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Nanostructured bismuth- and antimony-containing photocatalysts have become increasingly popular in photocatalytic applications 

because of their strong visible-light response and adjustable band-gap energies. Compared with conventional photocatalysts such as TiO2 

and ZnO, Bi-based and Sb-based photocatalysts exhibit broader visible-light absorption and more favourable electronic structures. Their 

photocatalytic performance can be readily tailored through various engineering strategies, including defect engineering, elemental doping, 

morphology control and heterojunction construction. This review article summarizes some of the successful uses of Bi- and Sb-based 

nanostructured semiconductor photocatalysts for the degradation of organic dyes, pharmaceuticals, pesticides and heavy metals from 

aqueous solutions. Specific examples are provided to demonstrate the influence of morphology variation, oxygen vacancies and the 

construction of Z-scheme or S-scheme heterojunctions on the enhanced photocatalytic activity of Bi- and Sb-based nanomaterials. Recent 

developments in synthesis strategies and heterostructure design are also discussed in relation to improved catalytic activity and stability. 

Current challenges, including photocorrosion, catalyst deactivation, scalability, recyclability, and the potential ecotoxicity of Sb-

containing materials, are highlighted, together with future perspectives for the development of sustainable and efficient photocatalytic 

systems. 
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INTRODUCTION 

 Rapid industrialization, urbanization and agricultural inten-

sification have substantially increased the discharge of hazar-

dous contaminants, such as dyes, pharmaceuticals, pesticides 

and heavy metals, into aquatic and terrestrial ecosystems [1-5]. 

These contaminants exhibit high persistence, bioaccumula-

tion potential and long-term toxicity, posing serious risks to 

ecosystems and human health. Conventional wastewater treat-

ment techniques including adsorption, coagulation-flocculation, 

membrane filtration and biological treatment are widely used; 

however, their practical efficiency is often limited by incom-

plete mineralisation, secondary sludge formation, membrane 

fouling and high operational costs [4,5]. Consequently, the 

development of sustainable and efficient remediation techno-

logies has become an important environmental priority. 

                                                           
This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This 

license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original 

creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made. 

 Semiconductor photocatalysis has emerged as a promi-

sing strategy for pollutant degradation under light irradiation 

due to its low energy consumption, solar-energy utilisation and 

efficient contaminant mineralisation [6-10]. Photocatalytic 

performance is governed by carrier mobility, interfacial charge 

transfer kinetics, light absorption and long-term structural 

stability. Conventional photocatalysts such as titanium dioxide 

(TiO2), zinc oxide (ZnO), graphitic carbon nitride (g-C3N4) 

and hematite (Fe2O3) have been extensively studied owing to 

their favourable photocatalytic activity, chemical stability and 

cost-effectiveness. However, their practical application is often 

constrained by inherent electronic and structural limitations, 

such as wide band-gap energies, rapid recombination of photo-

generated charge carriers and limited visible-light utilization. 

 TiO2 and ZnO possess wide band gaps (~3.2-3.3 eV), 

limiting their photocatalytic response mainly to the ultraviolet 
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region, which represents only a small fraction of solar radia-

tion [11,12]. ZnO additionally suffers from photocorrosion 

during prolonged irradiation. Although g-C3N4 exhibits visible-

light responsiveness, its photocatalytic activity is hindered by 

poor conductivity and rapid exciton recombination [13]. 

Similarly, Fe2O3 demonstrates sluggish charge-transfer kinetics 

and low carrier mobility despite its narrow band gap [14]. 

These limitations have accelerated the search for visible-light 

responsive photocatalysts with improved electronic structures 

and enhanced catalytic stability. 

 In this context, Bi- and Sb-based nanomaterials have 

attracted significant attention owing to their tunable electronic 

structures, layered morphologies, narrow band gaps and effi-

cient visible-light utilisation [6-10,15,16]. Among these 

materials, BiVO4 exhibits superior visible-light photocata-

lytic efficiency compared with TiO2 since its narrower band 

gap (~2.4 eV) enables efficient solar-light harvesting, while 

its monoclinic scheelite structure promotes improved carrier 

migration and interfacial charge transport. Similarly, BiOX 

materials possess intrinsic internal electric fields that facili-

tate directional charge separation and suppress electron–hole 

recombination. The hybridisation of Bi 6s and O 2p orbitals 

further enhances visible light absorption capability and photo-

catalytic performance [7]. 

 Sb-based semiconductors such as Sb2S3 and Sb2O3 also 

demonstrate strong visible-light absorption, enhanced cond-

uctivity and efficient electron-transport properties, making 

them promising candidates for photocatalytic and photo-

electrochemical applications [7,15]. Unlike TiO2 and ZnO, 

Bi-/Sb-based photocatalysts exhibit enhanced activity under 

visible-light irradiation owing to their narrower band-gap 

energies [17-22]. Despite these advances, several critical chall-

enges remain, including photocorrosion, catalyst deactivation, 

metal-ion leaching, limited recyclability and barriers to large-

scale implementation 

 The catalytic efficiency of Bi-/Sb-based nanomaterials 

can be further improved through heterojunction engineering, 

elemental doping, defect modulation and nanocomposite form-

ation. In particular, Type-II and Z-scheme heterojunctions 

significantly enhance interfacial charge separation and prolong 

carrier lifetime, thereby improving photocatalytic activity and 

redox performance [7-10]. Beyond photocatalytic degradation, 

these materials have also demonstrated considerable potential 

in hydrogen evolution, CO2 reduction, antibacterial treatment, 

sensing applications and wastewater purification. 

 Bibliometric analysis and research trends: Bibliometric 

analysis was conducted using the Scopus and Web of Science 

databases. Literature retrieval was performed in January 2026 

using keywords including ‘BiVO4 photocatalyst’, ‘BiOX’, 

‘Sb2S3’, ‘visible-light photocatalysis’ and ‘environmental 

remediation’. Only peer-reviewed English-language articles 

and review papers published between 2014 and 2025 were 

included (Fig. 1). Duplicate records were removed prior to 

analysis and keyword co-occurrence mapping was performed 

using VOSviewer software (Fig. 2). 

 

 
Fig. 1. Annual publication growth of Bi- and Sb-based photocatalytic 

nanomaterials reported in Scopus and Web of Science databases 
from 2014-2025 

 

 Keyword co-occurrence analysis revealed that major 

research themes include BiVO4 heterostructures, BiOX mate-

rials, oxygen-vacancy engineering, Z-scheme photocatalysis 

and Sb2S3-based nanocomposites. Increasing interdisciplinary 

collaboration and citation impact further emphasize the expan-

ding scientific relevance of these materials in environmental-

remediation research. 

 Among the investigated materials, the photocatalytic 

activity of BiVO4 originates from its narrow band gap, effici-

ent interfacial carrier migration and strong visible-light absorp-

tion (Table-1). In contrast, TiO2 remains limited by UV-light 

responsiveness associated with its wide band gap. Although 

g-C3N4 exhibits strong optical absorption capability, its photo-

catalytic efficiency is restricted by poor conductivity and rapid 

recombination of charge carriers. Similarly, Sb2S3 demons-

trates excellent light-harvesting capability and carrier mobility; 

however, photocorrosion and possible Sb-ion leaching remain 

important concerns for long-term applications. Despite subs-

tantial progress, several critical challenges remain unresolved 

including photocorrosion, catalyst recovery, recyclability, 

environmental safety and industrial scalability. Therefore, a 

comprehensive and critical evaluation of Bi-/Sb-based nano-

materials is essential for the rational design of efficient, stable 

 

TABLE-1 

BIBLIOMETRIC INDICATORS AND EMERGING RESEARCH TRENDS IN Bi-/Sb-BASED PHOTOCATALYTIC NANOMATERIALS 

Parameter Observation 

Publication growth (2014–2025) Increased from ~42 to >740 publications annually 

Major application area Wastewater remediation and photocatalytic degradation 

Most investigated material BiVO4 

Emerging research trend Z-scheme and S-scheme heterojunction engineering 

Highly recurring keywords Photocatalysis, BiOX, heterojunction, ROS, visible light 

Leading contributing countries China, India, USA 

Major industrial challenge Catalyst stability and large-scale scalability 

Recent focus area Oxygen-vacancy engineering and multifunctional nanocomposites 
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and sustainable photocatalytic systems for future environ-

mental remediation applications. 

 Properties of Bi- and Sb-based nanoparticles: Bi- and 

Sb-based nanomaterials exhibit distinctive physico-chemical 

and electronic properties that make them highly promising for 

photocatalytic, electrochemical, sensing and environmental-

remediation applications [23-25]. Their catalytic performance 

is strongly governed by tunable electronic structures, variable 

oxidation states, defect chemistry and morphology-dependent 

charge-transport behaviour. Compared with conventional photo-

catalysts such as TiO2, Bi-based materials exhibit enhanced 

visible-light activity owing to their narrow band-gap energies 

(typically 1-2 eV) and stereochemically active 6s2 lone-pair 

electrons [26-30]. In contrast, Sb-based nanomaterials possess 

comparatively higher electrical conductivity and charge-carrier 

mobility, thereby facilitating rapid interfacial electron transfer 

and enhanced redox-assisted catalytic activity [31,32]. 

 Physico-chemical properties: Bi- and Sb-based nano-

particles generally crystallize in rhombohedral structures and 

exhibit tunable semimetallic-to-semiconducting characteristics 

at the nanoscale [23]. Their high surface-area-to-volume ratios 

increase the density of catalytically active sites and improve 

adsorption–desorption kinetics during heterogeneous reactions. 

Furthermore, nanoscale structural modulation alters the elect-

ronic band structure, thereby enhancing visible-light absorption 

and surface reactivity. 

