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Abstract: Catalytic oxidation processes for engineering advanced wastewater 
sterilization have been well reported. Despite remarkable advancements, a 
systematic analysis of metal site dimensions (ranging from nanoscale clusters to 
single-atom configurations) for wastewater sterilization and their bactericidal 
properties/mechanisms remains conspicuously absent. This comprehensive review 
fills this critical void by rigorously examining how metallic site dimensionality 
governed reactive oxygen species (ROS) production in both photocatalytic and 
Fenton-like systems for water sterilization. The bactericidal efficacy of catalytic 
oxidation systems originates from size-mediated electronic configurations and 
geometric structures at metal active centers. Single-atom catalysts (SACs) achieve 
superior atomic efficiency in ROS production, while nanoparticle configurations 
demonstrate favorable cost-stability performance. These structural variations 
collectively determine microbe-catalyst contact dynamics, reactive oxygen 
formation, and material longevity under continuous operation, highlighting the 
necessity for tailored catalyst design strategies. We further culminate in 
highlighting enduring challenges including economic scalability and practical 
implementation barriers, while proposing innovative cross-disciplinary solutions 
incorporating machine learning (ML) methodologies. By establishing direct 
correlations between metal site architecture and bactericidal efficacy, this work seeks 
to inform the creation of advanced sustainable water purification technologies.  

 Keywords: catalytic oxidation; wastewater; sterilization; single-atom catalysts; 
nanoparticle 

1. Introduction 

The escalating global demand for clean water, coupled with the intensifying contamination of aquatic 
ecosystems by pathogenic microorganisms, underscores the critical need for advanced wastewater disinfection 
technologies [1–3]. Various conventional sterilization approaches, including chlorination, ultraviolet (UV) 
irradiation, and ozonation, remain widely adopted but suffer from inherent limitations [4–11]. Chlorination 
generates carcinogenic disinfection by-products (DBPs) [7,8], UV treatment exhibits poor penetration in turbid 
effluents [4–6], and ozonation requires high energy consumption and operational complexity [9–11]. With 
emerging antibiotic-resistant bacteria (ARBs) and persistent viral pathogens posing unprecedented public health 
risks, the development of robust, energy-efficient, and eco-friendly disinfection strategies has become a pressing 
priority. Effective sterilization not only safeguards water resources but also mitigates the transmission of 
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waterborne diseases, aligning with the United Nations Sustainable Development Goals for clean water and 
sanitation [12,13]. 

In contrast to traditional methods, catalytic oxidation processes have emerged as a transformative paradigm 
for pathogen inactivation, leveraging reactive oxygen species (ROS) such as hydroxyl radicals (•OH), superoxide 
anions (•O2

−), and singlet oxygen (1O2) to disrupt microbial membranes and genetic materials [14–19]. 
Photocatalysis, exemplified by TiO2-based systems, achieves broad-spectrum antimicrobial activity under solar 
irradiation but faces challenges in electron-hole recombination and limited visible-light utilization [20–23]. 
Fenton-like systems (e.g., Fe3+/H2O2, metal oxides/peroxymonosulfate (PMS)) enable efficient ROS generation 
independent of light, yet pH dependency and metal leaching hinder scalability [24–26]. Recent advances integrate 
these systems into heterostructured or dual-functional catalysts, synergizing light absorption, charge separation, 
and radical cycling [27–38]. Crucially, catalytic oxidation processes minimize DBPs, operate at ambient conditions, 
and degrade organic pollutants concurrently, offering a sustainable solution for multifaceted water remediation. 

The sterilization efficacy of catalytic oxidation processes is intrinsically linked to the atomic-scale 
architecture of catalytic metal sites, and their timeline was presented in Figure 1. 

 
Figure 1. Timeline for the developments of catalytic oxidation processes based on versatile size-dependence 
catalysts for efficient water disinfection. Reproduced with permission [39]. Copyright 2019 Elsevier. Reproduced 
with permission [40]. Copyright 2022, American Chemical Society. Reproduced with permission [41]. Copyright 
2024, American Chemical Society. Reproduced with permission [42]. Copyright 2025, American Chemical Society. 

Early studies for the wastewater sterilization by the nano-based catalysts were mainly based on the TiO2 and 
its derivatives [20–23]. For example, Li et al. assessed the visible-light-driven photocatalytic inactivation of 
Escherichia coli using g-C3N4/TiO2 hybrid photocatalyst [21]. Rtimi et al. also reported the efficient photocatalytic 
bacterial inactivation capacity achieved by co-sputtered TiO2–Cu [22]. Other photocatalysts such as Bi-series 
substances (BiOI, Bi2O3, BiOBr), nano-based Ag, as well as other metal semiconductors ZnO, SnO2, WO3 has 
been reported for the wastewater sterilization [43]. Recent breakthroughs in single-atom catalysts (SACs; e.g., Ag-
SAC, Mn-N4) redefine atomic efficiency [41,42,44], as isolated metal centers anchored on carbon or MOF 
substrates maximize ROS selectivity via optimized d-band electronic states. Concurrently, non-photocatalytic 
systems, such as piezocatalytic MoS2 nanosheets or SACs-based Fenton-like systems [40,45–49], have expanded 
the operational scope of catalytic oxidation processes under diverse environmental conditions. Figure 2 compares 
the advantages and disadvantages of nano-based catalysts, SAC catalysts, and SAC and nano synergy catalyst. 
The study shows that compared to large-sized nanoparticles or bulk materials, SAC and SAC and nano synergy 
catalyst exhibit unique activity and reaction mechanisms. Moreover, the interaction between nanoparticles and 
SAC species also affects the activity, mechanism, and stability of catalytic oxidation [50]. This evolution reflects 
a paradigm shift toward precision engineering of metal sites to orchestrate ROS dynamics and interfacial 
interactions with pathogens. 
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Figure 2. (a) Comparison of properties of Nano-based catalysts, SAC-based catalysts, and SAC and nano-based 
synergy catalysts. (b) Particle sizes for different metal-based catalysts. Reproduced with permission [50]. Copyright 
2020, John Wiley and Sons. 

