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A B S T R A C T

The sustained growth in global energy demand and escalating environmental crises resulting from fossil fuel 
consumption underscore the urgent need for sustainable technologies. Photocatalysis, which harnesses solar 
energy to drive redox reactions for concurrent clean fuel production and pollutant degradation, has demon
strated significant potential for diverse applications. However, conventional photocatalysts are hindered by 
intrinsic limitations such as restricted visible-light absorption, rapid electron–hole recombination, and insuffi
cient structural stability. In addition, extrinsic challenges, including mass transfer constraints, catalyst deacti
vation, and the formation of toxic by-products, further impede practical implementation. Existing reviews 
typically address these issues in isolation or focus on single materials (e.g., TiO2), thereby lacking a compre
hensive, state-of-the-art perspective. To fill this gap, this review systematically summarizes and critically eval
uates the key bottlenecks hindering the practical application of photocatalytic technologies. It provides an in- 
depth overview of advanced surface functionalization and interfacial engineering strategies designed to over
come these limitations, including ferroelectric polarization, hydrogel-supported composite structures, defect 
engineering, and heterojunction/homojunction systems, while thoroughly elucidating the synergistic effects 
among these strategies. Furthermore, the review highlights emerging low-carbon and scalable synthetic ap
proaches such as green biosynthesis, microfluidics, plasma-assisted electrolysis, and mechanochemistry, by 
comparing their potential for industrial-scale production. Finally, it outlines future research directions, 
emphasizing the pivotal roles of machine learning, interdisciplinary integration, and scalable manufacturing in 
transitioning photocatalytic innovations from laboratory settings to industrial applications. Overall, this review 
offers a comprehensive analytical framework and strategic insights to facilitate the transformation of photo
catalysis from laboratory research to practical industrial-scale implementation.

1. Introduction

The world faces an unprecedented nexus of energy demand and 
environmental degradation. Accelerated industrialization and popula
tion growth have driven a steep rise in energy consumption, while 
continued reliance on fossil fuels not only exhausts finite resources but 

also releases large quantities of pollutants and greenhouse gases, exac
erbating climate change as well as air and water quality crises [1]. 
Photocatalysis has proven to be a compelling strategy to address these 
intertwined challenges [2]. By harnessing solar photons to drive redox 
reactions that emulate artificial photosynthesis, photocatalytic systems 
can simultaneously generate carbon‑neutral fuels and degrade 
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contaminants under mild conditions [3–5]. With further efficiency 
gains, such systems are poised to satisfy global energy needs while 
mitigating environmental impacts, positioning photocatalysis at the 
forefront of next‑generation green technologies [2].

As shown in Fig. 1(a), under light irradiation, a photocatalyst absorbs 
energy (hν ≥ Eg), which excites valence band (VB) electrons (e⁻) to 
transition to the conduction band (CB), forming photogenerated elec
tron–hole (e⁻/h⁺) pairs. The photogenerated electrons can react with O₂ 
to produce superoxide radicals (O₂•⁻), while the photogenerated h⁺ can 
oxidize H₂O or OH⁻ to generate hydroxyl radicals (•OH). These active 
species can efficiently degrade pollutants or drive redox reactions, 
thereby achieving both the degradation of environmental contaminants 
and energy conversion [6]. As a green technology that uses light energy 
to drive chemical reactions, photocatalysis has shown broad application 
prospects in multiple fields, as illustrated in Fig. 1(b). In terms of 
pollution control, photocatalysis can effectively degrade organic 

pollutants [7,8], remove nitrogen oxides from the air [9], and reduce 
heavy metal ions in water [10]. In the field of energy conversion, pho
tocatalytic technology can be used for water splitting to produce 
hydrogen or for the synthesis of hydrogen peroxide as an energy source 
[11,12], as well as for carbon dioxide reduction [13]. Furthermore, this 
technology can also be applied in resource recovery [14] and nitrogen 
fixation [15].

Despite these attractive prospects, current photocatalytic systems 
suffer from several fundamental limitations that hinder their practical 
performance. A wide-bandgap semiconductor (such as TiO2 or ZnO) 
typically absorbs only ultraviolet (UV) (a small ~5 % fraction of the 
solar spectrum) and thus has limited visible-light absorption, severely 
underutilizing available sunlight [16,17]. Moreover, rapid e⁻/h⁺ 
recombination following photoexcitation in such materials drastically 
lowers the external quantum efficiency by annihilating most photo
generated carriers before they can reach surface redox sites[18]. In 

Fig. 1. Photocatalytic technology: (a) Photocatalytic technology reaction mechanism[6]; (b) Prospects for the application of photocatalytic technology.
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addition, many intrinsic and extrinsic factors influence photocatalytic 
performance. The semiconductor’s band structure controls the balance 
between light-harvesting and redox power [19], while operating con
ditions such as temperature and pH can change reaction kinetics and 
pathways [20]. Likewise, factors like gas flow rate and concentration, as 
well as the relative humidity of the environment, significantly affect the 
mass transfer rate of the reactants [21,22]. Thus, achieving high pho
tocatalytic efficiency is a multifaceted problem involving both material 
properties and reaction environment, and suboptimal values in any of 
these aspects can bottleneck the overall performance.

To overcome the common limitations of photocatalysts, such as 
narrow light absorption ranges, rapid carrier recombination, and poor 
structural stability, research strategies have shifted from traditional 
single doping or co-catalyst addition to more sophisticated surface 
structural engineering[23,24]. Among these, semiconductor structure 
engineering, including the construction of Type-II, Z-scheme, or 
S-scheme heterojunctions, as well as homojunctions formed by coupling 
different crystal facets of the same semiconductor, significantly en
hances the separation efficiency of photogenerated e⁻/h⁺ [25,26]. Defect 
engineering, such as intentional elemental doping, the introduction of 
oxygen vacancies (OVs), or lattice strain, enables the formation of in
termediate energy states within the bandgap, thereby effectively pro
longing carrier lifetime without compromising redox capability[27]. 
Furthermore, ferroelectric interface engineering leverages intrinsic 
electric fields to direct photogenerated charges in opposite directions, 
effectively suppressing carrier recombination and enhancing photo
catalytic efficiency [28]. Recently, hydrogel-based surface functionali
zation strategies have also attracted considerable attention; embedding 
photocatalysts such as TiO2 into hydrophilic polymer gel networks 
maintains excellent nanoparticle dispersion and optical transparency, 
improves pollutant adsorption at catalytic sites, and prevents particle 
agglomeration, thus significantly improving the photocatalytic activity 
and recyclability of the materials [29]. Nevertheless, integrating mul
tiple modifications in a controlled manner and ensuring stability of the 
resulting complex systems remain non-trivial. There is a need for a 
comprehensive understanding of how different modifications can be 
synergistically combined and what fundamental limits might be 
approached through these enhancements. Also, although numerous 
strategies boost photocatalytic rates in the laboratory, these gains 
seldom persist under practical conditions. In real‑scale reactors, external 
mass transfer resistance and sub‑optimal photon penetration can mask 
the intrinsic merits of an upgraded catalyst [30]. Moreover, photo
catalysts may gradually deactivate due to surface contamination, 
leaching of active components, or photo corrosion, causing long-term 
operational efficiency to decline by 50 % or more, despite high initial 
catalytic performance [31]. More complicatedly, incomplete minerali
zation may lead to the formation of toxic intermediates; for example, 
excessive NO2 produced during the photocatalytic oxidation of NOₓ can 
significantly diminish the overall environmental benefits [32].

In recent years, various innovative strategies have emerged in fields 
such as interface regulation and new material synthesis. However, the 
synergistic mechanisms and practical application effects of these stra
tegies have not yet been systematically evaluated. Therefore, a 
comprehensive review that systematically addresses these unresolved 
challenges and recent advancements is urgently needed to provide clear 
guidance for future research. Compared with previous reviews, this re
view systematically examines the critical bottlenecks in practical pho
tocatalytic applications, such as mass transfer limitations, catalyst 
deactivation, and toxic intermediate formation, and critically assesses 
state-of-the-art mitigation strategies. It further integrates interface en
gineering techniques, including ferroelectric polarization interfaces, 
hydrogel-based composite structures, homojunction construction, and 
defect engineering, clearly elucidating how the synergy among these 
diverse strategies enhances photocatalytic activity and stability across 
various semiconductor systems. Such systematic and integrative anal
ysis moves beyond conventional reviews that typically focus exclusively 

on TiO2-based materials or singular modification methods such as 
doping. Additionally, building upon a thorough overview of traditional 
photocatalyst fabrication methods, this review introduces emerging 
low-carbon synthesis technologies, such as green biological synthesis, 
microfluidics, and plasma-assisted electrolysis, and comparatively 
evaluates their distinctive advantages in terms of precise structural 
control and potential scalability. Finally, by closely coupling theoretical 
insights with experimental findings, this review provides an in-depth 
mechanistic understanding of how structural modifications precisely 
influence charge dynamics and reaction pathways, offering novel 
theoretical perspectives and experimental validations of the "structur
e–performance" relationships. Overall, this integrative perspective es
tablishes a unified framework linking fundamental mechanisms with 
practical engineering solutions, providing valuable insights and stra
tegic directions for advancing photocatalysis research and its industrial- 
scale implementation.