 Bi-based nanomaterials, particularly Bi2O3 and BiOX sys-

tems, contain stereochemically active 6s2 lone-pair electrons 

that induce internal electric polarisation and facilitate direct-

ional migration of photogenerated charge carriers [28-30]. As 

a result, electron–hole recombination is significantly inhibited, 

leading to improved charge utilization and enhanced photo-

catalytic oxidation activity. Layered BiOX structures containing 

[Bi2O2]2+ slabs generate intrinsic electric fields that further 

improve charge separation and interfacial electron-transfer 

kinetics [26]. In addition, oxygen vacancies introduce localised 

electronic states that enhance oxygen adsorption and promote 

reactive oxygen species (ROS) generation during photocatal-

ysis. Hierarchical Bi2O3 architectures can exhibit specific 

surface areas exceeding 50 m2 g–1, thereby improving pollutant 

adsorption and catalytic accessibility [29]. 

 Redox behaviour and oxidation states: The presence of 

multiple oxidation states, notably the Bi3+/Bi5+ and Sb3+/Sb5+ 

redox couples, plays a crucial role in enhancing the photo-

catalytic activity of Bi- and Sb-based nanomaterials by facili-

tating charge-carrier migration and interfacial redox reactions 

[33-36]. These reversible valence transitions facilitate rapid 

electron exchange, accelerate oxidation–reduction pathways 

and improve charge-carrier separation during photocatalytic 

reactions. 

  
3 5Bi Bi+ +

 

 In Bi-based systems, the reversible Bi3+/Bi5+ transition acts 

as an efficient electron-transfer mediator that enhances surface 

redox cycling and ROS generation, including hydroxyl and 

superoxide radicals [33-36]. Oxygen vacancies further streng-

then this mechanism by trapping photogenerated electrons and 

suppressing electron–hole recombination, thereby improving 

photocatalytic degradation efficiency and catalytic durability. 

Controlled defect engineering and heterojunction construction 

 

Fig. 2. Keyword co-occurrence network illustrating major research themes in Bi-/Sb-based photocatalytic systems 
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have therefore emerged as effective strategies for improving 

visible-light absorption and long-term photocatalytic stability. 

 Similarly, the defect-rich surface structure and high elec-

trical conductivity of Sb-based nanomaterials promote efficient 

interfacial electron transfer, thereby enhancing charge-carrier 

mobility and photocatalytic activity. 

  
3 5Sb Sb+ +

 

 The Sb3+/Sb5+ redox cycle accelerates catalytic oxidation 

pathways through continuous electron exchange at catalyst 

interfaces [33-36]. However, excessive oxidation may induce 

photocorrosion, structural instability and metal-ion leaching, 

thereby limiting long-term catalytic durability and environ-

mental compatibility. 

 Structural and morphological features: The catalytic 

performance of Bi- and Sb-based nanomaterials is strongly 

dependent on morphology-regulated surface characteristics, 

crystallographic orientation, porosity and electron-transport 

pathways rather than merely the existence of different nano-

structures [37-39]. Morphological engineering directly influ-

ences exposed crystal facets, adsorption capacity, carrier-

diffusion pathways and interfacial charge-transfer efficiency. 

For example, 2D Bi-based nanosheets provide shortened diff-

usion lengths for photogenerated charge carriers and expose 

a larger density of catalytically active sites, thereby enhancing 

visible-light-driven photocatalytic activity [26]. Hierarchical 

porous architectures provide enhanced light utilisation and 

pollutant adsorption owing to their high surface areas and 

multiple light-reflection pathways, while hollow structures 

facilitate efficient mass transport, increased accessibility of 

active sites, and superior structural stability during prolonged 

photocatalytic operation. 

 In Sb-based systems, anisotropic nanorods and nanoplates 

facilitate directional electron transport and improve interfacial 

conductivity [38]. Similarly, Bi-Sb alloy nanocomposites 

anchored on porous carbon supports demonstrate improved 

electrical conductivity, electrochemical stability and active-site 

accessibility, owing to the ability of the conductive matrix to 

promote efficient electron migration and prevent nanoparticle 

aggregation [39]. Therefore, rational regulation of morpho-

logy, defect chemistry and electronic structure is essential for 

optimizing the catalytic and photocatalytic performance of 

Bi- and Sb-based nanomaterials 

 Environmental compatibility and toxicity considera-

tions: Bi- and Sb-based nanomaterials exhibit distinct toxicity 

profiles that influence their environmental and biomedical 

applications. Although Bi-based nanomaterials are widely 

regarded as comparatively benign owing to their low bioacc-

umulation tendency and favourable biocompatibility [40], their 

potential environmental risks cannot be overlooked. Parameters 

including particle size, morphology, surface characteristics, 

and dissolution behaviour may significantly affect their environ-

mental fate, long-term stability and ecotoxicological profile. 

 In contrast, Sb-based nanomaterials raise greater environ-

mental and toxicological concerns owing to their propensity 

to generate reactive oxygen species, induce oxidative stress, 

and release metal ions [41]. However, surface modification 

strategies including PEGylation and polymer-based coatings, 

can enhance colloidal stability and mitigate potential toxic 

effects. Despite these advances, comprehensive ecotoxicolo-

gical investigations and environmental risk assessments remain 

necessary to evaluate the long-term safety of both Bi- and Sb-

based nanomaterials. From an environmental perspective, 

current evidence suggests that Bi-based nanomaterials are 

generally regarded as environmentally more benign than Sb-

based counterparts; nevertheless, systematic toxicity assess-

ments are essential to ensure their safe and sustainable imple-

mentation in practical applications. 

 Synthesis methods: Bi- and Sb-based nanomaterials 

have attracted considerable attention owing to their tunable 

electronic structures, visible-light responsiveness, morphology 

dependent photocatalytic activity and effectiveness in environ-

mental remediation [42-48]. The physico-chemical properties 

of these materials are strongly governed by the synthesis route, 

which influences particle size, crystallinity, morphology, defect 

density, optical absorption and charge-transfer characteristics 

[49-55]. Consequently, a wide range of synthesis strategies, 

including chemical reduction, hydrothermal/solvothermal pro-

cessing, microwave-assisted synthesis, electrochemical methods, 

photochemical approaches and green synthesis, have been 

explored to optimize photocatalytic performance for wastewater 

treatment and related environmental applications [56-64]. 

 Among these methods, hydrothermal and solvothermal 

methods offer excellent crystallinity, phase purity and morp-

hology control, whereas chemical reduction enables rapid 

synthesis and effective particle-size tuning [42,43,53-55]. 

Microwave-assisted synthesis provides rapid volumetric hea-

ting, shortened reaction times, improved nanoparticle unifor-

mity and enhanced production efficiency [45]. Green synthesis 

represents an environmentally benign alternative by reducing 

the use of hazardous chemicals, although reproducibility may 

be affected by variations in biological precursors [50-52]. 

Electrochemical and photochemical methods facilitate precise 

defect engineering and heterostructure fabrication but gener-

ally require more sophisticated instrumentation and operational 

control [55,62-64]. 

 Despite significant advances, no single synthesis route 

fully satisfies the requirements of structural precision, scala-

bility, reproducibility, cost-effectiveness and environmental 

sustainability. A comparative assessment of the major syn-

thesis approaches is shown in Table-2. Based on current 

reports, microwave-assisted synthesis represents a promising 

approach for large-scale photocatalyst production, offering 

an effective balance between processing speed, energy effici-

ency, productivity and material quality [45]. 

 Chemical reduction techniques: Chemical reduction is 

widely employed for the synthesis of Bi- and Sb-based nano-

particles owing to its operational simplicity, rapid reaction 

kinetics and ability to produce high-purity nanostructures under 

relatively mild conditions [46,47]. Common reducing agents 

include sodium borohydride, hydrazine, D-glucose and Al 

powder, while stabilizing agents such as polyvinylpyrrolidone 

(PVP), starch, and glycine are used to prevent agglomeration 

and enhance colloidal stability [47-49]. The physico-chemical 

properties of the resulting nanoparticles can be tailored by 

controlling precursor concentration, pH, reaction temperature 

and reducing-agent strength, enabling precise regulation of 

particle size, morphology and crystallinity [48]. Smaller nano-
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particles generally provide larger specific surface areas and 

more efficient charge-transfer characteristics, which are bene-

ficial for photocatalytic applications [48,49]. 

 Despite these advantages, chemical-reduction methods 

face challenges related to the use of hazardous reducing agents, 

generation of chemical waste and nanoparticle aggregation 

during scale-up processes [49]. Furthermore, minor variations 

in reaction parameters can significantly influence particle 

morphology and crystallinity, affecting reproducibility [47-49]. 

Although chemical reduction offers rapid synthesis and relat-

ively high product yields compared with many conventional 

methods, the development of safer reducing agents, environ-

mentally benign solvents and optimized reaction protocols 

remains essential for improving sustainability and facilitating 

industrial implementation [42,47]. 

 Green synthesis using plant extracts and biotemplates: 

Green synthesis has emerged as an environmentally sustain-

able alternative for preparing Bi- and Sb-based nanoparticles 

using plant extracts, microorganisms, algae, fungi and bio-

molecules as reducing and stabilizing agents (Fig. 3) [50-52]. 

Natural phytochemicals including flavonoids, polyphenols, 

citric acid, tannins and ascorbic acid facilitate metal-ion 

reduction and nanoparticle stabilisation under mild reaction 

conditions [50,51]. This approach minimizes toxic chemical 

TABLE-2 

COMPARATIVE SYNTHESIS APPROACHES FOR Bi- AND Sb-BASED NANOPARTICLES  

CONSIDERING SCALABILITY, INDUSTRIAL FEASIBILITY AND MORPHOLOGY CONTROL 

Method 
Morphology 

control 
Scalability 

Cost-

effectiveness 
Major advantages Major limitations Ref. 