Despite significant progress, a systematic analysis correlating metal site sizes (from the nanoscale to single 
atoms) with bactericidal mechanisms in catalytic oxidation processes remains lacking. Existing reviews primarily 
focus on material synthesis or ROS chemistry, often overlooking the size-dependent structure-activity 
relationships that govern pathogen-catalyst interactions. This review bridges the gap by critically evaluating how 
metal site size modulates ROS generation across photocatalysis and Fenton-like reactions for wastewater 
sterilization. We systematically review landmark studies to identify design principles for size-optimized catalysts, 
tracing the progression from empirical trial-and-error methods to atomically precise engineering. Furthermore, we 
identify persistent challenges, such as economic feasibility, scale-up application, and propose interdisciplinary strategies 
integrating machine learning. By elucidating the pivotal role of metal site dimensionality in catalytic disinfection, this 
work aims to inspire the development of next-generation, sustainable water sterilization technologies. 

2. Nano-Based Catalysis for Wastewater Sterilization 

Wastewater sterilization technology based on nano-metal catalytic sites achieves pathogen inactivation 
through the targeted generation of highly active species [51–55]. Photocatalytic oxidation (such as TiO2 or Ag-
based nanomaterials) utilizes photogenerated electron-hole pairs to produce ROS, which disrupt the microbial cell 
membrane and genetic material [56]. Fenton-like catalytic oxidation, on the other hand, relies on metal-based 
nanocatalysts to activate various oxidants (i.e., H2O2, PMS, peroxydisulfate (PDS)) and generate highly oxidative 
radicals or nonradicals, enabling rapid inactivation of drug-resistant pathogens [24–26]. Precise control of 
nanostructures (such as heterostructure construction or defect engineering) can further enhance catalytic activity, 
providing a new paradigm for the development of green and efficient wastewater disinfection technologies [57–60]. 
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Light-driven catalysts are considered to be employed as effective strategies to solve environmental and 
energy problems owing to the green and safety property [61–68]. The H2O2 as well as various ROS, including 
•OH, O2

•−, 1O2 and other active substances can be produced by light-triggered semiconductor materials to achieve 
the inactivation of bacteria owing to the satisfactory redox capability [16,54–56,61,62,69]. Membrane destruction, 
electron transport chain destruction, catalytic killing, cell division retardation and other antibacterial processes can 
be carried out by employing these ROS. For performing charming light-driven clean technology, the key factor in 
the design of semiconductors because ideal designed semiconductors can achieve more excellent light absorption, 
utilization and conversion, conducting the higher catalytic activity and light energy application [39,70]. 

TiO2 has been extensively studied due to its excellent photocatalytic activity, low toxicity, and high chemical 
stability [2,71–73]. A typical photocatalytic bactericidal process of TiO2 photocatalysts was given in Figure 3a, 
involving (i) bacterial oxidized by TiO2 photocatalysis; (ii) bacterium leaked small molecules and ions, (iii) 
leakage of higher molecular weight components, (iv) degradation of bacterial internal components, and (v) 
mineralization of the bacterium [74]. TiO2 exerts its bactericidal effect mainly through photocatalytic generation 
of ROS, with its performance governed by factors such as crystal structure, particle size, and surface defects [74]. 
However, its wide bandgap restricts light absorption primarily to the ultraviolet region, while rapid recombination 
of photogenerated electron–hole pairs and a typically negatively charged surface severely limit its practical 
efficacy [75,76]. Strategies including metal or non-metal doping, surface photosensitization, and hydrogenation 
treatment can effectively extend the optical absorption range, suppress charge carrier recombination, and thereby 
enhance visible-light responsiveness and dark-state antibacterial activity [74,77–79]. For example, carbon quantum dots 
(CQDs), leveraging their nanoscale dimensions and tunable surface functional groups, could generate ROS via 
photodynamic mechanisms or disrupt bacterial cell membranes through electrostatic interactions [39,80,81]. 
Consequently, CQDs/TiO2 composite materials demonstrated remarkably improved antibacterial performance relative 
to pristine TiO2 through the synergistic integration of three mechanisms: extended light absorption range, enhanced 
quantum efficiency, and reinforced bacterial targeting capability [39]. The three-phase “adsorption-destruction-
oxidation” process ensured high efficiency, rapid kinetics, and comprehensive microbial inactivation [30,39,70]. These 
composites exhibit advantageous characteristics including broad-spectrum antimicrobial efficacy, visible-light 
responsiveness, sustained stability, and ecological compatibility, positioning them as promising candidates for 
advanced antibacterial applications. 

