheme and S-scheme heterojunctions have emerged as
particularly effective configurations, enabling efficient elec-
tron-hole separation while preserving the strong redox poten-
tial of charge carriers. Similarly, OVs play a vital role in
introducing defect levels that enhance visible light absorption
and create active catalytic sites; however, their controllability
remains limited. Elemental doping, especially with rare-earth
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and precious metals, can significantly modify surface area
and electronic structure, although cost and scalability remain
major concerns. Furthermore, advanced strategies such as the
anchoring of single atoms via surface vacancies, as well as
leveraging specific crystal planes to guide charge transfer, show
promise but are technically challenging due to the structural
complexity of Bi,M0O.

The efficacy of these optimized Bi,M0oOs materials has been
rigorously demonstrated in two primary domains. In environ-
mental remediation, they exhibit outstanding performance in
the degradation of prevalent pollutants, including organic dyes
and antibiotics. More importantly, their inherent biocompati-
bility and light-induced reactive oxygen species generation
empower them with robust antibacterial properties, opening
avenues for water disinfection and antibacterial surfaces. In the
realm of energy conversion and storage, Bi,MoOg-based
composites have proven to be highly versatile, driving key
reactions such as photocatalytic hydrogen evolution, CO,
reduction to solar fuels, and nitrogen fixation under ambient
conditions. The construction of specific heterojunctions (e.g., S-
scheme) is crucial here, not only for charge separation but for
preserving the high redox potentials required for these chal-
lenging multi-electron processes.

Despite these advances, several critical challenges hinder the
large-scale  practical  application of  Bi,MoOg-based
photocatalysts.

(1) From a methodological perspective, current synthesis
routes for these advanced materials are often time-consuming,
complex, and prone to introducing impurities. Hence, innova-
tive and simplified preparation methods are required.

(2) On the application side, while the scope has expanded
from pollutant degradation to antibacterial action and energy
production, most studies remain limited to liquid-phase
systems and laboratory-scale experiments. A paramount chal-
lenge for real-world environmental applications, particularly in
complex wastewater matrices, lies in performance attenuation.
The presence of coexisting ions (e.g.,, Cl~, CO;>"), natural
organic matter, and fluctuating pH levels can significantly
suppress degradation efficiency and antibacterial efficacy
through competitive consumption of reactive species and light-
shielding effects. Similarly, in energy applications, competing
reactions (especially the hydrogen evolution reaction in
nitrogen fixation) and the low concentration of target gas
reactants (CO,, N,) in aqueous environments pose significant
barriers to efficiency and selectivity. Their application in gas-
phase and solid-phase pollutant removal warrants further
exploration.

(3) Looking forward, future research should prioritize the
integration of Bi,MoQg's intrinsic properties—such as piezo-
electricity, ferroelectricity, and magnetism—with external
auxiliary energy fields (e.g., photo-Fenton, electrocatalysis, pie-
zocatalysis) to further expand the functional scope of Bi,MoOg-
based systems and create synergistic effects that overcome
current limitations in both environmental and energy catalysis.

(4) Additionally, mechanistic investigations combining
thermodynamic analysis, energy band alignment, and theoret-
ical modeling will be essential to unravel the underlying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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principles governing the diverse photocatalytic processes. To
achieve industrial viability, research efforts must also focus on
developing recyclable catalyst supports and scalable production
techniques. Crucially, future work must address the practical
challenges of catalyst recovery and long-term stability in
continuous-flow systems, for both water treatment and gas-
phase reactors. It is also imperative to evaluate the ecological
safety of intermediate products formed during the degradation
process in complex aqueous environments and to assess the
potential leaching of metal components from the catalysts.

In conclusion, while Bi,MoOg-based photocatalysts have
made considerable progress, evolving from a material for
simple pollutant degradation to a versatile platform for inte-
grated environmental and energy applications, continued
interdisciplinary research is imperative to overcome existing
limitations and realize their full potential in sustainable
technologies.
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