Chemical 

reduction 

High Moderate Moderate Rapid synthesis, tunable 

particle size 

Toxic reducing agents, 

agglomeration 

[42,47,62]  

Green synthesis Moderate High High Eco-friendly and low 

toxicity 

Poor reproducibility and 

extract variability 

[44,46,50-52] 

Hydrothermal/ 

solvothermal 

Excellent Moderate Moderate High crystallinity and 

phase purity 

High energy and 

pressure requirements 

[43,53,65] 

Microwave-

assisted synthesis 

High High Moderate Rapid heating and shorter 

reaction time 

Specialised equipment 

required 

[45] 

Electrochemical 

synthesis 

Excellent Moderate Low Controlled nanoparticle 

growth and purity 

High operational 

complexity 

[64] 

Photochemical 

synthesis 

Moderate Low Moderate Mild reaction conditions 

and defect engineering 

Lower yield and slower 

synthesis rate 

[55,63] 

 

 

 

Fig. 3. Schematic illustration of plant-mediated green synthesis pathways for Bi- and Sb-based nanoparticles showing phytochemical-

assisted reduction, stabilisation and morphology control 
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consumption, lowers environmental risk and improves bio-

compatibility, making green synthesis attractive for environ-

mental and biomedical applications [50-52]. 

 However, reproducibility remains a significant challenge 

since the composition of plant extracts can vary with species, 

geographical origin, seasonal factors, cultivation conditions, 

and extraction protocols [51,52]. Such variations may subst-

antially influence nanoparticle size, crystallinity, morphology 

and photocatalytic performance [51]. In addition, ensuring 

consistent phytochemical composition during large-scale pro-

duction remains challenging, thereby hindering industrial 

scalability [52]. Although green synthesis offers outstanding 

advantages, including reduced toxicity and lower energy con-

sumption, the standardization of biological precursors and 

extraction procedures remains essential for reliable large-scale 

implementation. 

 Hydrothermal synthesis offers excellent phase purity, 

crystallinity and defect control, which contribute to enhanced 

visible-light absorption and efficient charge-carrier separation 

[53]. However, its industrial application is constrained by pro-

longed reaction times, high energy requirements, pressure-

related safety concerns and the need for specialized high-

pressure autoclaves [54]. Microwave-assisted hydrothermal 

synthesis addresses several of these limitations by enabling 

rapid and uniform heating, resulting in shorter reaction times, 

improved nanoparticle uniformity and reduced energy consu-

mption [45]. Consequently, microwave-assisted approaches 

generally provide higher productivity and greater potential 

for scale-up than conventional hydrothermal methods. 

 Electrochemical and photochemical routes: Electro-

chemical and photochemical synthetic methods enable the 

controlled fabrication of Bi- and Sb-based nanomaterials 

through electron-transfer-driven reduction processes [55,62] 

(Fig. 4). In electrochemical synthesis, metal ions are reduced 

at electrode surfaces under an applied potential, allowing pre-

cise control over nucleation, growth, particle thickness and 

surface composition [62,64]. Photochemical synthesis, in con-

trast, relies on light-induced reduction or decomposition of 

precursor species, facilitating nanoparticle formation under 

relatively mild conditions [55]. These approaches offer several 

advantages, including high product purity, reduced solvent 

consumption, precise defect engineering and controlled hetero-

structure fabrication [62-64]. The photochemical methods are 

particularly effective for generating oxygen vacancies and 

surface defects, which enhance visible-light absorption, charge 

carrier separation and ROS production during photocatalysis 

[63]. Despite these benefits, photochemical synthesis is often 

limited by relatively low yields and slower reaction rates, 

whereas electrochemical methods require sophisticated instru-

mentation, electrode optimization and higher operational 

costs [62-64]. As a result, although both techniques provide 

excellent structural and compositional control, their large-scale 

industrial implementation remains challenging. 

 Controlled size and shape engineering: The photo-

catalytic efficiency of Bi- and Sb-based nanomaterials strongly 

depends on particle size, morphology, surface defects, exposed 

crystal facets and band structure [64-67]. Controlled size and 

shape engineering can be achieved by adjusting surfactant 

concentration, solvent composition, precursor ratio, reaction 

temperature and synthesis duration [64]. Nanoplates, nanorods, 

nanosheets and hierarchical architectures generally provide 

larger active surface area, shorter diffusion pathways, enhanced 

 

 

Fig. 4. Electrochemical and photochemical synthesis mechanisms showing electron transfer, nucleation and nanoparticle growth 
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visible-light absorption and improved charge-transfer effici-

ency compared with bulk materials [66,67]. 

 Particle-size reduction can induce band-gap modification 

through quantum-confinement effects, thereby improving 

visible-light utilisation and suppressing electron–hole recom-

bination [66]. Similarly, anisotropic nanostructures such as 

nanowires and nanosheets facilitate directional electron trans-

port and enhance interfacial charge migration [67]. The 

morphology-controlled Bi–Sb heterostructures additionally 

improve reactive oxygen species generation and pollutant 

degradation efficiency during photocatalysis [65]. Therefore, 

precise morphology engineering remains a critical strategy 

for optimizing environmental-remediation performance and 

wastewater-treatment efficiency. 

 No currently available synthesis method simultaneously 

fulfills all the requirements for industrial-scale photocatalyst 

production including scalability, reproducibility, energy effici-

ency, structural precision and environmental sustainability. 

Hydrothermal and solvothermal approaches provide exce-

llent crystallinity and morphology control but remain limited 

by high energy demands and scalability challenges [53,54]. 

Microwave-assisted synthesis offers a favourable balance 

between production efficiency, scalability and material quality, 

whereas green synthesis minimises environmental impact 

through the use of benign reagents and conditions. Electro-

chemical and photochemical methods are particularly effec-

tive for defect engineering and heterostructure construction, 

although their practical implementation is constrained by 

lower throughput and greater operational complexity [55,62-

64]. Continued efforts toward hybrid, low-energy and sustain-

able synthesis platforms are expected to advance the large-

scale manufacturing and commercial application of Bi- and 

Sb-based photocatalysts. 

 Characterisation techniques: Comprehensive charact-

erisation is essential for establishing correlations between the 

structural, optical and electronic properties of Bi- and Sb-

based nanomaterials and their photocatalytic performance. X-

ray diffraction (XRD) is widely employed to determine crystal 

structure, phase composition, crystallinity and heterojunction 

formation, while Fourier-transform infrared spectroscopy (FT-

IR) is used to identify surface functional groups and chemical 

bonding characteristics [47,56,60]. 

 Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM/HRTEM) provide detailed infor-

mation on morphology, particle size, lattice structure and 

interfacial features that influence light harvesting and charge 

transport [7,14,61]. X-ray photoelectron spectroscopy (XPS)  

is extensively used to investigate elemental composition, 

oxidation states, surface chemistry and defect characteristics, 

particularly oxygen vacancies that affect visible-light absorp-

tion and photocatalytic activity [57]. 

 Optical and charge-transfer properties are commonly eval-

uated using UV–Vis diffuse reflectance spectroscopy (UV-

Vis DRS), photoluminescence (PL) spectroscopy, electro-

chemical impedance spectroscopy (EIS) and photocurrent 

measurements. These techniques provide valuable insights into 

light-absorption behaviour, band-gap characteristics, charge-

carrier recombination and interfacial electron-transfer processes 

[58,59,61,62]. Recent advances in in situ and time-resolved 

characterisation techniques, including in situ XPS, in situ FTIR, 

time-resolved PL and transient absorption spectroscopy, have 

enabled direct investigation of reaction intermediates, carrier 

dynamics, and photocatalytic mechanisms under operating 

conditions. Such approaches provide deeper insight into struc-

ture–property–activity relationships and facilitate the rational 

design of highly efficient Bi- and Sb-based photocatalysts for 

environmental remediation. 

 Various applications of Bi and Sb nanoparticles: Bi- 

and Sb-based nanomaterials have attracted considerable atten-

tion in photocatalysis and environmental remediation owing 

to their tunable electronic structures, strong visible-light res-

ponsiveness, favourable redox properties, and relatively low 

toxicity. Bi-based nanomaterials have demonstrated excellent 

photocatalytic performance for the degradation of a wide range 

of environmental pollutants, while also exhibiting antibiofilm 

and antibacterial activities that may contribute to multifunct-

ional environmental applications [68]. Similarly, Sb-based 

nanomaterials possess favourable electrical conductivity, tun-

able morphologies and good electrochemical stability, making 

them promising candidates for photocatalytic and photo-

electrochemical systems [69]. 

 Compared with many conventional photocatalysts, Bi- 

and Sb-based materials offer advantages such as efficient 

visible-light utilization, tunable electronic properties, relati-

vely low cost, and the availability of constituent elements. 

However, challenges including photocorrosion, catalyst deac-

tivation, limited long-term stability, material recovery and 

large-scale implementation continue to hinder their practical 

application. Addressing these limitations through advanced 

material design, heterostructure engineering and sustainable 

synthesis strategies remains essential for the development of 

efficient and durable photocatalytic systems. 

 Catalytic applications: Bi- and Sb-based nanomaterials 

exhibit excellent catalytic performance owing to their tunable 

oxidation states, oxygen-vacancy-rich surfaces, narrow band-

gap energies, and efficient visible-light absorption character-

istics. These materials have been extensively investigated for 

photocatalysis, electrocatalysis, water splitting, selective redox 

reactions, and environmental remediation applications [70]. 

 Bi-based nanomaterials demonstrate high catalytic effi-

ciency in the degradation of organic pollutants and the reme-

diation of toxic metal contaminants due to their strong visible 

light responsiveness, favourable electronic structures and high 

surface reactivity [71]. Sb-based materials have also attracted 

interest as catalytic and photoelectrochemical materials owing 

to their good electrical conductivity, structural stability and 

efficient charge-transport properties for example, antimony 

selenide (Sb2Se3) [72]. The catalytic activity of both Bi- and 

Sb-based systems is strongly influenced by band-structure 

engineering, interfacial charge-transfer processes, oxygen-

vacancy-mediated charge separation and defect-induced active 

sites. Furthermore, heterojunction construction effectively 

suppresses electron–hole recombination and promotes charge 

carrier migration, thereby enhancing catalytic performance. 