 
Figure 3. (a) Bactericidal procedure by the TiO2-based photocatalysts. Reproduced with permission [74]. 
Copyright 2019 Elsevier. (b) TEM images of treated E. coli by TiO2 and CQDs-TiO2 composite. (c) Bactericidal 
mechanism of E. coli by CQDs-TiO2 composite. Reproduced with permission [39]. Copyright 2019 Elsevier. 
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In addition to the TiO2, numerous nano-photocatalysts (e.g., g-C3N4, metal sulfides, metal oxides such as 
ZnO and WO3, two-dimensional materials) have emerged as research focal points in the field of wastewater 
disinfection due to their distinct performance advantages [27–38,82]. Graphitic carbon nitride (g-C3N4) exhibits 
excellent chemical stability and visible light responsiveness, enabling efficient charge separation through 
heterojunction engineering and facilitating disinfection via reactive species such as superoxide radicals and 
photogenerated holes [29,32,83]. Metal sulfides demonstrate strong visible light absorption and could generate 
potent hydroxyl radicals [34,35]; however, their limited stability necessitates structural modification or 
compositional hybridization to maintain catalytic activity. Metal oxides such as ZnO and WO3 possess favorable 
band structures that allow concurrent generation of multiple ROS and holes [31,33], supporting simultaneous 
pollutant degradation and microbial inactivation. Bismuth-based materials offer high specific surface areas and 
enhanced visible light utilization, with surface modifications or composite formation further promoting radical 
generation for broad-spectrum antimicrobial action [25,84,85]. Two-dimensional materials, including transition 
metal sulfides and MXenes [29,36–38], leverage their layered architectures and superior electronic conductivity 
to accelerate charge transfer and enable targeted production of ROS, thereby achieving rapid and efficient 
disinfection under light irradiation. Collectively, these photocatalysts operate through photogenerated electron-
hole pairs that induce the formation of hydroxyl radicals, •OH, O2

•−, and 1O2, which effectively disrupt microbial 
cell membranes and intracellular components [27–38]. Their compatibilities with solar energy and 
environmentally benign nature make them promising candidates for sustainable, green wastewater treatment 
technologies. Future research could further prioritize in-depth investigation of interfacial charge transfer 
mechanisms using in-situ characterization techniques (e.g., XAFS), comprehensive biological safety evaluation, 
recyclability, and optimization of solar energy utilization under realistic and complex environmental conditions [70]. 

The catalytic system that rapidly generates the dominant •O2
− through photocatalysis for water disinfection is 

an emerging green disinfection approach [57–60]. However, the spin-prohibited nature of molecular oxygen imposes 
limitations on the photocatalytic production of reactive •O2

−, consequently diminishing antimicrobial effectiveness 
under practical groundwater conditions characterized by insufficient dissolved oxygen levels [59,60]. Liu and  
co-workers recently engineered a class of torsionally modulated Mo4/3B2-xTzMBene (MB) nanostructures exhibiting 
superior molecular oxygen adsorption/activation capabilities for photodynamic sterilization (Figure 4a,b) [57]. 
Experimental results revealed that lattice distortion-driven spin alignment in the In2S3/Mo4/3B2-xTz (IS/MB) 
heterostructure enabled optimized spin-orbital synergetic interactions between Mo active centers and O2 
molecules, effectively circumventing spin selection restrictions (Figure 4c). This innovation yielded an 
approximate 16.6-fold enhancement in photocatalytic •O2