This review systematically discusses the critical intrinsic factors and 
operational parameters controlling photocatalytic performance in Sec
tion 2. Subsequently, Section 3 explores a variety of surface modification 
and functionalization strategies designed to improve photocatalyst ef
ficiency, with particular emphasis on synergistic mechanisms such as 
cation-anion defect synergies and homo-/heterojunction interfacial in
teractions. This section systematically summarizes these strategies and 
elucidates how such synergistic effects enhance light absorption, facili
tate charge separation, and improve catalytic efficiency. Section 4 ad
dresses the principal challenges encountered in the practical 
implementation of photocatalysts and reviews recent advancements in 
reactor design and materials engineering that aim to mitigate these 
limitations. Section 5 further outlines emerging preparation techniques 
for photocatalysts, emphasizing their unique advantages in precisely 
controlling catalyst composition and structure to overcome the inherent 
limitations of traditional preparation methods. Finally, the paper con
cludes by providing a forward-looking perspective, clearly identifying 
research opportunities and future directions essential for advancing 
photocatalytic materials and technologies toward practical applications. 
Through this comprehensive overview, readers will gain insights into 
the latest progress and evolving trends in photocatalysis, bridging 
fundamental concepts and innovative engineering approaches.

2. Factors affecting photocatalytic efficiency

2.1. Band gap and optical property effects on photocatalytic activity

The bandgap width of a photocatalyst controls the balance between 
its light-harvesting capacity and the redox reactivity of the photoexcited 
carriers [33]. Narrow bandgap materials in Fig. 2(a) can absorb 
lower-energy, longer-wavelength photons in the visible region, pro
moting e⁻ transitions from the VB to the CB, whereas wider bandgap 
materials require higher-energy UV photons for excitation [34]. 
Generally, a smaller bandgap enables the utilization of a larger portion 
of the solar spectrum (i.e., visible light), but this is often accompanied by 
a higher rate of e⁻/h⁺ recombination and diminished oxidative power of 
photogenerated h⁺ [35]. In contrast, larger bandgaps allow for more 
energetic charge carriers with higher redox potentials, but the activation 
is mainly limited to the UV range of sunlight (about 3–5 %) [36]. For 
example, TiO2 (3.2 eV) and ZnO (3.2 eV) are wide-bandgap photo
catalysts that absorb only UV irradiation (λ < 400 nm) and exhibit 
excellent photocatalytic activity under UV light but offer limited 
visible-light responsiveness [17,37]. Conversely, narrow-bandgap pho
tocatalysts such as CdS (2.4 eV) and g-C3N4 (2.7 eV) extend absorption 
into the visible region [38]. Notably, CdS was activated by sunlight 
(380–780 nm) to effectively degrade organic dyes such as Congo red, 
whereas TiO2 showed significant pollutant decomposition only under 
UV illumination [39]. Nonetheless, these visible-light-responsive mate
rials frequently experience rapid e⁻/h⁺ recombination, diminishing their 
overall efficiency [35]. On the other hand, a broad bandgap, such as that 
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observed in alumina Al₂O₃ (8.8 eV), showed negligible activity under 
low energy visible or even UV light [40], but under high-energy 
γ-irradiation, Al₂O₃ became an effective catalyst for degrading 4-chloro
phenol [41]. Therefore, the interplay between bandgap width and 
photocatalytic performance underscores the importance of tailoring the 
bandgap to maximize light absorption while still providing sufficient 
carrier energy to drive the desired redox reactions.

Moreover, the CB and VB potentials of photocatalysts play a decisive 
role in their catalytic performance [42], as shown in Fig. 2(a). When a 
photocatalyst absorbs light energy, e⁻ is excited to the CB (leaving h+ in 
the VB); if the CB potential is more negative than the O2/O2•⁻ redox 
potential (− 0.13 V vs. NHE), these electrons can reduce oxygen to form 
O₂•⁻, which accelerates pollutant degradation and suppresses e⁻/h⁺ 
recombination. For instance, CdS (− 1.4 V vs. NHE) was more effective 
at generating O2•⁻ than WO₃ (+0.39 V vs. NHE), thus exhibiting higher 
photocatalytic activity[43]. Meanwhile, a sufficiently positive VB en
ables holes to directly oxidize pollutants or react with H2O/OH⁻ to form 
•OH [44,45]. In this regard, WO₃, which had a higher VB potential 
compared to MoO3 and TiO2, showed stronger oxidative capacity in 
degrading Remazol Black B [46]. These examples illustrate that a pho
tocatalyst’s bandgap determines which portion of the light spectrum can 
be utilized for excitation, thereby governing its activity under various 
illumination conditions.

Even if the bandgap is suitable, photocatalytic efficiency is still 
highly dependent on the optical characteristics. Recent studies suggest 
that photocatalytic efficiency depends on the properties of the radiation 
source (e.g., wavelength, spectral distribution), the total irradiance, and 
the photon flux in Fig. 2(b) [49–52]. Different photocatalysts exhibit 
unique optimal absorption ranges according to their bandgap; for 
example, titanate-based materials showed superior activity in the UV 
region, whereas visible-light-responsive catalysts such as goethite could 
better exploit the larger visible component of solar irradiation [49]. 
Previous studies [53–55] have demonstrated that greater light intensity 
(i.e., total irradiance) accelerated photocatalytic reactions by providing 
more energy to the catalyst, whereas photon flux determined the num
ber of photons available per unit time, thus influencing quantum effi
ciency; however, excessively high photon flux might saturate active sites 
and induce photodegradation, revealing a non-linear relationship be
tween photon flux and catalytic efficiency. Consequently, optimizing 
light sources and irradiance conditions based on the catalyst’s bandgap, 
morphology, and pollutant characteristics is crucial for achieving effi
cient energy conversion.

A particular study elaborated on the impact of light on photocatalyst 
performance [56] and examined how different radiation schemes 
significantly influenced the photocatalytic performance of TiO2-based 
samples in organic degradation, as shown in Fig. 3. By comparing the 
performance of acetamiprid (Apd) and tartrazine (Tr) under different 
lighting conditions, it was found that Apd achieved the highest effi
ciency (50.3 %) under the lighting condition using three UV-A sources 
and one Vis source, while Tr’s efficiency was 46.6 %. Additionally, 
photocatalytic efficiency was influenced not only by total irradiance but 
also by the type of radiation source, with lower efficiencies observed at 
irradiance intensities of 8.6, 12.9, and 17.6 W/m², and higher effi
ciencies at 12.3 and 12.9 W/m². However, merely increasing photon 
flux did not effectively enhance photocatalytic efficiency, as it would 
exceed the energy threshold corresponding to the catalyst’s effective 
bandgap.

In addition to TiO2, photocatalysts with narrower bandgaps, such as 
graphitic carbon nitride (g-C3N4), bismuth vanadate (BiVO4), and 
ZnIn2S4, display heightened sensitivity to visible light and can utilize 
photons with wavelengths extending to 500 nm or even beyond. As 
photons with sub-bandgap energies cannot excite charge carriers and 
any excess energy from high-energy photons is lost as heat, optimal light 
management should balance adequate excitation against the risk of 
carrier recombination and saturation under intense illumination. 
Indeed, while g-C₃N₄ demonstrated improved pollutant degradation 
rates with increasing photon flux, strong illumination induced recom
bination losses that diminish overall efficiency gains [57]. Similarly, 
Pihosh et al. [58] observed a sublinear correlation between photocur
rent and light intensity in BiVO4 photoanodes at room temperature, 
driven primarily by carrier recombination under intense illumination. 
Moreover, Chong et al. [59] confirmed the critical impact of 
radiation-source spectral characteristics on photocatalytic activity. By 
introducing sulfur vacancy defects in ZnIn2S4, they expanded the pho
tocatalyst’s absorption into the visible, red, and even the spectral 
response range in the near-infrared region. This broadened spectral 
response allows more effective utilization of the incident photon flux, 
enabling two-step electron excitation and thereby enhancing both the 
generation and utilization of photogenerated carriers. In summary, 
tailoring a photocatalyst’s bandgap and aligning the illumination 
wavelength and intensity accordingly allowed maximum photon utili
zation and minimizes carrier losses, thereby markedly enhancing pho
tocatalytic performance.

Fig. 2. Effect of band gap on photocatalytic performance [42,47,48].
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2.2. The effect of temperature

Temperature plays a pivotal role in photocatalytic processes by 
modifying reaction rates and mechanisms through multiple pathways, 
including enhanced charge transport and modified adsorp
tion–desorption equilibria in Fig. 4(a). In the case of TiO2-based pho
tocatalysts, Barakat et al. [60] demonstrated that increasing the reaction 
temperature up to 55 ◦C improved the degradation rate of organic pol
lutants. Similarly, Kim et al. [61] observed an increase in H₂ production 
from Pt/TiO2 suspensions over the temperature range of 298–323 K. 
These findings highlight that elevated reaction temperatures help sur
mount energy barrier activation, boosting both carrier mobility and 
charge-transfer efficiency. However, excessively high temperatures 
(500–700 ◦C) may trigger structural instability in the photocatalyst, 
thereby diminishing its long-term activity [62,63]. Moreover, syner
gistic photochemical and thermochemical effects under solar illumina
tion, particularly those tied to localized surface plasmon resonance, can 

substantially accelerate reaction rates [64], indicating that a judicious 
balance of thermal input is crucial.