Compared with noble-metal-based catalysts (Pt- and Pd-), 

Bi- and Sb-based materials offer advantages in terms of lower 

cost, greater elemental abundance and reduced reliance on 

critical raw materials. These attributes, combined with their 
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favourable visible-light-driven catalytic properties, make them 

promising candidates for sustainable wastewater-treatment 

and environmental-remediation technologies. 

 Role in oxidation and reduction reactions: Bi- and Sb-

based nanomaterials exhibit excellent catalytic performance 

owing to their multiple oxidation states (Bi3+/Bi5+ and Sb3+/ 

Sb5+), favoruable electronic structures and efficient interfacial 

charge-transfer characteristics [73]. In photocatalytic oxidation 

processes, materials such as Bi2O3 and BiVO4 generate ROS 

(•OH and •O2
–) under visible-light irradiation, enabling the 

degradation of a wide range of organic contaminants, inclu-

ding phenols, antibiotics and aromatic pollutants [74]. Bi2O3 

nanoparticles, for example, have demonstrated high effici-

ency in the degradation of tetracycline and bisphenol A under 

mild operating conditions. 

 Sb-based materials, including Sb2O3, Sb2S3 and Sb-modi-

fied semiconductors, have also shown promising catalytic 

activity owing to their enhanced charge-transfer properties and 

oxygen-activation capability [75]. In environmental remedia-

tion, Sb2S3 nanostructures have been reported to facilitate the 

reduction of toxic Cr(VI) to the less harmful Cr(III) form in 

aqueous systems, highlighting their potential for heavy-metal 

remediation. 

 The enhanced catalytic activity of Bi- and Sb-based 

systems is primarily attributed to efficient charge transport, 

oxygen vacancy-mediated charge separation and defect-induced 

active sites that promote interfacial redox reactions. How-

ever, catalyst deactivation resulting from surface fouling, 

photocorrosion and gradual oxidation remains a challenge for 

long-term operation and repeated catalytic cycles. 

 Photocatalytic activities: Bi- and Sb-based nano-

materials have emerged as promising visible-light-responsive 

photocatalysts for the degradation of dyes, pharmaceuticals, 

pesticides, antibiotics and other emerging contaminants. 

Materials such as Bi2O3, Bi2WO6, BiVO4 and BiOX (X = Cl, 

Br, I) and Sb2S3 possess relatively narrow band-gap energies 

and favourable electronic structures that promote visible-light 

absorption and photocatalytic activity [76,77]. Morphology 

engineering through the fabrication of nanosheets, nanoflowers 

and hierarchical architectures further enhances surface area, 

active-site accessibility and charge-transfer efficiency. 

 Among these materials, BiVO4 has received particular 

attention due to its strong visible-light response, suitable band 

edge positions and favourable charge-transport characteristics. 

Compared with conventional TiO2, BiVO4 exhibits superior 

visible-light utilization owing to its narrower band-gap energy, 

although its performance remains limited by short carrier 

diffusion lengths and moderate photostability [11,78]. Simi-

larly, BiOX and Sb2S3 photocatalysts have demonstrated 

excellent photocatalytic activity due to their efficient charge 

transport and favourable band structures. 

 The construction of heterojunctions represents one of the 

most effective strategies for enhancing photocatalytic perfor-

mance. In particular, Z-scheme and S-scheme heterostruct-

ures facilitate efficient charge separation while preserving strong 

redox capability, thereby promoting reactive oxygen species 

generation and pollutant degradation [77,79]. In addition, Sb 

incorporation into Bi-based photocatalysts can improve visible 

light harvesting, electron-transfer kinetics and defect-assisted 

charge separation through band-structure modulation and 

oxygen-vacancy engineering. 

 Photocatalytic performance is commonly evaluated using 

parameters such as apparent quantum yield, pseudo-first-order 

kinetic constants and mineralisation efficiency. Representa-

tive heterojunction systems including BiVO4/g-C3N4 compo-

sites, have demonstrated substantially enhanced photocatalytic 

activity compared with pristine photocatalysts, highlighting 

the effectiveness of heterostructure engineering in improving 

charge-carrier utilization and degradation efficiency. 

 Despite these advances, challenges including charge-carrier 

recombination, photocorrosion, metal-ion leaching, limited 

recyclability and reduced performance in complex wastewater 

matrices continue to restrict large-scale implementation. Further 

progress is expected through the development of advanced 

heterostructures, cocatalyst integration, defect engineering, 

surface passivation and long-term stability optimization, which 

are essential for the practical deployment of Bi- and Sb-based 

photocatalysts in sustainable wastewater-treatment technologies 

[76-78]. A comparative analysis of conventional and Bi-/Sb-

based photocatalysts for environmental remediation is shown 

in Table-3. 

 Electrocatalysis: Bi- and Sb-based nanomaterials have 

also attracted interest as electrocatalysts for oxygen reduction 

and hydrogen evolution reactions attributed to their favourable 

electronic structures, tunable surface chemistry and relatively 

low cost [80-83]. Bi-based catalysts can selectively promote 

the two-electron oxygen reduction pathway for H2O2 genera-

tion, while Bi, Sb, Bi2S3 and Sb2S3 nanostructures have been 

investigated as non-noble metal electrocatalysts for hydrogen 

evolution in both acidic and alkaline media [80,81]. Their 

electrocatalytic performance can be further enhanced through 

heterostructure construction, defect engineering, oxygen 

vacancy generation and integration with conductive carbon 

supports, which improve charge transport and increase the 

density of active sites [83]. Despite these advances, their 

catalytic activity and long-term durability generally remain 

inferior to those of state-of-the-art Pt-based electrocatalysts, 

particularly under prolonged operation and high current 

densities. 

 In organic transformations: Bi- and Sb-based nano-

materials have gained considerable attention in organic syn-

thesis owing to their Lewis acidity, catalytic selectivity and 

recyclability. Bi(III)-based catalysts have been widely employed 

in Friedel-Crafts acylation, aldol condensation, allylation and 

oxidation reactions under relatively mild conditions [84]. In 

addition, Bi nanoparticles supported on silica or carbon have 

demonstrated good catalytic activity and reusability in Suzuki-

Miyaura and Heck coupling reactions, affording high product 

yields [85]. 

 Bi and Bi–Sb alloy nanomaterials have also shown pro-

mising performance in selective hydrogenation processes 

particularly the conversion of alkynes to alkenes, carbonyl 

compounds to alcohols and nitro compounds to amines [86]. 

Their favourable hydrogen-activation characteristics enhance 

chemoselectivity while minimizing undesired over-reduction 

reactions [87]. Compared with conventional Pd-based catalysts, 

Bi-based systems offer advantages in terms of lower cost, 

reduced susceptibility to sulphur poisoning and improved 
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sustainability, although their reaction rates may be comparat-

ively lower under certain industrial operating conditions. 

 Comparison with traditional catalysts: Compared with 

conventional noble-metal catalysts such as Pt, Pd and Ag, Bi- 

and Sb-based catalysts offer several advantages, notably lower 

cost, greater elemental abundance, improved environmental 

compatibility and efficient visible-light responsiveness [88]. 

Although noble-metal catalysts generally exhibit superior intri-

nsic catalytic activity and long-term operational stability, Bi- 

and Sb-based systems often achieve comparable performance 

in visible-light-driven photocatalytic and selective reduction 

processes while substantially reducing material costs [89]. 

 Bi-based catalysts additionally demonstrate enhanced resis-

tance to sulphur and halide poisoning relative to Pt-based 

counterparts, making them attractive for operation in complex 

wastewater-treatment environments [90]. Furthermore, the 

comparatively low toxicity of many Bi-containing compounds 

supports their potential for sustainable catalytic applications. 

From an industrial perspective, catalyst durability, recycla-

bility and economic feasibility remain key considerations. 

While Pt- and Pd-based catalysts provide excellent catalytic 

efficiency and stability, their widespread deployment is cons-

trained by high cost and limited availability. In contrast, Bi- 

and Sb-based catalysts are relatively inexpensive and can be 

synthesized using diverse, scalable approaches. However, 

challenges such as photocorrosion, gradual catalyst deactiva-

tion and moderate long-term stability continue to limit practical 

implementation. Accordingly, advances in heterojunction 

construction, defect engineering, cocatalyst incorporation and 

surface passivation remain essential for enhancing durability 

and facilitating large-scale application [91]. Current advances 

underscore the potential of Bi- and Sb-based nanomaterials as 

sustainable alternatives for visible-light-driven catalysis and 

advanced wastewater-remediation technologies. 

 Environmental remediation potential: Bi- and Sb-based 

nanomaterials have demonstrated considerable potential for 

environmental remediation applications [92]. These materials 

are highly effective in the removal of organic contaminants, 

such as dyes, pesticides, pharmaceuticals and phenolic comp-

ounds, as well as toxic heavy metals, including As, Cr and 

Pb, through visible-light-driven photocatalytic degradation, 

adsorption and redox-mediated remediation processes [93]. 

In addition, their antimicrobial properties have attracted interest 

for wastewater treatment and environmental sanitation appli-

cations. 

 Removal of organic pollutants: Bi- and Sb-based nano-

materials have demonstrated high efficiency in the removal 

of organic contaminants such as dyes, pesticides, antibiotics, 

and phenolic compounds, through visible-light-driven photo-

catalytic degradation and adsorption processes [94-99]. Bi-

containing photocatalysts such as Bi2O3, BiVO4, Bi2WO6 and 

BiOX (X = Cl, Br, I), exhibit excellent photocatalytic perfor-

mance under visible-light irradiation owing to their narrow 

band-gap energies, efficient charge separation and strong ROS 

generation [94-96]. These materials have been successfully 

applied for the degradation of textile dyes, pharmaceuticals 

and phenolic pollutants, often achieving high degradation and 

mineralization efficiencies under mild operating conditions. 