− generation under hypoxic aqueous conditions (Figure 4d). 
Notably, they further implemented a continuous-flow antimicrobial apparatus based on IS/MB, achieving 
prolonged operational stability (>62 h) with 37.2 L of microbially purified groundwater output, thereby 
establishing new benchmarks for photosterilization technologies (Figure 4e,f). Crucially, the system demonstrated 
25-fold greater disinfection efficacy compared to conventional sodium hypochlorite (NaOCl) treatments, 
highlighting its transformative potential for practical water purification applications. Wu et al. achieved highly 
efficient heterogeneous photocatalytic disinfection through the construction of a (Al2O3@v-MoS2)/Cu/Fe3O4 
discrete nanostructure (Figure 4g,h) [58]. This novel composite integrated three key functional features (Figure 4i): 
(i) double-sided vertically aligned MoS2 nanosheets grown on a transparent Al2O3 nanocarrier exhibited strong 
solar light absorption and enable simultaneous catalytic activity on both sides; (ii) the Cu–MoS2 heterojunction 
significantly enhanced the separation and migration efficiency of photogenerated charge carriers, thereby 
promoting the effective generation of ROS; (iii) Fe3O4 magnetic nanoparticles allowed for rapid magnetic 
separation and straightforward post-treatment regeneration. Under natural sunlight irradiation, the resulting 
material could achieve complete inactivation of E. coli exceeding 5.7 log10 CFU/mL within 1 min, with minimal 
contribution from thermal effects. Furthermore, the (Al2O3@v-MoS2)/Cu/Fe3O4 also demonstrated excellent cyclic 
stability, ease of recovery, and reliable reusability over multiple disinfection cycles. 
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Figure 4. (a,b) TEM micrographs of the IS/MB composite with magnified views of regions 1–2, and their 
geometric phase analysis-derived lattice strain distribution. (c) Mechanism of spin-polarized transitions from 
IS/MB’s frontier molecular orbitals to O2 antibonding orbitals. (d) Operando EPR detection of photogenerated •O2− 
in oxygen-deficient water. (e) Flow-through reactor’s antimicrobial efficiency against groundwater microbial 
contaminants. (f) Comparative microbial culture visualization demonstrating bactericidal outcomes between IS/MB 
and NaOCl treatments. Reproduced with permission [57]. Copyright 2025 Nature. (g) TEM image revealing 
hierarchical architecture in Al2O3@v-MoS2/Cu hybrid systems. (h) Comparative SEM micrographs illustrating low-speed 
centrifugal isolation efficacy for E. coli disinfection. (i) Solar-photon-driven ROS generation mechanism in ternary 
Al2O3@v-MoS2/Cu/Fe3O4 photocatalytic assemblies. Reproduced with permission [58]. Copyright 2023 Nature. 

In addition to the photocatalytic sterilization, a series of Fenton-like reactions with non-photocatalysis could 
also achieve the efficient sterilization process via activating various oxidants, such as PMS, PDS, H2O2 [24–26]. 
Li et al. found that BiOBr with oxygen vacancies (OVs) of appropriate density induced via ethanol reduction could 
effectively activate H2O2 (Figure 5a–d), achieving excellent ARB disinfection and antibiotic-resistant genes 
(ARGs) degradation efficiency [25]. Moreover, this disinfection system exhibited remarkable tolerance to complex 
water environments and actual water conditions. In-situ characterization and theoretical calculations revealed that 
OVs in BiOBr could effectively capture and activate aqueous H2O2 into •OH and •O2

−. The generated ROS 
combined with electron transfer could damage the cell membrane system and degrade genetic materials of ARB 
(Figure 5e–g), leading to effective disinfection. Lu et al. reported that the MoS2 nanoflowers deposited on porous 
graphite felt (MoS2-GF) via the hydrothermal treatment could efficiently activate PDS for water disinfection 
(Figure 5h,i) [24]. MoS2-activated PDS oxidation with 0.25 g/L MoS2 and 0.2 mM PDS achieved above 7-log 
removal of E. coli within 25 min. SO4

•−, •OH, and •O2
− were the main reactive radicals involved into bacteria 

inactivation. In addition, the live/dead backlight staining experiments and scanning electron microscopy 
characterization revealed that the bacteria were inactivated via cell membrane damage (Figure 5j,k). Despite these 
promising results, further efforts should address the management of residual oxidants to prevent secondary 
contamination, alongside advancing catalytic reactor designs (e.g., flow-through systems and immobilized catalyst 
configurations) to facilitate scalable implementation and cost-effective operation in diverse water treatment contexts. 
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Figure 5. (a–c) TEM image and corresponding SEAD pattern of BiOBr with OV. (d) Optimized model of BiOBr 
with OV. (e–g) SEM image of E. coli at reaction of 0, 20, and 45 min. Reproduced with permission [25]. Copyright 
2024, Elsevier Inc. (h,i) SEM images of pristine GF and MoS2-GF. (j,k) SEM images of various pathogens before 
and after disinfection. Reproduced with permission [24]. Copyright 2022, Elsevier Inc. 

3. SACs for Wastewater Sterilization 

The SACs, with their maximized atomic utilization and well-defined active sites, are emerging as 
revolutionary platforms for photocatalytic sterilization systems [41,42,44,86–88]. Their atomic-level dispersion 
enables precise modulation of electronic structures, substantially enhancing ROS generation quantum efficiency 
while minimizing metal leaching risks [89–92]. Furthermore, the uniform single-site geometry permits targeted 
interactions with bacterial membranes and biomolecules, synergistically amplifying oxidative damage and 
resistance to biofilm formation [41,42,44,93]. 

Inspired by the natural light-harvesting mechanism of chlorophyll and the high catalytic efficiency of 
magnesium-containing coenzymes, Liu and colleagues rationally designed a catalytic system featuring atomically 
dispersed magnesium active sites embedded within ultrathin graphitic carbon nitride nanosheets (Figure 6a) [42]. The 
resulting catalyst demonstrated remarkable in situ bactericidal efficacy, achieving complete inactivation of E. coli 
within 80 min under visible light irradiation (Figure 6b). The highly dispersed magnesium single-atom sites 
enabled simultaneous activation of the water oxidation reaction and the two-electron oxygen reduction reaction 
(Figure 6c,d), thereby facilitating efficient in situ production of H2O2 through a dual-reaction pathway. Notably, 
when immobilized on a solid support, the catalyst maintained exceptional operational stability, sustaining a 
bactericidal efficiency exceeding 99.99% over 72 h of continuous operation, underscoring its potential for long-
term antimicrobial applications (Figure 6e). Li et al. developed a template-free synthesis strategy to fabricate 
tubular g-C3N4 catalysts doped with high-loading zinc single atoms [44]. These atomically dispersed Zn active 
centers served as pivotal sites for promoting charge carrier separation and transfer, while simultaneously enhancing 
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surface O2 adsorption affinity, thereby facilitating the efficient generation of •O2
− for complete inactivation of  