Chen et al. [65] provided further insights by examining the photo
catalytic performance of TiO2 for methylene blue (MB) degradation at 
various temperatures; their results in Fig. 4(b) revealed that photo
catalytic efficiency at 50 ◦C surpassed that at other temperatures. Kinetic 
analyses confirmed that the reaction rate constant positively correlated 
with temperature-driven enhancements. Beyond the extensively studied 
TiO2 system, emerging materials such as g-C3N4-based composites, 
metal–organic frameworks (MOFs), and BiVO4 also exhibit pronounced 
temperature-dependent photocatalytic activity. For instance, raising the 
reaction temperatures from approximately 20 ◦C to 50 ◦C in 
g-C₃N₄@CdO/ZnO photocatalysts accelerated dye degradation by facil
itating molecular collisions and expediting surface reactions [66], while 
MOFs often showed higher hydrogen evolution rates at elevated tem
peratures owing to thermally activated surface sites [67]. Similarly, 
BiVO₄-based systems displayed optimal operating windows where 

Fig. 3. Influence of optical properties on photocatalytic performance [56].
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moderate heating improved pollutant degradation [68]. In ZnIn2S4-
based photocatalysts, particularly those integrated with photothermal 
components, temperature could strongly influence charge-transport 
dynamics, surface adsorption, and reaction kinetics [69].

2.3. The effect of pH

pH exerts an influence on photocatalytic reaction rates and pathways 
by modulating both photocatalyst surface charge and the ionization 
state of reactants. In the photocatalytic degradation of organic pollut
ants in aqueous systems, varying the pH changes pollutant dissociation 
and catalyst surface charge, thereby impacting adsorption and overall 
degradation efficiency in Fig. 5(a) [70]. For instance, in oxide-based 
photocatalysts such as TiO2, the initial solution pH dictated whether 
the surface was positively charged (pH < pHZC ≈ 7.1) or negatively 
charged (pH > pHZC) [71]. Under acidic conditions (pH < pHZC), TiO₂ 
more readily adsorbed negatively charged species (e.g., dye molecules), 
leading to enhanced degradation rates. Rosa et al. [72] demonstrated 
that increasing the pH weakened TiO2 adsorption of rhodamine B (RhB), 
with the highest degradation achieved at pH = 3 in Fig. 5(b). By 
contrast, in alkaline media, many dyes became deprotonated and 
negatively charged, while the catalyst surface was also negatively 
charged, resulting in electrostatic repulsion that diminished both 
adsorption and degradation efficiency. A similar trend has been reported 

by Hanafi et al. [73], who observed that dye degradation decreased at 
higher pH. By contrast, under acidic conditions below pHZC of charge of 
EGZrO2, the positively charged surface strongly attracted anionic dyes 
and accelerated their decay. These findings collectively underscore that 
tuning the pH can be an effective strategy to regulate both the mecha
nism and efficiency of photocatalytic pollutant removal in water.

During photocatalytic hydrogen evolution, variations in solution pH 
modulate the band-edge positions relative to the H⁺/H₂ redox potential 
and alter the electric double layer (zeta potential), thereby influencing 
charge separation and reaction kinetics [74]. In general, acidic condi
tions offer a high concentration of protons that favor the hydrogen 
evolution reaction (HER), resulting in enhanced H₂ generation rates 
[75]. For example, Fe-doped g-C3N4 achieved its highest H2 yield in 
mildly acidic to neutral solutions (pH ≈ 3–7); at pH < 3, photocatalyst 
stability deteriorated, whereas at pH > 7, a lack of protons increased 
e⁻/h⁺ recombination, ultimately reducing H2 production [76]. None
theless, the optimal pH can vary considerably among different photo
catalysts. A recent study [77] on single-atom catalysts anchored on red 
phosphorus (RP) illustrated that no single pH was universally ideal: 
Ni-RP exhibited consistently high hydrogen evolution over a broad pH 
range due to favorable band alignment, while Cu-RP, Fe-RP, and Co-RP 
performed best in acidic media owing to strong surface proton binding. 
Under neutral or alkaline conditions, these RP-based catalysts rely on 
enhanced H2O adsorption as the proton source for H2 production. 

Fig. 4. Photothermal effects and temperature-dependent performance in photocatalytic degradation: (a) Schematic illustration of the photothermal enhancement 
mechanism; (b) Influence of temperature on photocatalytic performance [65].
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Furthermore, certain photocatalysts could display dual maxima under 
both strongly acidic and strongly alkaline conditions. For instance, 
Ag–La–CaTiO3 perovskite showed two distinct peaks in H2 evolution at 
around pH= 4 and pH= 10 under visible-light irradiation [78]. Hence, 
pH optimization is indispensable for maximizing hydrogen evolution 
performance across diverse photocatalyst systems.

During photocatalytic CO2 reduction, the solution pH dictates CO2 
speciation in water and thus has an influence on the reaction pathways 
and outcomes. The primary dissolved species would change with pH, 
from H2CO3 under strongly acidic conditions (pH ≤ 3) to HCO3⁻ and 
CO3

2- in more alkaline media (pH ≥ 10) [79]. This trend has also been 
experimentally verified; for instance, Yoshino et al. [80] reported that 
under visible-light irradiation, a Z-scheme powder photocatalyst 
(CuGaZnS2/BiVO4) produced negligible CO at the natural pH (around 4) 
of CO2-saturated water. However, a slight increase in pH to approxi
mately 5–6 could improve CO production, highlighting that even subtle 
pH adjustments could shift reduction pathways and efficiency. In addi
tion to pH-based regulation of CO2 speciation, researchers have 
exploited tailored photocatalyst structures to further refine product 
selectivity. For example, a Sn(II)-based MOF achieved > 99 % selec
tivity in reducing CO2 to formate under visible-light illumination, with 
an apparent quantum efficiency of up to 9.8 % at 400 nm [81]. This 
study highlights the great potential of MOF materials in steering reac
tion selectivity, even in the absence of externally imposed pH control, 
thereby enabling highly selective CO2 conversion pathways.

2.4. The effect of gas flow rate and concentration and relative humidity

Gas flow rate, pollutant concentration, and relative humidity (RH) 
are interdependent parameters that collectively regulate the efficiency 
of gas-phase photocatalytic processes. In a study on the degradation of 
volatile organic compounds (VOCs) by TiO2 (Fig. 6), Alireza et al. [82]
demonstrated that optimal photocatalytic activity typically occurred at 
moderate RH (around 20 %), where adsorbed water provided the 
necessary •OH radicals without excessively blocking active sites. In 
contrast, high relative humidity significantly reduced the photocatalytic 
efficiency by intensifying the competition for reactive sites and pro
moting the formation of structured water layers through hydrogen 
bonding, which hindered the adsorption of VOCs on the TiO2 surface 
[83]. Regarding gas flow rate, increasing the flow enhanced mass 
transfer and thereby accelerated reaction kinetics; however, excessively 
high flow rates reduced the residence time of pollutants, limiting 
effective adsorption [84]. Consequently, the flow rate should be 
reasonably optimized based on the reactor configuration and the phys
icochemical properties of the target pollutants. Also, higher pollutant 
concentrations adversely affected photocatalytic performance by satu
rating TiO2 active sites and promoting competitive adsorption of reac
tion by-products, ultimately decreasing overall degradation efficiency 
[85].

The g-C3N4, MOFs, MXenes, and BiVO4 have been observed to 
exhibit similar performance trends but have significant differences. For 

Fig. 5. Effect of solution pH on photocatalytic (a) mechanism and (b) performance [72].
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instance, a Ni/Ag–g-C₃N₄ catalyst on the Ni foam showed optimal 
formaldehyde degradation at approximately 60 % RH, significantly 
higher than the typical RH range for TiO2, demonstrating its excellent 
humidity tolerance. The porous and heterojunction-rich structure of this 
composite effectively facilitated formaldehyde adsorption and catalytic 
reactions, delaying the inhibition caused by competitive water vapor 
adsorption [86]. In MOF-based photocatalysts, the porous framework 
buffers fluctuations in pollutant concentration or flow rate by adsorp
tion. For example, increasing RH to 60 % significantly enhanced the 
photocatalytic degradation of dimethyl sulfide (DMS) by UiO-66/TiO2 
due to optimal hydroxyl radical formation; however, further increase to 
90 % RH reduced efficiency as excess water competes with DMS for 
active sites [87]. Similarly, incorporating high–surface-area carriers (e. 
g., activated carbon or porous clays) has been shown to increase VOC 
adsorption and retention, mitigating adverse effects of short residence 
times and high humidity. For example, an activated-carbon-loaded 
BiVO₄–BiPO₄–g-C₃N₄ photocatalyst maintained approximately 85.6 % 
toluene removal at 60 % RH, about 2.4 times higher than its carbon-free 
counterpart, owing to enhanced toluene adsorption under moist condi
tions [88]. In addition, tailoring the availability of active sites and the 
charge-transfer kinetics can preserve reactivity under varying opera
tional conditions. MXene–semiconductor heterostructures serve as a 
great case: a Ti3C2Tx MXene/ZnO composite provided abundant surface 
sites and superior charge separation, enabling around 91 % formalde
hyde degradation, a reaction rate about 2.7 times higher than that of 
pristine ZnO. Such efficient utilization of photogenerated charge carriers 
ensures the formation of greater amounts of •OH and O2⁻• prior to 
recombination, thereby sustaining high removal efficiencies even under 
elevated VOC loads or faster gas flow rates [89].