 Sb2S3 nanostructures, Sb-doped Bi2O3 and Bi–Sb based 

composite photocatalysts further enhance pollutant removal 

through improved visible-light harvesting, accelerated charge 

transfer and suppressed electron–hole recombination [97-99]. In 

particular, heterojunction construction, oxygen-vacancy engi-

neering, and elemental doping have emerged as effective 

strategies for improving photocatalytic activity and stability. 

Composite systems such as BiVO4/g-C3N4 and Bi–Sb/carbon 

materials benefit from synergistic adsorption–photocatalysis 

effects, resulting in enhanced degradation performance and 

broader applicability toward persistent organic pollutants [97-

99]. Table-4 provides a comparative assessment of represen-

tative Bi- and Sb-based photocatalysts, highlighting pollutant 

degradation performance, operational conditions, reusability, 

and the major advantages and limitations of each system. 

 Despite these advances, challenges related to photo-

corrosion, structural degradation, metal-ion leaching, pH-

dependent stability and catalyst recovery continue to limit 

practical implementation. Additional concerns regarding the 

potential ecotoxicity of Sb-containing materials and the comp-

TABLE-3 

COMPARATIVE ANALYSIS OF CONVENTIONAL AND Bi-/Sb-BASED  

PHOTOCATALYSTS FOR ENVIRONMENTAL REMEDIATION 

Material 
Band 

gap (eV) 
Light source Photocatalytic performance Stability/recyclability Key limitation Ref. 

TiO2 3.0–3.2 UV light High degradation and H2 

production efficiency 

Excellent long-term 

stability and recyclability 

Limited visible-light 

response 

[11] 

ZnO 3.2–3.3 UV light Good photocatalytic activity Moderate stability Photocorrosion under 

prolonged irradiation 

[11] 

g-C3N4 ~2.7 Visible light Moderate visible-light 

activity 

Good thermal stability Rapid charge 

recombination 

[79] 

Fe2O3 ~2.1 Visible light Moderate photocatalytic 

efficiency 

Poor conductivity limits 

performance 

Short carrier diffusion 

length 

[79] 

BiVO4 ~2.4 Visible light High dye degradation, water 

splitting and mineralisation 

efficiency 

Moderate recyclability Carrier recombination 

and photocorrosion 

[78] 

BiOX (Cl, Br, I) 1.8–3.4 Visible light Rapid dye degradation and 

ROS generation 

Good structural stability Limited quantum 

efficiency 

[77] 

Sb2S3 1.7–1.8 Visible light Enhanced charge transfer and 

pollutant degradation 

Moderate stability Toxicity and long-term 

stability concerns 

[77] 
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lexity of multistep synthesis processes must also be addressed. 

Consequently, future research should prioritize the develop-

ment of durable, environmentally compatible and economi-

cally viable Bi- and Sb-based photocatalysts for large-scale 

wastewater-remediation applications. 

 Heavy metal adsorption and reduction: Heavy metals 

such as arsenic (As), chromium (Cr), lead (Pb), cadmium (Cd) 

and mercury (Hg) are persistent environmental pollutants that 

require efficient remediation owing to their toxicity, non-

biodegradability and tendency to accumulate in ecosystems. 

Bi- and Sb-based nanomaterials have emerged as promising 

candidates for heavy-metal remediation through adsorption, 

surface complexation and redox-mediated transformation mech-

anisms. Bismuth oxide and bismuth oxychloride nanosheets 

exhibit high affinity toward As(III) and As(V) species through 

strong surface complexation at Bi–O active sites [18]. Metallic 

Bi nanoparticles can facilitate the reduction of toxic Cr(VI) 

to the less harmful Cr(III) form under near-neutral conditions, 

whereas Bi–Fe and Bi–Sb composites have demonstrated 

effective simultaneous removal of Pb(II) and Cd(II) through 

electrostatic interactions and surface precipitation processes 

[113,114]. Similarly, antimony oxide and antimony sulphide 

nanomaterials display strong adsorption capacities toward 

Hg(II) and Pb(II) ions. The superior remediation perfor-

mance of these materials is attributed to their high specific 

surface area, tunable surface chemistry and abundance of 

redox-active sites, which promote efficient contaminant capture 

and transformation compared with many conventional adsor-

bents [115]. 

 Application in wastewater treatment: Bi- and Sb-based 

nanomaterials are increasingly being explored for the waste-

watertreatment applications owing to their visible-light driven 

photocatalytic activity, chemical stability and reusability. 

Photocatalytic reactors incorporating immobilized BiVO4 and 

Bi2WO6 have demonstrated effective degradation of diverse 

pollutant mixtures, including dyes, pharmaceuticals and heavy 

metals, under solar or visible-light irradiation [116]. In memb-

rane based treatment systems, Sb2S3-modified membranes 

exhibit enhanced adsorption performance and improved anti-

fouling properties, supporting their application in advanced 

wastewater-treatment processes. Pilot-scale BiVO4 photo-

catalytic systems have also shown efficient treatment of textile 

effluents while generating substantially lower sludge volumes 

than conventional coagulation-based methods [117]. 

 The practical applicability of these materials is further 

supported by their stability over a broad pH range and their 

ability to maintain catalytic performance during repeated opera-

tion cycles [118,119]. These characteristics make Bi- and Sb-

based nanomaterials promising candidates for integration into 

fixed-bed, fluidized-bed, and other continuous-flow waste-

water treatment systems. Nevertheless, challenges associated 

with photocorrosion, catalyst recovery, long-term durability, 

TABLE-4 

COMPARATIVE PHOTOCATALYTIC PERFORMANCE OF Bi- AND  

Sb-BASED NANOMATERIALS FOR WASTEWATER TREATMENT 

Photocatalyst Target pollutant Mechanism Reusability Major advantages Practical limitations Ref. 

Bi2O3 

hierarchical 

nanostructures 

Rhodamine B Photocatalytic oxidation 5 cycles Strong visible-light 

absorption 

Structural instability 

during prolonged use 

[100] 

BiVO4 

heterojunctions 

Ciprofloxacin ROS-mediated 

degradation 

5 cycles Efficient charge 

separation and narrow 

bandgap 

Slow H2 evolution 

kinetics 

[101] 

Bi2WO6 

nanosheets 

Methylene Blue •OH/•O2
– radical attack 4 cycles High visible-light 

photoresponse 

Moderate 

recyclability 

[102] 

BiOBr 

nanosheets 

Textile dyes Surface photocatalysis 5 cycles Tunable band structure Sensitive synthesis 

conditions 

[103] 

Sb2S3 nanorods Atrazine Electron–hole 

degradation 

3 cycles Improved charge 

transport 

Possible Sb toxicity [104] 

Sb-doped Bi2O3 Phenolic 

compounds 

Enhanced ROS 

generation 

5 cycles Improved visible-light 

activity 

Dopant optimisation 

required 

[105] 

Bi–Sb/Carbon 

composite 

Mixed dye 

pollutants 

Adsorption-assisted 

photocatalysis 

5 cycles High conductivity and 

surface area 

Complex synthesis 

route 

[106] 

Oxygen-vacancy-

rich Bi2O3 

Methyl orange Vacancy-mediated 

photocatalysis 

4 cycles Enhanced charge 

separation 

Defect-induced 

instability 

[107] 

BiVO4/g-C3N4 Z-

scheme 

Tetracycline Z-scheme charge 

transfer 

5 cycles Superior ROS generation Multi-step synthesis [108] 

Bi2WO6 

nanoflowers 

Congo Red Radical oxidation 4 cycles Large surface area Poor acidic stability [109] 

BiOI 

microspheres 

Reactive Black 5 Visible-light 

photocatalysis 

5 cycles Rapid degradation 

efficiency 

Photocorrosion risk [110] 

Sb2S3/TiO2 

composite 

Chlorpyrifos Heterojunction-assisted 

degradation 

4 cycles Reduced charge 

recombination 

Instability at high pH [111] 

Sb-doped BiVO4 Pharmaceutical 

residues 

ROS-assisted oxidation 5 cycles Tunable bandgap Metal-ion leaching 

risk 

[112] 

Bi–Sb alloy 

nanoparticles 

Industrial dye 

mixtures 

Synergistic adsorption–

photocatalysis 

6 cycles Enhanced electron 

mobility 

Expensive alloy 

synthesis 

[87] 
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and large-scale process optimization must be addressed to 

facilitate widespread industrial implementation [118,119]. 

 Antimicrobial and anti-biofouling properties: Bi- based 

nanomaterials also exhibit notable antimicrobial properties, 

making them attractive for water-treatment, membrane pro-

tection and antibiofouling applications [120]. Bi2O3 and Bi-

based heterostructures can generate ROS under visible light 

irradiation, leading to effective inactivation of pathogenic micro-

organisms, including E. coli and S. aureus, as well as certain 

viruses. In addition, Bi-nanoparticles and bismuth sulphide 

nanomaterials have demonstrated strong antibacterial activity 

and the ability to inhibit biofilm formation, thereby reducing 

microbial colonization on treatment surfaces. 

 Similarly, Sb2S3 and Sb-doped materials exhibit anti-

microbial activity through a combination of oxidative-stress 

induction and controlled release of Sb3+ ions. These properties 

contribute to reduced biofouling, improved membrane per-

formance, and enhanced operational stability in filtration and 

wastewater-treatment systems. Consequently, Bi- and Sb-

based nanomaterials offer promising opportunities for the 

development of multifunctional treatment technologies for 

the pollutant removal with antimicrobial protection. 

 Biodegradability and eco-friendliness: Bismuth-based 

nanomaterials generally exhibit lower toxicity and improved 

environmental compatibility than conventional heavy metal 

photocatalysts, owing to their minimal leaching and negli-

gible ecotoxicological impact on aquatic organisms [19]. 