S. aureus. Rao et al. developed silver single-atom-anchored g-C3N4 nanosheets (Ag1/CN) and catalytic membranes 
for efficient inactivation of drug-resistant bacteria in multiple water bodies (Figure 6f). The incorporated Ag single 
atoms formed the Ag1–N6 coordination structures, which could significantly enhance the charge density around 
nitrogen atoms, thereby generating a strong built-in electric field. This electric field could effectively promote the 
charge separation efficiency of Ag1/CN as well as lower the activation energy barrier for O2 activation compared 
to the Ag NPs, enabling multi-ROS-mediated bacterial inactivation (Figure 6g,h). Moreover, the Ag1/CN-based 
catalytic membrane maintained 99.9% bactericidal efficacy during continuous operation in a self-assembled flow 
reactor treating natural water and sewage, demonstrating excellent operational stability and promising potential 
for practical water disinfection applications (Figure 6i). These findings collectively demonstrated how precisely 
engineered single-atom architectures could drive next-generation photocatalytic sterilization technologies through 
enhanced ROS generation and optimized interfacial charge dynamics compared with the nano-based counterparts. 

 

Figure 6. (a) Bioinspired Mg single-atom sites enabling photocatalytic H2O2 generation and on-site aqueous 
pathogen inactivation. (b) Comparative TEM visualization of E. coli morphology under dark conditions versus 
photocatalytic treatment. (c) Atomic-scale characterization of Mg single-atom configurations via HAADF-STEM. 
(d) Electronic band alignment illustration elucidating photocatalytic charge transfer mechanisms. (e) Operational 
durability of resulting catalyst in prolonged antimicrobial operation systems. Reproduced with permission [42]. 
Copyright 2025, American Chemical Society. (f) Surface potentials of bare P-CN and Ag1/CN. (g) Charge 
separation rates of different catalysts. (h) H2O2 generation rate of different catalysts. (i) Photo of the visible-light 
Ag1/CN/membrane system. Reproduced with permission [41]. Copyright 2024, American Chemical Society. 

Recent advances in single-atom catalysis have also broadened the scope of aqueous microbial inactivation 
beyond conventional photodynamic strategies, as rationally engineered atomic architectures exhibit exceptional 
efficacy in activating a wide range of oxidants (i.e., PDS, PMS, H2O2), paralleling the performance of 
nanostructured catalysts [45–49]. Ma and colleagues developed a nitrogen-doped carbon-supported nickel-based 
single-atom catalyst (Ni–NC) featuring high-density Ni2–N6 dual-atomic sites, which enabled efficient generation 
of 1O2 through synergistic PDS activation for effective sterilization (Figure 7a). Experimental results demonstrate 
that Ni–NC could markedly enhance the PDS activation capability compared to various nano-based catalysts and 
SACs, attributing to its optimal negative crystal orbital Hamiltonian population value (Figure 7b,c). The Ni2–N6 
dual-atomic sites mediated the cooperative interaction between PDS and molecular oxygen (O2), significantly 
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lowering the energy barrier of the rate-determining step and establishing an O2-dependent dynamic disinfection 
enhancement mechanism. The resultant 1O2 consequently inhibited horizontal gene transfer of antibiotic resistance 
through selective targeting of coenzyme Q biosynthesis, suppression of adenosine triphosphate (ATP) generation, 
and depolymerization of extracellular polymeric matrix components (Figure 7d). Wu et al. constructed a 
manganese single-atom nanozyme (EMSA-Mn-C3N4) system for periodate (PI) activation and systematically 
evaluated its bactericidal performance (Figure 7e) [49]. The EMSA-Mn-C3N4 nanozyme demonstrated superior 
biomimetic peroxidase-like catalytic activity compared to the Mn-NPs analogues and exhibited broad-spectrum 
antibacterial efficacy with effective biofilm proliferation inhibition within the PI system. Quantitative analysis 
based on the standard plate count method reveals that the inactivation efficiencies of methicillin-resistant S. aureus 
and E. coli reach 94.9% and 98.6%, respectively, confirming the practical applicability of the PI-AOPs system 
mediated by this nanozyme for water disinfection (Figure 7f,g). These findings establish a universal principle 
where strategically engineered single-atom centers can optimize ROS generation through multiple oxidative 
pathways compared with their nano-based counterparts, offering adaptable solutions for next-generation water 
disinfection technologies [41,45,94–96]. 