In summary, while TiO2 remains the benchmark, achieving maximal 
performance under balanced humidity, moderate pollutant concentra
tions, and sufficient contact times, newer materials have demonstrated 
even greater efficacy under comparable conditions. By offering higher 

adsorption capacities and more robust generation of reactive radicals, 
photocatalysts such as g-C3N4, MOFs, MXenes, and BiVO4 typically 
exhibit superior tolerance to high humidity and pollutant concentra
tions, as well as sustained activity at higher flow rates.

3. Strategies for surface modification and functionalization of 
photocatalysts

To overcome limitations such as low visible-light response, and rapid 
recombination of photogenerated charges, catalyst aggregation, signif
icant research efforts have recently shifted toward developing innova
tive interfacial engineering strategies and functional composite 
structures. These advanced modification approaches extend beyond 
traditional co-catalyst deposition and elemental doping, incorporating 
novel methodologies such as integration with ferroelectric interface 
engineering, hydrogel-based composites, the construction of homoge
neous or heterogeneous structures, and lattice defect engineering. Spe
cifically, integrating ferroelectric materials harnesses their robust 
internal polarization field to enhance charge separation and directional 
charge flow at the interface. Meanwhile, coupling photocatalysts with 
porous hydrogel matrices can significantly mitigate nanoparticle ag
gregation, enhance the interaction between pollutants and catalytic 
sites, and simplify catalyst recovery, resulting in superior photocatalytic 
activity and stability. Furthermore, by implementing doping strategies 
to engineer homogeneous structures or constructing heterostructures, 
the interfacial band alignment can be precisely modulated, and built-in 
electric fields can be generated, thereby promoting the efficient sepa
ration and migration of photogenerated charge carriers. Lastly, creating 
OVs or other point defects introduces mid-gap states, extending light 
absorption into the visible range and offering active sites that suppress 
charge-carrier recombination. The following subsections summarize the 
latest progress in these strategies, highlighting how each approach can 
be synergistically combined to achieve higher photocatalytic activity.

Fig. 6. Factors affecting photocatalytic efficiency: Gas flow rate, concentration and relative humidity [82].
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3.1. Ferroelectric interfaces in photocatalysis

Ferroelectric materials can enhance photocatalytic performance, 
primarily through polarization-induced modulation of the semi
conductor band structure. The spontaneous polarization inherent in 
these materials generates internal electric fields, causing band bending 
and energy-level shifts at surfaces and interfaces, effectively altering 
local Fermi levels [90,91]. Such polarization-driven band structure 
modifications facilitate spatial separation of photogenerated charge 
carriers, directing e⁻ and h+ toward opposite polarization regions, 
thereby suppressing recombination (Fig. 7) [91]. Essentially, the built-in 
electric field arising from ferroelectric polarization serves as a potent 
driving force for charge separation, drawing electrons to negatively 
polarized surfaces and holes toward positively polarized surfaces [90]. 
For instance, in single-domain ferroelectric PbTiO3 nanostructures, the 
partially unscreened depolarization field constitutes the predominant 
internal field, driving photogenerated electrons and holes to accumulate 
on opposite crystal facets, thus efficiently achieving spatial charge 
separation [92].

Based on these mechanisms, recent research has focused on using the 
spontaneous polarization properties of ferroelectric materials to opti
mize photocatalytic performance. Investigations into ferroelectric 
BiFeO3 and BaTiO3, for instance, have demonstrated that strong rema
nent polarization generated a substantial internal electric field, effec
tively driving photogenerated e- and h+ toward opposite polarization 
domains, enhancing carrier separation efficiency and suppressing 
recombination [93]. Burbure et al. [94] exploited this phenomenon by 
developing a BaTiO3/TiO2 core–shell heterostructure, in which the 
polarized BaTiO3 core introduced an internal field that not only 
increased the active surface area but also significantly improved charge 
separation, achieving a hydrogen evolution rate approximately twice 
that of TiO2. Similarly, constructing oxidation and reduction co-catalysts 
at oppositely polarized domains of BaTiO3 formed a bipolar charge 
collection structure, substantially reinforcing the internal electric field. 
This configuration efficiently realizes spatial separation of electrons and 
holes within their thermalization length, enabling overall photocatalytic 
water splitting in pure water[95]. Furthermore, integrating a ferro
electric BiFeO3 interlayer into a BiVO4/CuInS2 Z-scheme heterojunction 
exploited the polarization-induced band bending at the semiconductor 
interface, facilitating Z-scheme charge transfer and significantly 
enhancing pollutant degradation efficiency [96]. In addition to these 
heterostructural designs, interfacial engineering and compositional 
gradients have emerged as pivotal strategies for enhancing carrier sep
aration efficiency in ferroelectric photocatalysis. For example, the 
positively polarized surface of PbTiO3 single crystals is susceptible to 

electron trap formation due to abundant Ti vacancy defects, severely 
limiting their photocatalytic activity. Addressing this challenge, 
epitaxially growing an ultrathin SrTiO3 layer on the positively polarized 
PbTiO3 surface effectively passivated these Ti defects, dramatically 
extending the electron lifetime (from approximately 50 μs to the milli
second range) and establishing highly efficient interfacial electron 
transfer pathways [97].

Recent theoretical studies have further elucidated the mechanisms 
by which ferroelectric polarization enhances photocatalytic perfor
mance. Density functional theory (DFT) calculations revealed that po
larization reversal in two-dimensional C₂N/α-In2Se3 heterostructures 
significantly modulated interfacial band alignment, transforming the 
system from a conventional type-II heterojunction into an S-scheme 
heterojunction driven by internal electric fields. This transition simul
taneously converted an indirect bandgap (0.63 eV) to a narrower direct 
bandgap (0.56 eV), improving visible-light absorption and charge sep
aration efficiency [98]. These findings provide theoretical validation 
that ferroelectric polarization can effectively engineer band gradients in 
heterostructures, optimizing charge-carrier pathways and enhancing 
reaction-site selectivity. In addition, first-principles calculations are also 
used to predict and design new ferroelectric photocatalytic materials. 
For example, DFT studies on R3c-phase InVO3 demonstrated that 
spontaneous polarization-induced internal fields effectively suppressed 
carrier recombination, highlighting its potential in photocatalytic ap
plications [99]. Additionally, theoretical simulations focusing on fer
roelectric/semiconductor interfaces illustrated that polarization charges 
could modify interfacial band structures. Specifically, numerical calcu
lations showed that positive polarization applied at the TiO2/SrTiO3 
interface led to the accumulation of negative charges, intensifying band 
bending in the TiO2 side and thereby significantly facilitating carrier 
separation and transport [100].

In summary, combined experimental investigations and theoretical 
calculations have underscored the immense potential of ferroelectric 
polarization-induced internal electric fields in promoting charge sepa
ration and modulating band structures in photocatalysts. Future ad
vances in precision interfacial engineering and optimized 
heterostructure design are expected to facilitate the development of 
novel high-performance ferroelectric photocatalytic materials, driving 
both fundamental breakthroughs and practical applications in this 
burgeoning research field.

3.2. Surface functionalization of photocatalysts through hydrogel-based 
composites

The TiO2-hydrogel system consists of TiO2 immobilized within a 
hydrophilic, cross-linked polymeric network. Typically, hydrogel 
matrices such as microcrystalline cellulose (MCC), polyvinyl alcohol 
(PVA), or alginate (SA) are prepared by dispersing TiO2 nanoparticles 
uniformly in a polymer precursor solution, followed by cross-linking 
through the addition of appropriate agents, such as epichlorohydrin 
(ECH), to form stable, integrated structures in Fig. 8(a). The resultant 
porous and highly swellable hydrogel facilitates effective diffusion and 
adsorption of pollutants near the catalytic sites, while its inherent 
transparency allows sufficient light penetration to activate the 
embedded TiO₂ [101,102]. Under UV irradiation, reactive oxygen spe
cies (ROS) generated by TiO2 efficiently oxidized organic pollutants. 
Importantly, the hydrogel matrix inhibited nanoparticle agglomeration 
and leaching, enhanced pollutant accessibility, and simplified catalyst 
recycling [102]. Consequently, TiO2-hydrogel composites demonstrate 
significantly improved photocatalytic activity and stability compared 
with free-standing TiO2. For instance, a cellulose-based TiO2-hydrogel 
composite achieved approximately 90 % degradation of organic dyes 
within a few hours, maintaining high reusability and retaining about 
80 % of its catalytic activity even after five cycles [102]. Overall, the 
synergistic integration of TiO2 with the porous and hydrophilic char
acteristics of hydrogels enhances photon and pollutant accessibility, 

Fig. 7. Schematic representation of charge separation mechanisms in ferro
electric photocatalysts via internal electric fields and interface engineer
ing [91].
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delivering superior degradation performance and convenient catalyst 
recycling.