Although antimony-based materials require careful handling 

due to their relatively higher toxicity, strategies such as surface 

passivation and controlled release can effectively reduce asso-

ciated risks [121]. Their abundance, recyclability and reduced 

dependence on precious metals enhance resource sustainability 

while minimising environmental impacts related to mining 

and secondary pollution, making Bi- and Sb-based materials 

promising candidates for long-term sustainable photocatalytic 

and electrocatalytic environmental remediation [122,123]. 

 Mechanistic insights: Under visible-light irradiation, 

both Bi- and Sb-based photocatalysts generate photoexcited 

electron–hole pairs that initiate redox reactions through the 

formation of reactive oxygen species (ROS), including super-

oxide radicals (•O2
–), hydroxyl radicals (•OH) and singlet 

oxygen (1O2). Photocatalytic performance is primarily governed 

by efficient pollutant adsorption, rapid charge separation and 

migration and suppressed electron–hole recombination. Surface 

oxygen vacancies, exposed crystal facets and defect sites 

enhance these processes by providing active adsorption sites 

and facilitating interfacial charge transfer, thereby accelera-

ting photocatalytic degradation [124]. 

 Photocatalytic mechanisms: Bi- and Sb-based nano-

materials exhibit excellent visible-light-driven photocatalytic 

activity owing to their narrow band gaps, suitable band-edge 

positions and efficient generation of reactive oxygen species 

(ROS), which facilitate the degradation and mineralization of 

organic contaminants. Upon visible-light irradiation, electrons 

are excited from the valence band (VB) to the conduction 

band (CB), generating photogenerated electron–hole (e–/h+) 

pairs. In Bi-based photocatalysts, including Bi2O3, BiVO4 

and BiOX, hybridization between the Bi 6s and O 2p orbitals 

elevates the VB maximum and narrows the band gap (≈ 1.8-

2.8 eV), thereby enhancing visible-light absorption and solar 

energy utilization [88]. The photogenerated holes oxidize 

adsorbed H2O or OH– to produce hydroxyl radicals (•OH), 

whereas CB electrons reduce dissolved O2 to generate super-

oxide radicals (•O2
–). These ROS, together with the direct 

oxidation by photogenerated holes, mineralize organic poll-

utants into CO2, H2O and inorganic ions [125] (Fig. 5). 
 

 

Fig. 5. Visible-light photocatalytic degradation mechanism in Bi- and Sb-based nanomaterials 
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 The photocatalytic performance of Bi- and Sb-based 

materials is strongly influenced by the efficiency of charge 

separation and interfacial charge transfer. In conventional type-

II heterojunctions, electrons migrate to the semiconductor with 

the lower CB potential, while holes transfer to the material 

with the higher VB potential, effectively suppressing electron–

hole recombination. However, this spatial separation also 

lowers the redox potential since charge carriers accumulate 

at less energetic band positions. In contrast, Z-scheme hetero-

junctions selectively recombine low-energy electrons and holes 

while preserving highly reducing CB electrons and highly 

oxidising VB holes, thereby retaining strong redox capa-

bility. Similarly, S-scheme heterojunctions exploit built-in 

electric fields and band bending to promote directional charge 

migration and maintain charge carriers with high redox poten-

tials. Consequently, Z-scheme and S-scheme architectures 

achieve superior charge separation, enhanced ROS generation 

and improved photocatalytic degradation compared with con-

ventional type-II systems [80] (Fig. 6). 

 Photocatalytic activity is further enhanced through hetero-

atom doping, defect engineering and morphology control. 

Incorporation of suitable dopants can tailor the electronic band 

structure, extend visible-light absorption and facilitate inter-

facial charge transport. Surface oxygen vacancies act as electron 

trapping centers, prolonging charge-carrier lifetimes, supp-

ressing electron-hole recombination and promoting the acti-

vation of adsorbed oxygen to generate ROS. In addition, 

exposed crystal facets and defect-rich surfaces provide abun-

dant active sites for pollutant adsorption and interfacial redox 

reactions. The synergistic effects of optimized band structures, 

efficient charge separation, rapid interfacial charge transfer 

and enhanced ROS generation combined account for the out-

standing photocatalytic performance of Bi- and Sb-based 

nanomaterials in the degradation of a wide range of organic 

pollutants [124]. 

 Surface interaction with pollutants: The adsorption 

performance of Bi- and Sb-based nanomaterials is governed 

by their surface chemistry, defect density and morphological 

characteristics. Surface oxygen vacancies (OVs), coordinat-

ively unsaturated metal sites and abundant active surface sites 

enhance the chemisorption of pollutants by increasing adsor-

ption affinity and facilitating interfacial charge transfer [126]. 

For organic contaminants, including cationic dyes and phenolic 

compounds, adsorption primarily occurs through coordination 

of electron-donating functional groups (e.g. O- or N-contain-

ing moieties) with exposed Bi or Sb surface atoms, together 

with electrostatic and - interactions where applicable. In 

contrast, heavy metal ions are predominantly adsorbed through 

inner-sphere complexation with surface hydroxyl groups and 

unsaturated metal coordination sites, resulting in stable surface 

complexes [127]. Furthermore, hierarchical nanostructures, 

such as nanosheets, nanoflowers and hollow architectures, 

provide high specific surface areas, abundant exposed crystal 

facets, and shortened diffusion pathways, thereby increasing 

the availability of adsorption sites while simultaneously pro-

moting photocatalytic reactions. 

 Surface charge also plays a critical role in selective pollu-

tant adsorption. Oxygen vacancies often impart localized 

negative charge and enhance electron density, promoting 

electrostatic attraction toward cationic pollutants such as 

methylene blue. Conversely, adsorption of anionic species is 

favoured at coordinatively unsaturated Bi3+ or Sb3+ surface 

centers that function as Lewis acid sites [128]. In metallic Bi-

containing composites, the high electrical conductivity of Bi0 

facilitates rapid electron transfer, thereby promoting reduc-

tive transformations of electron-accepting contaminants inclu-

 

 

Fig. 6. Charge-transfer pathways and band alignment in type-II, Z-scheme and S-scheme photocatalytic heterojunctions under visible light 
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ding nitroaromatic compounds and Cr(VI), while suppressing 

charge-carrier recombination. 

 Surface functionalization with amino (–NH2), hydroxyl 

(–OH), carboxyl (–COOH) or other polar functional groups 

further enhances adsorption by increasing the density of bind-

ing sites, improving surface hydrophilicity and lowering the 

activation energy for interfacial redox reactions [129]. Thus, 

the synergistic integration of defect engineering, morphology 

optimization, heterostructure design and surface functionalisa-

tion substantially improves pollutant adsorption, charge separa-

tion, ROS generation and photocatalytic degradation efficiency, 

making Bi- and Sb-based nanomaterials highly effective plat-

forms for environmental remediation. 

 Electron–hole pair dynamics: The efficient separation, 

migration and utilization of photogenerated electron-hole pairs 

are among the most critical factors governing the photocatal-

ytic quantum efficiency of Bi- and Sb-based nanomaterials. 

In layered BiOX photocatalysts, the asymmetric [Bi2O2]2+ 

slabs generate intrinsic internal electric fields that promote 

directional charge migration and suppress electron-hole recom-

bination, thereby enhancing photocatalytic performance [130]. 

Likewise, the polar crystal structure of Bi2WO6 facilitates 

efficient spatial separation of photogenerated charge carriers, 

resulting in improved photocatalytic activity. 

 Oxygen vacancies (OVs) play a pivotal role in charge-

carrier dynamics by acting as electron-trapping centres that 

temporarily capture photogenerated electrons. This process 

prolongs carrier lifetimes, suppresses charge recombination 

and increases the availability of electrons for interfacial redox 

reactions [130]. The trapped electrons readily reduce adsorbed 

oxygen molecules to produce reactive oxygen species (ROS), 

particularly superoxide radicals (•O2
–), which are key oxidi-

sing intermediates in photocatalytic degradation. Another 

effective strategy for enhancing photocatalytic efficiency is 

heteroatom doping. For example, Sb doping in BiVO4 modi-

fies the electronic band structure by introducing intermediate 

energy levels and defect states within the band gap, thereby 

facilitating charge transfer, improving carrier mobility and 

minimising recombination losses [131]. 

 The construction of semiconductor heterojunctions with 

materials such as TiO2, g-C3N4 and Sb2S3 further improves 

charge-separation efficiency. In conventional Type-II hetero-

junctions, photogenerated electrons and holes migrate to diffe-

rent semiconductor components according to their band align-

ments, effectively suppressing recombination. In contrast, Z-

scheme and S-scheme heterojunctions preserve highly energetic 

electrons and holes with strong reduction and oxidation poten-

tials, respectively, thereby maintaining superior redox capability 

while enhancing charge separation [80]. Accordingly, these 

architectures promote the generation of abundant ROS and 

significantly accelerate photocatalytic degradation reactions. 

 In addition, plasmonic Bi nanoparticles exhibit localized 

surface plasmon resonance (LSPR), enabling enhanced visible-

light harvesting and the generation of energetic hot electrons 

that can be injected into adjacent semiconductor phases. This 

plasmon-induced charge transfer substantially improves photo-

catalytic efficiency by accelerating interfacial electron transport 

and broadening the photoresponse. Advanced characterisa-

tion techniques, including time-resolved photoluminescence 

(TRPL) and transient absorption spectroscopy (TAS), have 

demonstrated that optimized Bi- and Sb-based heterostructures 

can prolong charge-carrier lifetimes from the picosecond to 

microsecond timescale, providing compelling evidence for 

enhanced charge separation and superior photocatalytic per-

formance [131]. 

 Structure-activity correlation: The structure–activity 

relationships indicate that the morphology, crystal facets, 

particle size (defect density), and elemental doping of Bi- and 

Sb-based nanomaterials will have a major influence on their 

photocatalytic properties (Fig. 7). For instance, BiOCl nano-

sheets predominantly exposing the (001) crystal facet 

exhibits superior photocatalytic activity owing to their high 

density of oxygen vacancies and the strong internal electric 

fields that facilitate efficient charge separation [73]. Similarly, 

ultrathin 2D Bi2WO6 nanosheets provide shorter charge-

carrier diffusion pathways and enhanced visible-light absorp-

tion, thereby improving the photocatalytic efficiency. 