 

Figure 7. (a) HAADF-STEM images of the Ni–NC. (b) Effects of quenching agents on E. coli inactivation in the 
Ni–NC/PDS system. (c) Linear relationship between PDS consumption and 1O2 production under air and O2 
conditions. (d) SEM and TEM images of E. coli collected during the inactivation process (0 and 40 min). 
Reproduced with permission [97]. Copyright 2025, American Chemical Society. (e) WT of EMSA-Mn-C3N4 
nanozyme. (f) Quantitative analysis of inactivation efficiencies based on the standard plate count method. (g) 
Inactivation efficiencies of S. aureus and E. coli by different PI systems. Reproduced with permission [49]. 
Copyright 2025, Elsevier Inc. 

Basically, the SACs demonstrate superior performance over conventional nanoparticle-based catalysts in 
wastewater sterilization by leveraging their atomic-level precision and maximized active site utilization. The 
atomically dispersed metal centers in SACs exhibit enhanced catalytic efficiency for ROS generation, enabling 
rapid and complete microbial inactivation through targeted oxidative damage to bacterial cell membranes, 
intracellular proteins, and genetic materials. Unlike nano-based catalysts, which often suffer from agglomeration-
induced activity loss and pH-dependent metal leaching, SACs maintain structural stability and minimize secondary 
contamination risks. However, their practical implementation faces significant challenges. Specifically, (1). Due 
to the high surface energy of isolated metal atoms, they are prone to migration and agglomeration during synthesis 
and reaction, resulting in a reduction of active sites. (2). While increasing the metal loading (typically > 5 wt%), 
it is difficult to maintain atomic-level dispersion. The balance between high loading and high dispersion restricts 
the overall activity and efficiency of the catalyst. (3). The need to rely on extremely precise and sophisticated 
synthesis conditions and highly customized precursors leads to high energy consumption and material costs. (4). 
For different metal and carrier combinations, specific synthesis routes often need to be developed. Currently, there 
is still a lack of a universal, controllable, and efficient method for large-scale production [98,99]. Addressing these 
issues requires innovation in scalable fabrication techniques, durable carrier materials, and reactor designs that 
balance high-throughput sterilization with catalyst recovery. While SACs represent a transformative advancement 
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in precision water disinfection, bridging the gap between laboratory-scale success and industrial viability remains 
critical for their sustainable adoption. 

4. Synergy of Single Atom and Nano-Sized Sites for Water Sterilization 

Given the considerable technical barriers in engineering atomic-cluster catalytic systems, investigations into 
atomic-cluster sites that function as structural intermediaries bridging single atoms and nanoparticles for 
wastewater sterilization remain critically underexplored. However, the synergistic integration of single-atom sites 
and nano-sized counterparts has emerged as a revolutionary strategy for water sterilization [3,67,100]. This 
precisely engineered dual-active-center configuration combines atomic-level catalytic precision with plasmonic 
activation mechanisms, effectively addressing the inherent limitations of single-component systems in ROS 
generation and bacterial resistance elimination. A summary of catalytic oxidation for sterilization based on the 
size matters of catalysts was presented in Table 1. 

Table 1. A summary of Catalytic Oxidation for sterilization Based on the Size Matters of Catalysts. 

Size Matters Catalysts Activation Conditions Reactive Species Strains Removal Efficiency Ref. 

Nano-based 
catalysts 

CQDs-TiO2 visible light •OH E. coli and 
S. aureus 90.9% and 92.8%, 1 d [39] 

N,S-
CQDs/Bi2MoO6@TiO2 

Visible light •OH and •O2
− E. coli 100%, 1.5 h [80] 

WO3-x/MoS2 Simulated solar •OH, •O2
− and 1O2 

E. coli and 
S. aureus 

94.23% and 93.09%, 
20 min [32] 

HJ-CN Visible light •O2
−, H2O2 and h+ MRSA 100%, 2 h [83] 

Ru/WO3/ZrO2 Metal-halide lamp •OH and h+ 
gram-negative 

and gram-
positive bacteria 

90%, 2 h [31] 

W/WO3 UV-Vis light •OH and •O2
− C. parapsilosis 100%, 5 min [33] 

BOB-E H2O2 
•OH, •O2

− and 
charge transfer E. coli 100%, 50 min [25] 

MoS2-GF PDS SO4
•−, •OH, and 

•O2
− E. coli above 7-log removal, 

25 min [24] 

CLHSO PMS Electron transfer 
process E. coli 100%, 30 min [26] 

SAC-based 
catalysts 

ZCN xenon lamp (300 W) •O2
− and h+ S. aureus 100%, 20 h [40] 

CNS:Mg 300 W Xe arc lamp •O2
− E. coli 99.99%, 80 min [42] 

Ag1/CN visible-light •OH and •O2
− E. coli, and 

S. aureus 99.9% and 99.9%, 4 h [41] 

Fe SA/NPCs PMS 1O2 E. coli 100%, 5 min [45] 

EMSA-Mn-C3N4 PI Electron transfer 
process 

MRSA and E. 
coli 94.9% and 98.6%, - [49] 

SAC and nano 
synergy 
catalyst 

CuPc-Dha-COF@AgNPs near-infrared light •O2
− and Ag+ E. coli 100%, 10 min [3] 

AgSA+NP/ZIF Sunlight •O2
− and H2O2 E. coli 99.99%, 30 min [67] 

PdAM-NP/CNNT visible-light •O2
−, 1O2 and h+ E. coli 100%, 5 h [100] 