In recent years, advancements in hydrogel-based photocatalytic 
systems have benefited significantly from the integration of novel 

semiconductor materials and sophisticated interface functionalization 
strategies, markedly enhancing their photocatalytic activity, selectivity, 
and durability under visible-light irradiation. For instance, immobilizing 
g-C₃N₄ nanoparticles within hydrogels composed of cross-linked 

Fig. 8. Schematic illustration of hydrogel-based photocatalytic composite systems: (a) Cellulose hydrogel with TiO2[102]; (b) g-C₃N₄ immobilized in CMC-alginate 
hydrogel [103]; (c) Self-floating Ag3VO4/BiVO4/PVA composite hydrogel [104]; (d) BiVO4/GO hydrogel composites[105]; (e) CQDs/BiVO4/rGO ternary hydrogel 
composites[106].
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carboxymethyl cellulose (CMC) and SA resulted in notable improve
ments in catalytic efficiency and practical usability in Fig. 8(b); such 
composite systems have enhanced porosity, improved photostability, 
and superior photogenerated charge transport efficiency, facilitating 
effective degradation of dyes with varying charges under natural sun
light; additionally, immobilization of photocatalysts in hydrogels avoids 
the cumbersome recovery procedures associated with traditional 
powdered catalysts and eliminates the need for filtration and centrifu
gation, significantly streamlining wastewater treatment processes 
[103]. Similarly, integrating BiVO4 into PVA-based hydrogels, particu
larly when combined with Ag3VO4 to form a p-n heterojunction, 
significantly broadened their applicability in water treatment. The 
self-floating Ag3VO4/BiVO4/PVA composite hydrogels fabricated via a 
freeze-thaw method exhibited buoyancy and mechanical robustness, 
optimizing catalyst exposure to light and simplifying retrieval. The 
efficient charge separation at the heterojunction interface facilitates the 
rapid generation of ROS, enabling rapid algal cell inactivation under 
visible-light conditions in Fig. 8(c) [104]. In addition to the Ag3VO4/
BiVO4 system, hydrogel composites comprising BiVO4 and graphene 
oxide (GO) have also been reported. The flexible three-dimensional 

hydrogel network significantly enhanced intimate interfacial contact 
between BiVO4 and GO, concurrently increasing local reactant concen
trations. Utilizing the exceptional specific surface area, adsorption ca
pacity, and electron-transfer properties of GO, BiVO4/GO hydrogel 
composites achieved efficient adsorption-enrichment and photocatalytic 
dye degradation in Fig. 8(d); furthermore, the effective interfacial 
charge separation promoted the formation of abundant ROS, demon
strating remarkable antibacterial photocatalytic activity under visible 
light [105]. Additionally, ternary composite systems comprising carbon 
quantum dot (CQD)-decorated BiVO4 nanoparticles supported within 
reduced graphene oxide (rGO) hydrogels (CQDs/BiVO₄/rGO) had 
further improved photocatalytic performance in Fig. 8(e). Benefiting 
from the photon up-conversion capability of CQDs and the efficient 
electron-transfer network of rGO hydrogels, these composites exhibited 
not only high-efficiency degradation of tetracycline hydrochloride 
(TCH) under visible light, but also outstanding photocatalytic activity 
for CO2 reduction [106]. In summary, integrating multifunctional 
hydrogels with diverse advanced photocatalysts has significantly 
enhanced the catalytic performance, stability, and practical applica
bility of the resulting composite systems. This approach effectively 

Fig. 8. (continued).
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addresses the recovery challenges associated with conventional 
powdered photocatalysts, while interfacial engineering and hetero
structure design strategies improve photocatalytic efficiency and 
broaden the scope of potential applications.

3.3. Heterogeneous (homogeneous) junction structure

Heterostructures consist of two or more different semiconductor 
materials or metals, creating unique interfacial properties that facilitate 
effective charge separation through built-in electric fields formed by 
band offsets [107]. Electron diffusion between semiconductors with 
differing Fermi levels generates an interfacial electric field, effectively 
promoting separation of photogenerated carriers (Fig. 9) [108].

For instance, Guo et al. [109,110] synthesized porous Ag-loaded ZnO 
heterostructures, significantly enhancing electron transfer and photo
catalytic stability due to reduced e⁻/h⁺ recombination facilitated by 
Ag⁺/Ag⁰ conversion on the ZnO surface. Similarly, Xiong et al. [111]
proposed α-Fe2O3/Bi2O3 heterojunctions, particularly emphasizing the 
face-to-face interface model, which exhibited significantly enhanced 
photocatalytic efficiency attributed to improved charge separation and 
interfacial electron transfer capabilities.

Homojunction photocatalysts, composed of identical materials with 
variations in crystal phases or doping (such as PN or NN junctions), 
effectively optimize charge carrier separation and transfer, thus 
enhancing photocatalytic efficiency without lattice mismatch or foreign 
interfaces [26]. Shen et al. [112] designed WO3/W18O49 homojunction 
photocatalysts, demonstrating significantly enhanced adsorption and 

photocatalytic stability, owing to effective charge separation within the 
homogenous structure. Similarly, Wang et al. [113] reported excellent 
pollutant degradation and robust cyclic stability of TiO2 quantum dots 
(QDs) and nanosheet homojunctions, attributed to optimized interfacial 
interactions and minimal lattice distortion.

In practical photocatalytic applications, heterojunction and homo
junction structures exhibit different characteristics. Heterojunction 
photocatalysts typically exhibit superior activity and selectivity due to 
efficient charge separation and synergistic interfacial reactions [114, 
115]. For instance, the Bi2MoO6/In2S3 heterojunction achieved effective 
CO2 reduction through a specifically constructed S-scheme interface, 
delivering approximately 94 % CO selectivity with CO evolution rates 
enhanced by 6–8 times compared to single components. This improve
ment resulted from the internal electric field at the heterointerface 
promoting directed electron transfer, significantly enhancing catalytic 
reduction capability and reducing CO2 emissions [116]. Similarly, Lai 
et al. [117] developed an S-vacancy-rich In2S3/In2O3 heterojunction, 
attaining an exceptional CH4 selectivity of 95.93 %, far surpassing 
single-semiconductor performance. This enhanced CO2 conversion arose 
from directional electron transfer across the heterointerface, acceler
ating multielectron reduction pathways and elevating reaction rates and 
product selectivity. In comparison, homojunction designs excel in 
crystal lattice matching, significantly reducing interfacial lattice dis
tortions and thus enhancing long-term photostability and recyclability 
[118,119]. For example, a tetragonal/orthorhombic Bi2WO6 homo
junction synthesized via in situ bismuth-induced phase transformation 
demonstrated outstanding photocatalytic performance. It completely 

Fig. 9. Mechanism of Charge Transfer in Heterogeneous and Homogeneous Structured Photocatalysts under Photoexcitation [26,108].
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degraded Rhb under simulated solar irradiation over five consecutive 
cycles without significant activity decline, indicating excellent 
long-term stability and recyclability due to effective charge carrier 
separation and reduced e⁻/h⁺ recombination at the homojunction 
interface [120]. Similarly, phosphate-functionalized g-C3N4 homo
junction hydrogel microspheres maintained high degradation efficiency 
for the antibiotic tetracycline even after 20 reuse cycles, with negligible 
structural alterations. This superior stability was attributed to efficient 
charge separation within the homojunction, significantly suppressing 
electron-hole recombination and ensuring prolonged catalytic efficiency 
[121]. In summary, heterojunctions are optimal for reactions 
demanding high activity and selectivity, such as CO2 reduction, whereas 
homojunctions are advantageous for long-term stability and 
repeated-use scenarios in environmental purification.

However, in practical applications, heterojunction photocatalysts 
often suffer from interfacial lattice mismatch and limited structural 
stability, while homojunction photocatalysts may exhibit suboptimal 
charge carrier separation efficiency [26,122]. To overcome these 
inherent limitations, recent research has focused on integrating heter
ojunction and homojunction architectures, aiming to develop hybrid 
systems that simultaneously achieve enhanced charge separation and 
improved long-term stability. For instance, Guo et al. [123] developed a 
novel multijunction photocatalyst by combining twin BiPO4 (a homo
junction composed of two phases of monoclinic BiPO4) with BiOCl, 
resulting in a composite material with a stepped band structure. This 
design incorporated both homojunction and heterojunction elements. 
The photocatalytic performance of this composite was significantly 
improved, showing multiple times higher photocatalytic activity for 
organic pollutants such as methyl orange and acetaminophen compared 
to the original BiPO4. The study confirmed that the synergy between 
homojunction and heterojunction optimized the transfer and separation 
of charge carriers, thereby enhancing photocatalytic efficiency. Simi
larly, Sun et al. [124] investigated a novel photocatalyst composed of 
mesoporous TiO2 combined with CsPbBr3 perovskite QDs of varying 
sizes. These perovskite QDs were in-situ generated within the meso
porous TiO2, forming both type II homojunctions and Z-scheme heter
ojunctions. The coexistence of these structures facilitated the efficient 
transfer of photogenerated electrons from TiO2 to CsPbBr3, significantly 
suppressing charge carrier recombination and enhancing photocatalytic 
activity. This composite material achieved a degradation efficiency of 
97.7 % for RhB under light irradiation.