 Hierarchical three-dimensional architectures, including 

nanoflowers and microspheres assembled from nanoscale buil-

ding blocks, offer large specific surface areas, enhanced light 

scattering and abundant active sites, jointly promoting pollu-

tant adsorption and photocatalytic reactions. Particle size opti-

misation is equally important, as it balances surface reactivity, 

light-harvesting capability and charge-transfer efficiency. 

Nanoparticles with sizes in the range of approximately 20-50 

nm often exhibit optimal photocatalytic performance by maxi-

mising surface-active sites while minimising charge-carrier 

recombination [132]. 

 Defect engineering and elemental doping are highly effec-

tive strategies for enhancing photocatalytic activity. Oxygen 

vacancies serve as electron-trapping centers that prolong charge 

carrier lifetimes, suppress electron-hole recombination, and 

promote the generation of ROS, thereby accelerating photo-

catalytic oxidation processes [133]. Likewise, Sb doping in 

BiVO4 narrows the band gap, optimizes band-edge positions, 

and enhances visible-light absorption, resulting in improved 

charge transport and higher photocatalytic efficiency. More 

broadly, controlled defect formation and heteroatom incorpo-

ration enable precise tuning of the electronic structure, carrier 

mobility and catalytic activity of Bi- and Sb-based photo-

catalysts. 

 Furthermore, quantitative structure–property relationship 

(QSPR) analysis has emerged as a powerful framework for 

correlating the physico-chemical characteristics of photo-

catalysts with their functional performance. Key descriptors, 

including band-gap energy, specific surface area, oxygen-

vacancy density, average crystallite size and charge-carrier 

lifetime, can be quantitatively correlated with photocatalytic 

degradation rates and ROS generation. In general, higher 

oxygen vacancy densities and longer carrier lifetimes promote 

more efficient charge separation and faster degradation kinetics, 

whereas optimized band-edge positions and larger surface 

areas enhance visible-light utilization and facilitate pollutant 

adsorption. Consequently, QSPR-guided design provides a 

rational, data-driven strategy for developing highly efficient 

Bi- and Sb-based photocatalysts with optimized structural, 

electronic and photocatalytic properties. 
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 Challenges and limitations: Bi- and Sb-based nano-

materials have emerged as promising photocatalysts for environ-

mental remediation owing to their excellent visible-light 

responsiveness and tunable electronic properties. Despite their 

considerable potential, several challenges continue to hinder 

their large-scale commercial implementation. Key limitations 

include photocorrosion, catalyst deactivation, metal-ion leach-

ing, nanoparticle agglomeration, difficulties in scalable synthe-

sis, concerns regarding long-term toxicity and environmental 

safety, and the lack of efficient industrial-scale photoreactor 

designs. Addressing these challenges is essential for transla-

ting laboratory-scale advances into economically viable and 

sustainable photocatalytic technologies for practical environ-

mental applications [28]. 

 Stability, photocorrosion and agglomeration issues:  

The photocatalytic activity of Bi and Sb based nanomaterials, 

like Bi2O3, is high, but their initial photocatalytic activity will 

often decrease over time when exposed to intense light [42]. 

The photocatalytic activity of Bi2O3 can also result in 

dissolved Bi3+ being formed and catalytic activity decreasing 

due to self-photoreduction or self-photooxidation. Also, Bi in 

the metallic form has shown the ability to oxidize rapidly in 

an aqueous environment. This oxidised layer of Bi will create 

an insulating barrier, reduce the conductivity of these 

materials and inhibiting the movement of electrons [100]. In 

addition, the photocatalytic materials BiOX will lose halides 

at the elevated reaction temperatures. 

 Aggregation or agglomeration, of nanoparticles is also a 

major drawback of photocatalytic systems; nanoparticle aggre-

gation results in reduced available active surface area and 

number of catalyst sites for photocatalytic applications in 

modern wastewater treatment systems operating at high ionic 

strengths. In addition, deactivation of the photocatalyst, from 

deposition of foreign material on the photocatalyst surface, 

binding of intermediates to catalyst surfaces (surface-bound 

intermediate products) and multiple photocatalytic activity 

(or turnover) cycles, decreases the long-term stability and 

recyclability of photocatalytic devices. Several surface modi-

fication approaches have been investigated to help improve the 

stability of dispersed nanoparticle systems from photocorro-

sion or free radical attacks, including coating photocatalysts 

with SiO2, polymer and some types of graphene derivatives, as 

well as immobilizing photocatalysts on solid support materials; 

however, these approaches increase the complexity of photo-

catalytic systems and the costs associated with synthesising 

and operating photocatalytic devices [134]. Recent work 

investigating the charge separation efficiency and photo-

corrosion resistance of S-scheme heterojunction photo-

catalysts and oxygen-vacancy engineered Bi-based systems 

has shown a substantial improvement in photocorrosion resis-

tance as well as the charge separation efficiency [135]. 

 Scalability and industrial reactor challenges: Green 

synthesis offers an environmentally benign approach for 

 

Fig. 7. Structure–activity correlation in Bi- and Sb-based photocatalysts influencing charge separation and photocatalytic activity 
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producing Bi- and Sb-based nanoparticles by utilizing plant 

extracts, microorganisms and biomolecules as reducing and 

stabilising agents, thereby minimizing the use of hazardous 

chemicals and reducing the environmental footprint of nano-

material production [134]. However, the commercial-scale 

implementation of green synthesis remains challenging since 

the composition of naturally derived phytochemicals varies 

with plant species, growth conditions and extraction methods, 

resulting in inconsistencies in nanoparticle morphology, cry-

stallinity, particle size and photocatalytic performance. Further-

more, biologically synthesised nanoparticles often exhibit 

relatively low production yields, slower reaction kinetics and 

residual organic capping agents that complicate purification, 

reduce catalyst stability, and may partially block catalytically 

active surface sites [136]. 

 Conventional hydrothermal and chemical reduction methods 

provide superior control over particle size, morphology, cryst-

allinity and composition, enabling the synthesis of highly 

reproducible photocatalysts. Nevertheless, these approaches 

typically require elevated temperatures and pressures, high 

energy consumption and the use of hazardous organic solvents 

or chemical reducing agents, limiting their environmental 

sustainability and increasing production costs [137]. There-

fore, translating laboratory-scale synthesis into economically 

viable industrial production requires advances in scalable 

fabrication processes, catalyst immobilization strategies, 

continuous-flow synthesis and efficient catalyst recovery and 

recycling. 

 Beyond material synthesis, photoreactor engineering 

remains one of the principal barriers to the large-scale deploy-

ment of photocatalytic technologies. Industrial-scale systems 

frequently suffer from limited light penetration, inefficient 

photon utilisation, mass-transfer limitations, catalyst sedimen-

tation, membrane fouling and difficulties in maintaining uni-

form catalyst dispersion, all of which reduce photocatalytic 

efficiency. Although recent developments in continuous-flow 

annular photoreactors and photocatalytic membrane reactors 

have demonstrated improved scalability and enhanced waste-

water treatment performance, further optimization is required 

to improve long-term operational stability, energy efficiency 

and economic feasibility before these technologies can be 

widely commercialized [138,139]. 

 Toxicity, metal-ion leaching and environmental con-

cerns: Bi-based nanomaterials are generally regarded as more 

biocompatible and less toxic than many conventional heavy-

metal nanomaterials, making them attractive candidates for 

environmental and biomedical applications. Nevertheless, exce-

ssive exposure to Bi-based nanomaterials may induce cyto-

toxic effects through the generation of ROS, oxidative stress, 

and the release of Bi ions under specific environmental condi-

tions [140]. Recent studies have also shown that Bi2S3 nano-

materials can accumulate in aquatic organisms at elevated 

concentrations, disrupting metabolic processes and raising 

concerns regarding their long-term ecological impacts [141]. 

 Metal-ion leaching during photocatalytic operation repre-

sents another important environmental challenge. Under acidic 

or strongly oxidative conditions, the dissolution of Bi3+ and 

Sb3+ ions from photocatalysts may contaminate treated water 

and increase ecological risks. Although Bi-based nanomaterials 

generally exhibit lower toxicity than their Sb-based counter-

parts, antimony-containing nanomaterials require more atten-

tion due to the inherently higher toxicity of Sb species. In 

particular, Sb3+ ions promote oxidative stress, induce mito-

chondrial dysfunction, DNA damage and apoptosis, and have 

been reported to produce dose-dependent toxic effects in 

algae, aquatic organisms and amphibians, highlighting their 

potential ecological hazards [142]. Consequently, strategies that 

minimise metal-ion leaching, such as surface passivation, 

protective coatings and catalyst immobilization, are essential for 

ensuring the long-term environmental safety of Sb-containing 

photocatalysts. 

 Despite growing interest in Bi- and Sb-based nano-

materials, comprehensive information regarding their long-

term environmental fate and biological safety remains limited. 

Critical knowledge gaps persist concerning chronic toxicity, 

bioaccumulation, biodegradation, transformation pathways 

and long-term environmental persistence. Furthermore, stand-

ardised protocols and regulatory frameworks for evaluating the 

environmental and human health risks of these nanomaterials 

are still under development, limiting consistent risk assess-

ment and safe implementation [143]. Therefore, comprehensive 

life-cycle assessments, quantitative environmental risk anal-

yses and standardized toxicological evaluations are essential 

before the large-scale deployment of Bi- and Sb-based photo-

catalysts. Recent studies on Bi(III) and Sb(III) complexes 

further emphasise the need for rigorous biological safety assess-

ments to ensure the responsible use of these nanomaterials in 

both environmental remediation and biomedical applications 

[144]. 