Wang et al. constructed a novel floating monolithic photocatalyst system by co-loading silver single atoms 
(AgSA) and silver nanoparticles (AgNP) onto a monolithic ZIF-8-NH2 carrier (denoted as AgSA+NP/ZIF), possessing 
both highly efficient sterilization and convenient recovery characteristics (Figure 8a–d) [67]. The sterilization 
efficiency of this composite material was over 2–3 orders of magnitude than those of AgSA/ZIF and AgNP/ZIF 
counterparts with superior stability (Figure 8e). The mechanism of superior action lied in that atomically dispersed 
AgSA could effectively promote the separation of photogenerated charges, thereby enhancing the generation of 
ROS such as H2O2 and O2

•− with its population 33.6-fold compared with AgSA/ZIF (Figure 8g); while AgNP with 
plasmonic effect destroyed the bacterial stress resistance system through photothermal effect, thereby weakening 
the bacteria’s resistance to these ROS with more genes expression in E. coli (Figure 8f). Liu et al. developed a 
heterojunction material featuring uniformly distributed Cu-N4 single-atom sites and silver nanoparticles with 
controllable size by using a metal phthalocyanine-based covalent organic framework (COF) as the porous 
architecture (Figure 8h–j) [3]. By carefully optimizing the synthesis conditions, they found that this composite 
demonstrated superior bacterial inactivation efficiency by combining multiple antibacterial mechanisms (Figure 8k,l), 
including synergistic photothermal and photodynamic effects, in-situ generation of H2O2, and controlled release 
of Ag+, offering a promising solution for advanced antimicrobial applications. 



Geng and Xu   Environ. Microb. Technol. 2026, 1(1), 9  

https://doi.org/10.53941/emt.2026.100009  11 of 18  

The synergistic integration of single-atom and nano-sized dual-active centers constitutes a versatile platform 
that concurrently meets the key engineering demands of water sterilization, such as ultrahigh antibacterial efficacy, 
robust reusability, and environmentally sustainable operation. This catalytic system demonstrates an extremely 
low risk of metal leaching during actual operation and no obvious ecotoxicological effects have been observed. Its 
overall environmental safety performance is outstanding [100]. By harnessing complementary mechanisms such 
as excessive ROS generation and photothermal-enhanced antimicrobial action, these hybrid systems could achieve 
microbial inactivation efficiencies 2–3 orders of magnitude higher than those of single-component analogues [3,67]. 
This design strategy exhibited exceptional adaptability across diverse metal types (e.g., Ag, Cu) and support 
architectures (e.g., MOFs, COFs), indicating broad potential for advanced water purification technologies [3,67]. 
Although systematic investigations into single-atom/nanocluster synergies for wastewater disinfection are still 
limited, accumulating evidence supports their intrinsic universality across various metallic compositions [3,67]. A 
comprehensive examination of this universality across material classes will enable the establishment of predictive 
design principles for next-generation antimicrobial catalysts, particularly in complex wastewater environments 
where multifunctional inactivation pathways are essential. 

 
Figure 8. (a) Synthesis routine of the dual-active AgSA+NP/ZIF catalyst. (b,c) TEM image and AC-HAAD-STEM 
image of AgSA+NP/ZIF. (d) Aqueous heating profiles under ambient illumination following integrated photocatalyst 
introduction. (e) Disinfection stability of the AgSA+NP/ZIF catalyst. (f) ROS induction in E. coli under 15-min 
monolithic system exposure. (g) Transcriptomic volcano plot of AgSA+NP/ZIF-treated E. coli (15 min). Reproduced 
with permission [67]. Copyright 2025 Nature. (h,i) TEM and HR-TEM of CuPc-Dha-COF@AgNPs. (j) Top and 
side view of simulated structures of CuPc-Dha-COF. SEM images of (k) E. coli and (l) S. aureus after treated by 
different catalysts. Reproduced with permission [3]. Copyright 2024, Elsevier Inc. 

5. Machine Learning (ML) Assisting 

Machine learning (ML) is increasingly becoming a significant driving force for the intelligent development 
of catalytic oxidation sterilization technology, demonstrating remarkable advantages in catalyst design, process 
optimization, and antimicrobial substance screening, and gradually forming a closed-loop research model from 
molecular design to system optimization [101,102]. In the rational design of catalysts, ML can efficiently integrate 
multi-dimensional data such as catalyst structure, reaction conditions, and pollutant characteristics to construct a 
global optimization model. For instance, Gao et al. collected 652 sets of published experimental data and trained 
and compared four machine learning models including random forest (RF) (Figure 9a,b) [103]. The results 
indicated that the RF model performed the best, with the highest accuracy in predicting the catalytic oxidation rate 
constant (k). The prediction of k has a very high accuracy (test set) R2 = 0.82. The model successfully identified 
key descriptors such as the number of d electrons of the central metal and the average electronegativity of the 
coordination environment, thereby guiding the synthesis of highly efficient catalysts with an optimal number of d 
electrons (5–7) and a lower electronegativity (<3.04). This approach transformed the traditional “trial and error” 
mode into an efficient “data-driven high-throughput screening and intelligent prediction”, significantly shortening 
the research and development cycle of catalysts. 
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In terms of mechanism analysis and risk prediction of sterilization processes, the combination of ML and 
density functional theory (DFT) calculations can systematically predict the transformation pathways, intermediate 
products, and ecological risks of pathogenic microorganisms, pollutants, etc. during catalytic oxidation processes. 
Zhang and colleagues constructed a large reaction network containing 120 overall reactions and 9533 reaction 
steps in a visible light system mediated by S-doped TiO2, and used machine learning to achieve rapid prediction 
of reaction Gibbs free energy change (ΔG) with accuracy close to DFT calculations [104]. At the same time, they 
proposed a multi-dimensional evaluation framework centered on “diversity ecotoxicity biodegradability 
feasibility” (DEBF), providing an operational path selection scheme between “efficiency” and “ecological safety”, 
thereby achieving a shift from a process design that solely pursues efficiency to a “risk-aware” type that also 
considers ecological safety (Figure 9c). 