3.4. Defect engineering (lattice defects)

Defect engineering, as an advanced photocatalyst modification 
strategy, significantly enhances the catalytic efficiency of semiconductor 
photocatalysts by introducing various defects into the lattice structure, 
such as point defects, line defects, plane defects, vacancies, doping, or 
dislocations. By altering atomic coordination numbers and electronic 
structures, as well as promoting interfacial interactions between 
different components and leveraging the synergistic effects of multiple 
defects, defect engineering not only adjusts the band structure and in
creases carrier mobility but also imparts multifunctionality to photo
catalysts. Among these, lattice defects can be categorized into OVs 
modification [125,126], interstitial doping, cation vacancies, and lattice 
disorder [127].

Precise modulation of defect types and concentrations, particularly 
OVs, is crucial for optimizing the optical and electronic properties of 
photocatalytic materials (Fig. 10). OVs, defined as the absence of oxygen 
atoms in the metal oxide lattice, typically form under high-temperature 
or reductive conditions, and can be categorized as surface, subsurface, 
and bulk oxygen vacancies depending on their spatial positions [125]. 
These vacancies introduce new defect states within the bandgap, 
thereby reducing the bandgap width and extending visible-light ab
sorption, significantly enhancing the solar energy utilization and pho
tocatalytic performance. Additionally, OVs elevate the Fermi level, 
enhance electron delocalization and electrical conductivity, and act as 
effective pathways for electron transport, thus facilitating electron 
transfer [125,128–130]. For instance, in TiO2, the formation of OVs led 
to localized electron occupancy at positions previously occupied by O²⁻ 
ions, generating shallow donor states approximately 0.75–1.18 eV 
below CB. This lowers the h+ generation energy and induces e- redis
tribution among neighboring Ti atoms [126]. Moreover, Ranjbari et al. 
[131] reported that OVs in ZnO effectively reduced its bandgap from 
3.22 eV to 3.07 eV, substantially improving photocatalytic activity to
ward organic dye degradation. They further discovered that reduced 
ZnO exhibited outstanding photocatalytic efficiency across varying pH 
values, similarly attributed to bandgap narrowing and enhanced 
visible-light utilization [132].

In addition to traditional oxides such as TiO2 and ZnO, many pho
tocatalysts also enhance their performance through the design of OVs. 
For example, the introduction of OVs in BiVO4 effectively disrupted 
lattice symmetry, leading to the formation of defect dipoles. These 
defect dipoles enhanced the internal electric field, significantly 

Fig. 10. Schematic illustration of OVs engineering in metal oxide photocatalysts[125].
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facilitating the separation and transfer of photogenerated charge car
riers. Consequently, OV-engineered BiVO4 photoanodes showed an 
enhancement in charge transfer efficiency and increased photocurrent, 
thereby boosting the performance of photoelectrochemical systems in 
solar fuel generation [133]. Likewise, surface OVs in bismuth oxyhalides 
(e.g., BiOBr) not only extended the visible-light absorption range but 
also served as electron-rich active sites to facilitate the adsorption and 
activation of molecular oxygen, thereby generating •O₂⁻[134]. This 
mechanism effectively suppresses the recombination of photogenerated 
electron-hole pairs, substantially enhancing the photocatalytic degra
dation efficiency toward organic dyes and other pollutants. Such find
ings underscore that tailoring anion vacancies (oxygen or chalcogen 
vacancies) in photocatalytic materials (e.g. BiVO4, BiOBr, Bi2O2CO3) is a 
powerful strategy to broaden light absorption and facilitate charge 
separation for enhanced photocatalysis[135]. Notably, careful control of 
OVs concentration was crucial, as excessive vacancies could act as 
recombination centers if not optimally introduced[136].

Metal cation vacancies (cation defects) are prevalent within semi
conductor lattices and represent an effective defect-engineering strat
egy. These vacancies typically induce shifts in CB edges or introduce 
acceptor states, thereby enhancing charge transport performance [137]. 
Unlike anion vacancies, such as OVs, which predominantly affect VB 
structures and promote h+ transport, cation vacancies significantly in
crease CB electron density and facilitate electron mobility and conduc
tivity due to their distinct orbital distribution and unique electronic 
structure. For instance, incorporating Zn vacancies into ZnIn2S4-based 
Z-scheme heterojunctions not only increased carrier density and sepa
ration efficiency but also broadened visible-light absorption, thus 
enhancing photocatalytic hydrogen evolution and pollutant degradation 
performance [138]. Similarly, a recent study [139] found that the 
introduction of Cu cation vacancies into ZnIn2S4/Cu1.81S hetero
junctions significantly improved electronic transport efficiency by 
inducing electron delocalization and adjusting electron density around 
neighboring atoms, thereby accelerating CO2 protonation processes. In 
rutile-type p-TiO2, Ti vacancies facilitate electron transport and 
generate localized active sites for nitrogen reduction, directly influ
encing catalytic activity [140]. Additionally, the introduction of metal 
cation vacancies into Bi2O3 and WO₃ significantly enhanced their hole 
mobilities by approximately 270 % and 430 %, respectively. This 
enhancement was especially pronounced in WO₃, where the incorpora
tion of tungsten vacancies led to a more than 4.4-fold increase in 
photocurrent density during photoelectrochemical water splitting 
[141]. Nevertheless, due to the relatively high formation energy of metal 
cation vacancies, their controlled incorporation remains challenging 
from a materials design perspective, particularly regarding material 
stability and durability under highly oxidative conditions. Thus, precise 
modulation of cation vacancy concentrations to optimize charge trans
port without compromising structural integrity represents a critical 
pathway toward developing highly efficient photocatalytic materials.

Introducing defect engineering strategies involving OVs and metal- 
cation vacancies into photocatalysts can synergistically enhance their 
photocatalytic performance, primarily by modulating electronic struc
tures and improving charge-carrier dynamics [142]. OVs typically serve 
as electron donors, forming mid-gap states that extend visible-light ab
sorption and provide active reduction sites. Conversely, metal-cation 
vacancies function as shallow acceptors, facilitating hole migration. 
The complementary interaction between these two vacancy types im
proves charge separation and transport, effectively suppressing e⁻/h⁺ 
recombination [143]. For instance, the simultaneous introduction of 
surface tungsten vacancies and OVs significantly enhanced the photo
catalytic activity of Bi2WO6; the synergistic interplay of these dual va
cancies not only reduced the resistance to charge transfer, accelerating 
photogenerated charge separation and migration, but also introduced 
defect states within the bandgap, narrowing the energy gap and pro
longing carrier lifetimes, thus enabling highly efficient pollutant 
degradation [144]. Similarly, in Nb-doped SnO2, the doping of Nb 

introduced donor states, while accompanying OVs bridged the gap be
tween the donor states and the conduction band, effectively elevating 
the conduction-band edge. Such dual-defect synergy significantly nar
rowed the bandgap and prolonged the carrier lifetime by inhibiting e⁻/h⁺ 
recombination, substantially improving photocatalytic efficiency [145]. 
This cooperative enhancement has also been demonstrated in other 
vacancy-engineered photocatalysts. For example, in situ formation of 
adjacent Ti and OVs as paired active sites significantly accelerated 
electron and proton transport, synergistically enhancing CO2 adsorption 
and protonation processes. This strategy achieved 100 % selective 
conversion of CO2 to CH4, with methane production rates nearly 80-fold 
higher compared to TiO2. Despite these promising findings, the precise 
synthesis and control of anion–cation dual vacancies remain chal
lenging. Achieving atomic-scale adjacency between oxygen and 
metal-cation vacancies is crucial for maximizing their synergistic effects 
but remains particularly difficult [146]. Typically, this requires carefully 
designed synthetic routes coupled with specialized post-processing 
techniques to reliably generate and stabilize such atomic-level co-va
cancy structures.

Interstitial doping involves the incorporation of foreign atoms into 
the interstitial positions of the crystal lattice. This improvement pri
marily originates from optimized electronic structures, creation of novel 
active sites, and enhanced charge-carrier dynamics [147–149]. For 
instance, g-C3N4, which typically suffers from rapid charge recombina
tion, exhibited substantially improved photocatalytic activity upon dual 
doping with potassium (K) and boron (B). Specifically, interstitially 
positioned K⁺ ions expanded interlayer spacing and enhanced electrical 
conductivity, while substitutional incorporation of B atoms introduced 
new intermediate electronic states; these modifications facilitated 
effective charge separation, reduced electron–hole recombination, and 
extended carrier lifetimes; additionally, this co-doping approach 
enhanced visible-light absorption, promoted efficient electron transfer 
toward reactants, and lowered the energetic barrier for CO2 reduction 
reactions, ultimately elevating the overall catalytic efficiency [150]. In 
addition to the above-mentioned dual doping strategy, the performance 
of the photocatalyst can also be effectively improved by doping with a 
single element. A recent study [151] demonstrated that interstitial 
doping with phosphorus, combined with in situ protonation, enhanced 
photocatalytic hydrogen production in g-C3-xN₄. This doping strategy 
introduced shallow electron trap states that effectively prolonged the 
lifetime of electrons, reduced unwanted deep trapping, and enhanced 
charge separation. Similarly, metal-interstitial doping systems, such as 
Ga-doped CdS catalysts, have been reported to lower valence band po
sitions and formation energies, thereby broadening the VB width and 
significantly improving charge-carrier separation and migration capa
bilities [152]. These findings underscore the efficacy of carefully 
selecting appropriate interstitial dopants to enhance photocatalyst per
formance while avoiding detrimental lattice strain and excessive carrier 
recombination.