 Commercialisation challenges: At present, photocatalytic 

technologies based on Bi- and Sb-containing nanomaterials 

remain at an early stage of technological development, with 

most systems evaluated only at the laboratory scale, corres-

ponding to approximately Technology Readiness Levels (TRLs) 

2-4. Although these photocatalysts have demonstrated exce-

llent visible-light-driven activity and pollutant degradation 

efficiencies under controlled laboratory conditions, only a 

limited number of pilot-scale studies have been reported, and 

industrial-scale implementation remains largely unexplored. 

The principal barriers to commercialization include insuffi-

cient long-term catalyst stability, photocorrosion-induced 

deactivation, inefficient catalyst recovery and recycling, and 

the absence of optimized photoreactor designs capable of 

operating under realistic wastewater treatment conditions 

[21,138]. 

 Economic considerations further constrain large-scale 

deployment. The relatively high cost of precursor materials, 

energy-intensive synthesis procedures, complex purification 

processes, and the requirement for specialized photoreactor 

configurations contribute substantially to the capital and oper-

ating costs of photocatalytic systems [137,145]. In addition, 

the limited solar-to-chemical conversion efficiency of current 

photocatalysts often necessitates artificial light sources to 

achieve practical treatment rates, resulting in increased electri-

city consumption and higher operational expenses. Although 

catalyst recovery techniques including membrane filtration, 

catalyst immobilisation, magnetic separation (where appli-

cable) and centrifugation, can improve catalyst reusability, 
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these additional processing steps increase system complexity, 

energy demand and maintenance costs, thereby reducing the 

economic and environmental sustainability of the technology 

[146]. 

 Beyond technical and economic challenges, regulatory and 

standardisation issues continue to impede commercialisation. 

The lack of standardized testing protocols for photocatalytic 

performance, catalyst durability, nanomaterial release and 

environmental safety hinders meaningful comparisons bet-

ween studies and complicates technology validation. Further-

more, the absence of comprehensive regulatory frameworks 

governing the manufacture, application, recovery and disposal 

of nanomaterial-based photocatalysts presents additional 

barriers to industrial adoption, particularly for wastewater 

treatment applications [143]. So, future commercialization will 

require not only advances in photocatalyst design and reactor 

engineering but also the development of standardized evalu-

ation protocols, life-cycle assessment methodologies, techno-

economic analyses and clear regulatory guidelines to ensure 

the safe, cost-effective and sustainable deployment of Bi- and 

Sb-based photocatalytic technologies. 

 Critical analysis and future perspectives: Recent 

bibliometric analyses highlight the rapidly expanding research 

interest in Bi- and Sb-based photocatalytic nanomaterials for 

environmental remediation, driven by their excellent visible-

light responsiveness, tunable electronic structures, and comp-

aratively favourable environmental compatibility [7,119]. 

Current research is increasingly directed toward heterojunc-

tion engineering, oxygen-vacancy modulation, plasmonic 

enhancement and integration with carbon-based materials to 

maximise solar-light harvesting, accelerate charge separation 

and improve photocatalytic efficiency. Representative systems, 

including BiVO4/g-C3N4, BiOX/TiO2 and Sb-graphene hetero-

structures, have demonstrated remarkable performance for 

the degradation of dyes, pharmaceuticals, antibiotics and other 

emerging contaminants under visible-light or solar irradiation 

[7]. 

 Despite these advances, several scientific and techno-

logical challenges continue to impede practical implement-

tation. Although photocatalysts such as BiVO4, BiOX and 

Sb2S3 exhibit excellent visible-light absorption and catalytic 

activity, their performance is frequently constrained by rapid 

electron-hole recombination, photocorrosion, catalyst deacti-

vation, metal-ion leaching, and limited long-term operational 

stability [77-79]. Furthermore, the majority of photocatalytic 

investigations are performed under idealized laboratory condi-

tions using model pollutants, which do not adequately repre-

sent the complexity of real wastewater matrices containing 

diverse organic contaminants, inorganic ions and natural organic 

matter [108]. Consequently, the translation of laboratory-

scale performance to practical wastewater treatment remains 

a significant challenge. 

 Among the numerous material-engineering strategies 

explored, heterojunction engineering, particularly Z-scheme 

and S-scheme architectures has emerged as one of the most 

effective approaches for simultaneously promoting charge 

separation and preserving strong redox potentials. Compared 

with conventional Type-II heterojunctions, these advanced 

architectures generally exhibit superior ROS generation, enh-

anced mineralisation efficiency and improved photocatalytic 

stability [80]. Nevertheless, a deeper understanding of inter-

facial charge-transfer pathways, band alignment, defect 

chemistry and surface reaction mechanisms remains essential 

for the rational design of next-generation photocatalysts with 

predictable and reproducible performance [80,124]. 

 Significant advances in characterization techniques have 

substantially improved the understanding of SARs in Bi- and 

Sb-based photocatalysts. Conventional techniques, e.g. XRD, 

XPS, FTIR, UV-Vis DRS, PL spectroscopy, electron micro-

scopy and electrochemical analyses, have provided valuable 

insights into crystal structure, electronic properties, defect states 

and charge-transfer behaviour [28,56-62]. More recently, 

operando and in situ characterization methods, such as in situ 

XPS, Raman spectroscopy, transient absorption spectroscopy 

(TAS) and time-resolved photoluminescence (TRPL), have 

enabled direct observation of reaction intermediates and charge 

carrier dynamics under realistic operating conditions, offering 

unprecedented opportunities to elucidate photocatalytic mech-

anisms and guide catalyst optimization. 

 From a commercialization perspective, scalable synth-

esis, reproducibility, catalyst durability and environmental 

safety remain major concerns. Hydrothermal synthesis offers 

excellent control over crystallinity and morphology but is 

associated with high energy consumption, batch processing, 

and limited scalability. On the other hand, green synthesis 

provides an environmentally sustainable alternative but often 

suffers from batch-to-batch variability, inconsistent product 

quality and lower reproducibility owing to the variable comp-

osition of biological precursors [50-54]. The microwave-

assisted synthesis, electrochemical fabrication, continuous-

flow processing and other scalable manufacturing techniques 

are attracting increasing attention as promising routes for the 

industrial photocatalyst production [28,119]. In parallel, the 

potential toxicity, environmental persistence and metal-ion 

leaching associated with Sb-containing nanomaterials nece-

ssitate comprehensive life-cycle assessments, standardized 

ecotoxicological evaluations and rigorous environmental risk 

analyses before large-scale deployment [41,121]. 

 Future research should prioritise the development of highly 

stable, recyclable and environmentally benign photocatalysts 

through integrated strategies encompassing defect engineering, 

heterostructure design, cocatalyst incorporation, surface passi-

vation and sustainable synthesis methods. In addition, the 

integration of artificial intelligence (AI), machine learning 

(ML), density functional theory (DFT) and high-throughput 

computational screening is expected to accelerate materials 

discovery by enabling predictive optimisation of band struc-

tures, defect configurations, adsorption energetics and charge-

transfer pathways at the atomic scale [119]. These computa-

tional approaches, combined with advanced experimental 

characterisation, will facilitate the rational design of high-

performance photocatalysts with tailored physico-chemical 

properties. 

 Equally important is the transition from laboratory investi-

gations to practical implementation through pilot-scale demon-

strations, long-term stability assessments, techno-economic 

analyses and validation under real wastewater treatment condi-

tions. Establishing standardised testing protocols and regula-
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tory frameworks will further facilitate meaningful performance 

comparisons and accelerate technology transfer from academic 

research to industrial applications. Finally, integrating Bi- and 

Sb-based photocatalytic systems with complementary sustain-

able technologies including hydrogen evolution, CO2 photo-

reduction, nutrient recovery and circular-economy strategies, 

offers significant opportunities to enhance both environmental 

and economic sustainability. Continued progress in materials 

engineering, computational materials design, scalable manu-

facturing, and reactor engineering is expected to position Bi- 

and Sb-based nanomaterials among the most promising next-

generation photocatalysts for sustainable water purification, 

environmental remediation, solar-energy conversion and integ-

rated resource-recovery applications [119]. 

Conclusions 

 Bismuth (Bi)- and antimony (Sb)-based nanomaterials 

have attracted considerable attention as visible-light-respon-

sive photocatalysts due to their tunable electronic structures, 

favorable redox potentials and compatibility with advanced 

heterojunction architectures. Precise control over morphology, 

crystal facets, oxygen vacancies, elemental doping and surface 

modification has markedly improved light absorption, charge 

separation, and photocatalytic efficiency. Z- and S-schemes 

heterojunctions have shown particular promise by maintaining 

strong redox ability while suppressing electron-hole recombi-

nation, enabling efficient degradation of dyes, pharmaceuticals, 

pesticides, antibiotics and toxic metal ions. However, comm-

ercial implementation remains challenging. Photocorrosion, 

catalyst deactivation, nanoparticle agglomeration, metal-ion 

leaching and limited catalyst recyclability reduce long-term 

performance. Scalable synthesis, reproducibility and stable 

operation under realistic wastewater conditions have yet to be 

fully established. Uncertainties related to environmental fate, 

chronic toxicity, bioaccumulation and life-cycle impacts, parti-

cularly for Sb-based materials, require systematic investi-

gation before widespread application can be considered. 

 Future progress depends on scalable green synthesis, dur-

able heterostructure design, effective catalyst immobilisation 

and energy-efficient photoreactor development. Advanced 

computational tools, artificial intelligence, machine learning, 

density functional theory and operando characterization will 

accelerate materials optimization by revealing structure–pro-

perty relationships and charge-transfer mechanisms. Stand-

ardised testing protocols, life-cycle assessment, techno-economic 

analysis and regulatory frameworks are equally important for 

ensuring reliable performance and environmental safety. 

Hence, continuous progress in materials design, reactor engin-

eering and safety assessment will determine their successful 

transition from laboratory research to industrial application. 
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