 

Figure 9. Global optimization strategy and model construction for SAC-driven catalytic oxidation. (a) Selection of 
the catalyst type, reaction conditions, and contaminant features. (b) workflow of the global optimization strategy. 
Reproduced with permission [103]. Copyright 2025, American Chemical Society. (c) Construction of the reaction 
database and extraction of molecular/reaction descriptors for ML model input. Reproduced with permission [104]. 
Copyright 2026, John Wiley and Sons. (d) Molecular structures of purified Ugi products H4–6. (e) MIC and MBC 
values of H4-6, CF and BT. (f) MRSA on TSA medium after 6 hours of incubation with H4–6 at 24 mM. 
Reproduced with permission [105]. Copyright 2024, Royal Society of Chemistry. 

Furthermore, in the intelligent screening of highly efficient antibacterial substances, ML can rapidly identify 
high-activity antibacterial candidates from vast combinatorial chemistry libraries by integrating molecular 
fingerprints with physicochemical descriptors. To accurately predict the antibacterial activity of the entire 
compound library, Wang et al. developed a special spatially constrained neural network (LSCNN) model that 
combines molecular structure-activity relationship (SAR) and structure-property relationship (SPR) parameters [105]. 
After training the model with quantitative data from a relatively focused compound library, it can rank the 
antibacterial activity of the entire compound library. Validation experiments confirmed the activity of six hit 
compound combinations against methicillin-resistant Staphylococcus aureus (MRSA), demonstrating higher 
efficiency compared to blind screening of the entire compound library (Figure 9d–f). In summary, machine 
learning, through a data-driven approach, deeply integrates experiments and theoretical calculations, achieving 
full-chain optimization from catalyst design, reaction process control to product risk assessment, providing strong 
intelligent support for efficient and safe catalytic oxidation sterilization technology. 

6. Conclusions and Perspective 

The sterilization performance of catalytic oxidation systems is governed by the size-dependent electronic and 
geometric properties of metal active sites. SACs can maximize atomic utilization for promoting ROS generation, 
whereas nanoparticles provide cost-effective operational stability. These dimensional distinctions can also regulate 
pathogen–catalyst interaction mechanisms, ROS generation pathways, and long-term durability, underscoring the 
need for application-specific optimization. 
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Machine learning approaches are advancing the rational design of size-defined catalytic materials by enabling 
predictive simulations of optimal metal–support configurations, ROS activation mechanisms, and resistance to 
surface poisoning. Training datasets that integrate microbial inactivation kinetics, metal dispersion characteristics, 
and solvent effects facilitate efficient screening of single-atom catalysts for targeting antibiotic-resistant bacteria. 
Computational optimization methods improve synthesis protocols through precise control of pyrolysis conditions 
and ligand environments, thereby stabilizing isolated metal sites and suppressing nanoparticle aggregation. Real-
time performance monitoring via machine learning in dynamic wastewater matrices allows adaptive operational 
adjustments and extends catalyst functional lifespan. The integration of computational catalysis, automated 
synthesis systems, and high-throughput characterization provides a robust framework for developing next-
generation water purification technologies. 

Future research should evaluate the economic feasibility of wastewater sterilization via metal site 
engineering, particularly the trade-off between the high activity of single-atom catalysts and their complex 
synthesis costs. Broadening the use of atom-dispersing strategies, such as spatial confinement and defect 
anchoring, can reduce precursor consumption. For nanoparticles, recycling protocols and alloy design can mitigate 
metal leaching and lower life-cycle expenses. A comprehensive techno-economic assessment that integrates 
material costs, energy input, and maintenance demands is essential for guiding practical implementation. 
Furthermore, reactor design must account for size-dependent reaction kinetics. Fixed-bed reactors loaded with 
nanoparticles can exploit their mechanical robustness in continuous-flow sterilization systems, whereas single-
atom catalysts immobilized on porous membranes may enhance microbial inactivation efficiency in batch 
operations. Modular configurations should be adaptable to variations in catalyst dimensions and water matrix 
complexity. Ultimately, coupling catalytic units with pretreatment (e.g., filtration) or post-treatment (e.g., 
adsorption) modules can improve energy–water nexus efficiency. 
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