Combining interstitial doping and metal cation vacancies as a 
modification strategy has emerged as a promising new approach to 
enhance the performance of photocatalysts. This method is expected to 
create a synergistic effect on the structure and performance of photo
catalysts, thereby improving their photocatalytic efficiency. Previous 
studies have shown [153,154] that interstitial metals, by providing 
additional electrons, could effectively alter the electronic structure of 
the material and enhance its light-responsive range. At the same time, 
metal cation vacancies enhanced the chemical activity of the material’s 
surface by creating defect sites and increasing active sites. The syner
gistic effect between these two modification methods lied in the inter
action between the electron supply from the interstitial metals and the 
charge imbalance introduced by the metal cation vacancies. Addition
ally, the introduction of interstitial metals improved the thermal sta
bility and structural integrity of the material, while metal cation 
vacancies offered more kinetic advantages for the reactions. Therefore, 
this combination not only optimized the electronic properties but also 
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strengthened the surface reaction performance. Chen et al. [127]
significantly improved the photocatalytic CO2 reduction performance of 
WO3 by employing an in-situ modification strategy that created metal 
cation vacancies and interstitial metals through acid treatment (Fig. 11). 
The synergistic effect of these two modification methods primarily 
resulted from their complementary actions: metal cation vacancies 
provided more active sites and defect levels, facilitating the effective 
separation of photogenerated electrons; meanwhile, the introduction of 
interstitial metals enhanced the electron transport speed, inhibiting the 
recombination of electrons and holes. The combined effect of these 
structural modifications led to a significant reduction in the bandgap 
and an extension of the light absorption range, thereby enhancing 
photocatalytic activity.

Lattice distortion, referring to the local or whole structural defor
mation in crystals caused by doping, strain, or amorphization, induces 
alterations in lattice parameters and atomic arrangements [155–157]: 
primarily, it modulates band structures to extend optical absorption into 
the visible region; furthermore, such distortions introduce numerous 
catalytically active defect sites, facilitating chemical reactions; addi
tionally, it efficiently suppresses e⁻/h⁺ recombination, boosts charge 
carrier migration, and enhances surface adsorption capabilities.

In TiO2, doping-induced lattice distortion establishes a potential 
gradient between CB and VB (Fig. 12), improving e⁻/h⁺ separation ef
ficiency and photocatalytic activity [158]. Xu et al. [159] demonstrated 
that lattice distortion in TiO2 elevated the VB maximum by approxi
mately 0.14 eV, directly influencing electronic structure and carrier 
dynamics, thus enhancing overall photocatalytic performance. More
over, in black TiO2, synergistic effects between lattice disorder and Ti³ ⁺ 
defects enabled efficient solar-driven hydrogen generation [160].

Lattice distortion has shown immense potential in emerging mate
rials such as bismuth-based oxides and perovskite oxides. In Bi2WO6, 
doping with rare-earth elements (e.g., Sm, La, Ce, Eu) or Sn4+ ions 
induced significant lattice distortion and local structural deformation, 
reducing grain size, increasing specific surface area, and extending 
visible-light absorption, consequently enhancing pollutant degradation 
efficiency [161]. Similarly, introducing approximately 2 % Cu²⁺ into 
NiTiO3 induced moderate static lattice distortion, effectively reducing 
the bandgap and enhancing charge carrier separation, thereby tripling 
the carrier mobility and markedly improving photocatalytic and elec
trocatalytic activities [162]. A recent study [163] further highlighted 
that lattice distortion in medium-entropy perovskite oxide (La0.5Sr0.5

Fe0.5Ti0.5O3) significantly reduced the bandgap, broadened visible-light 
absorption, increased surface-active site density, and promoted efficient 
charge carrier separation, boosting the photocatalytic degradation of 

organic pollutants under visible light irradiation. Although the precise 
mechanisms by which lattice distortion impacts carrier dynamics and 
recombination remain incompletely understood, strategic manipulation 
of lattice distortion and surface disorder has emerged as a crucial 
approach in designing high-performance photocatalysts.

In summary, defect engineering has emerged as a pivotal strategy for 
enhancing the performance of photocatalysts. Through precise manip
ulation of lattice defects, including OVs, metal cation vacancies, inter
stitial doping, and lattice distortion, it becomes possible to tailor 
electronic structures and charge-carrier dynamics. Particularly, atomic- 
scale synergistic arrangements of anion and cation vacancies concur
rently introduce donor and acceptor states, improving charge separation 
and transport efficiency. Furthermore, the cooperative interplay be
tween metal cation vacancies and interstitial metal doping enhances 
surface-active site density and accelerates carrier migration. Addition
ally, the synergy between lattice distortion and intrinsic defects, such as 
Ti³ ⁺ sites, broadens the optical response range and facilitates efficient 
electron-hole separation. However, the precise synthesis and stabiliza
tion of these cooperative defect structures remain challenging. There
fore, future research should aim at a deeper elucidation of structure- 
activity relationships among various defects and developing robust 
synthetic methodologies for their controlled implementation.

Fig. 11. Schematic illustration of metal cation vacancies and interstitial metal doping in WO3[127].

Fig. 12. Schematic illustration of lattice disorder induced by metal-ion doping 
in TiO₂ [158].
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4. Challenges in mass transport, catalyst deactivation and toxic 
intermediates

In previous sections, the latest advances in enhancing photocatalytic 
performance through surface modification, structural engineering, and 
related methods have been systematically summarized. Nevertheless, 
several technical bottlenecks persist in practical applications. These 
challenges primarily involve: (i) insufficient mass transfer efficiency 
within reaction systems; (ii) catalyst deactivation over prolonged 
operation; and (iii) the potential generation of toxic by-products during 
pollutant degradation. This section therefore provides an in-depth dis
cussion of these three critical issues, highlighting current research 
progress and potential strategies for mitigation.

4.1. Weak mass transfer

In photocatalytic systems where a solid catalyst is in contact with a 
gas or a liquid, the mass transfer of reactant molecules from the fluid 
phase to the catalyst surface is a critical factor in determining the overall 
rates of the reaction[164]. In the event of sluggish reactant transport 
relative to the intrinsic surface reaction kinetics, a concentration 
boundary layer is known to develop in proximity to the catalyst, 
resulting in the active sites becoming poorly supplied with reactants. 
Consequently, the process is limited by mass transfer[165]. Indeed, mass 
transfer limitations are increasingly recognized as a key impediment in 
photocatalysis that can overshadow the benefits of high catalyst activity. 
Inefficient mass transfer hinders overall efficiency by limiting the 
availability of reactant molecules at the photocatalyst’s active sites, 
preventing the catalyst from operating at its full potential. For example, 
Zhan et al. [166] found that in a water-phase microreactor with a 
TiO2-coated catalyst, the degradation rate of a dye was limited by 
external diffusion to the catalyst surface. Inadequate reactant delivery 
means active sites on the photocatalyst are under-utilized and photo
generated charge carriers may recombine instead of driving the reac
tion, wasting the catalyst’s potential.

Inadequate mass transfer can result in considerable efficiency 

declines or even catalyst deactivation if not addressed. In the event of 
reactants not being adsorbed in a timely manner, the catalytic surface 
may become unoccupied for a significant period and the reaction will 
slow down dramatically. For example, in a dye oxidation system, 
insufficient oxygen transfer from the gas phase caused oxygen to become 
the limiting reagent, sharply reducing the reaction rate until additional 
aeration was provided [167]. Also, if products (or reaction in
termediates) are not efficiently removed, they can build up and block 
active sites, which effectively poison the catalyst surface. In gas-phase 
photocatalytic oxidation of VOCs, Jaison et al. [168] indicated that 
partial oxidation intermediates (e.g. formic, acetic, and oxalic acids) 
remained strongly adsorbed on a TiO2 surface, leading to catalyst 
deactivation and loss of activity. Such fouling by reaction by-products 
illustrated how inadequate desorption could cripple photocatalyst effi
ciency over time.

A recent review has emphasized that improving mass transport in 
both gas–solid and liquid–solid photocatalytic systems was essential to 
boost reaction rates and prevent surface fouling[164]. To overcome 
mass transfer limitations in gas-phase photocatalytic processes in con
ventional reactors, recent reactor designs aim to increase gas–solid 
contact and induce vigorous mixing. Fluidized-bed photoreactors have 
gained attention for gas–solid reactions. By suspending photocatalyst 
particles in a flowing gas stream, fluidized beds eliminate most external 
diffusion resistance [30,169]. For example, in a fluidized bed 
comprising TiO2-coated beads in Fig. 13(a), the ethylene removal rate 
was observed to be significantly higher than in a fixed bed catalyst, 
which can be attributed to the accelerated transport of C2H4 to the 
photocatalyst and the rapid removal of products. This enhanced mass 
transfer, in conjunction with superior light utilization within the moving 
bed, led to a substantial enhancement in the degradation rate, which 
increased from approximately 1.2 μg/min (static) to approximately 
10 μg/min in the fluidized system [170].

On the materials side, Schreck et al. [171] demonstrated an effective 
approach to resolving mass transfer limitations in gas-phase photo
catalysis by integrating carefully designed 3D-printed polymeric scaf
folds into aerogel photocatalysts in Fig. 13(b). These scaffolds, 

Fig. 13. Representative designs for enhancing mass transfer in photocatalytic systems: (a) fluidized beds [170]; (b) 3D printed scaffolds [171]; (c) hierarchical 
porous materials [175]; (d) micromotors [176]; (e) spinning disc reactors [179]; (f) magnetically actuated artificial cilia [180].
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structured to enhance mechanical stability and create tailored gas-flow 
channels, significantly improved gas diffusion within aerogel monoliths. 
Also, porous and hierarchically structured photocatalysts have proven 
vital for mitigating internal mass transfer limitations in gas–solid 
catalysis. Gas-phase reactants often move within catalyst pores; so, an 
ideal structure balances high surface area (for abundant active sites) 
with large pore channels (for easy gas flow) [172–174]. Khalil et al. 
[175] demonstrated that introducing macropores into a microporous 
covalent organic framework (COF) dramatically improved 
gas-accessible surface area and diffusion pathways. The resulting hier
archical COF showed a fourfold increase in the photocatalytic H₂ evo
lution rate compared to its microporous-only analogue in Fig. 13(c). In 
addition to static structures, dynamic catalyst systems were being 
explored. For instance, photocatalytic micro-nanomotors in Fig. 13(d) 
could move autonomously in response to light, stirring the surrounding 
gas or generating local convection [176,177]. By propelling themselves 
(via light-driven diffusiophoresis or bubble release), such catalysts 
prevented local reactant depletion and rapidly dislodged products from 
the surface.

In liquid-phase photocatalysis, mass transfer limitations usually stem 
from slow diffusion in liquid and stagnant boundary layers at the sol
id–liquid interface. If the photocatalyst is immobilized on a surface, 
reactants from the bulk solution must diffuse through a boundary layer, 
and products can accumulate near the interface. Conversely, suspending 
the catalyst as fine particles (a slurry) minimizes diffusion distance but 
can introduce light attenuation and separation challenges. Reactor 
configuration is therefore crucial in balancing these factors [178]. A 
recent spinning disc reactor design has drawn attention for water 
treatment applications. In this system in Fig. 13(e), the photocatalyst 
was coated on a rotating disc; as a thin film of polluted water spread 
radially, the combination of centrifugal force and shear created a highly 
turbulent, sub-millimeter liquid layer [179]. This configuration was 

found to reduce mass transfer limitations due to the combination of thin 
liquid film and flow turbulence, resulting in significantly increased 
reactant transfer and higher degradation rates. In addition, magnetically 
actuated artificial cilia have emerged as a promising strategy for 
enhancing mass transfer in liquid-phase photocatalytic systems, as 
shown in Fig. 13(f). When integrated into microfluidic reactors and 
subjected to periodic magnetic excitation, these biomimetic structures 
induced secondary micro-vortices, thereby significantly improving fluid 
mixing and continuously renewing the reactant concentration at the 
catalyst interface [180]. In summary, intelligent reactor design and 
tailored catalyst morphology go together. By integrating enhanced fluid 
dynamics (in gas or liquid phase) with advanced porous or dynamic 
materials, modern photocatalytic systems can overcome mass transfer 
limitations and achieve substantially higher efficiencies.

4.2. Photocatalyst deactivation

Photocatalyst deactivation is another critical issue. During long-term 
use, photocatalysts often lose their activity due to various degradation 
mechanisms. A key factor is surface poisoning by reaction intermediate 
or residual species: partially oxidized compounds and other byproducts 
tend to strongly adsorb onto active sites, obstructing the adsorption of 
reactants and suppressing the overall photocatalytic efficiency [181]. 
Additionally, many catalysts undergo photo-corrosion or 
self-oxidation/reduction under illumination. For instance, ZnO photo
catalysts readily corroded in water, leaching Zn2+ into solution with a 
corresponding loss of activity[182]. Similarly, CdS and other II–VI 
semiconductors, despite their excellent visible-light absorption, exhibi
ted unsatisfactory photochemical stability and deteriorated into inactive 
phases during reactions[183]. Developing strategies to mitigate such 
deactivation is therefore essential.

One effective approach is anchoring photocatalysts on inert supports 

Fig. 14. Advanced approaches to suppress photocatalyst deactivation: (a) core–shell Heterojunctions [189]; (b) single-atom anchoring [192]; (c) surface hydro
phobization [193].
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to prevent leaching and aggregation. By immobilizing active sites onto 
stable matrices, the catalyst can better withstand operational stresses 
[184,185]. For example, covalent anchoring of a molecular Ru(II) 
photosensitizer onto rGO resulted in a hybrid photocatalyst exhibiting 
significantly enhanced photostability, maintaining performance over 
24 h of continuous illumination. The graphene support served as a 
chemically robust scaffold that resisted photodegradation, facilitated 
heat dissipation, and enhanced charge transfer, thereby mitigating both 
thermal and chemical degradation pathways of the active Ru complex
[186]. Likewise, elemental doping has emerged as a powerful method to 
bolster the intrinsic stability of semiconductor photocatalysts. Intro
ducing heteroatoms into the lattice (either metal or non-metal dopants) 
can distort the local structure and electronic configuration in ways that 
suppress photo corrosive pathways[30,182]. Navarro et al. [187]
demonstrated that metal-doped TiO2 exhibited extended light absorp
tion, improved charge separation, enhanced long-term stability and 
resistance to deactivation compared to undoped TiO2. It is worth noting 
that a recent study on ZnO has shown that doping with trace transition 
metals (such as Co, Ni, or Cu) reduced Zn²⁺ leaching by 60–85 %, 
significantly increasing the material’s tolerance to photo corrosion 
[182]. These studies illustrate how tuning the catalyst’s composition or 
support can counteract poisoning and structural breakdown.

Another strategy is the construction of core–shell structures and 
heterojunctions to protect vulnerable photocatalysts and facilitate 
charge flow. In core–shell designs, a thin protective shell (usually a more 

stable oxide, nitride, or carbon layer) surrounds the active core, acting as 
a physical barrier against corrosive species while still allowing photon 
absorption and reactant diffusion. This morphology has proven espe
cially beneficial for unstable chalcogenides such as CdS [188]. For 
example, forming an intimate CdS@g-C₃N₄ core–shell heterojunction 
was reported to drastically improve the photostability of CdS, as shown 
in Fig. 14(a): the g-C₃N₄ shell rapidly extracted photogenerated holes 
from CdS, thereby preventing those holes from oxidizing the CdS itself. 
By shuttling charges across the interface, the core–shell ensemble 
enhanced quantum efficiency and hindered photo-corrosion [189]. Such 
interfacial engineering, effectively an in situ “reconstruction” of the 
photocatalyst interface, creates a more resilient composite structure. 
Similarly, Han et al. [190] showed that the growth of a thin MoS₂ shell 
on CdS nanowires formed a coaxial core–shell structure that could 
efficiently extract or block charge carriers, thereby mitigating the 
photo-corrosion of CdS and extending service life of the photocatalyst.

The development of advanced nanoscale engineering techniques has 
broadened the range of strategies available for improving the long-term 
durability of photocatalysts. As previously discussed, defect engineering 
offers a versatile strategy for constructing anchoring sites that stabilize 
active phases or dopants. OVs and other lattice imperfections can 
effectively adjust the electronic structure while simultaneously serving 
as strong binding sites for cocatalysts or isolated atoms, thereby sup
pressing sintering and leaching. Notably, the field of single atom pho
tocatalysts exemplifies how stability can be achieved even with 

Table 1 
Comparison of conventional methods of preparing photocatalysts.

Refs. Methods Principle (Process) Typical Applications 
(Photocatalysts)

Product Characteristics Advantages Drawbacks

[226] PVD Vaporize source material 
(e.g. metal oxide or metal 
target) and condense as a 
thin film on a substrate 
under vacuum (e.g. 
evaporation or sputtering)

Commonly used to 
deposit oxide 
semiconductor thin films 
such as TiO₂ and ZnO, 
primarily utilized in 
coatings, electronic, and 
photocatalytic devices.

Dense, high-purity thin 
films on substrates 
(amorphous or 
polycrystalline 
depending on 
conditions)

Uniform composition; 
precise thickness and 
stoichiometry control; 
clean process (low 
contamination)

High equipment cost; 
limited scalability; thin-film 
only (unsuitable for 
powders); may require post- 
annealing for crystallinity

[212,213] Thermal 
Spraying

Heat and propel precursor 
powders or molten droplets 
onto a surface to rapidly 
form a coating

Oxide photocatalyst 
coatings (TiO₂, ZnO) on 
metal or ceramic 
supports

Thick polycrystalline 
coatings with strong 
substrate adhesion; 
micro- to nano- 
structured surfaces

Fast coating of large 
areas; scalable for 
industrial surface 
modification; no 
vacuum needed

High process temperature 
can induce stresses; rough 
surface morphology and less 
nanoscale control; primarily 
for coatings (not 
nanoparticles);

[215,216] Sol–gel Hydrolysis and 
polycondensation of metal 
precursors to form sol-gel, 
followed by drying and 
calcination to produce 
oxides

Widely applied to 
synthesize oxide-based 
photocatalysts (TiO₂, 
ZnO, WO₃) and 
composite or doped 
materials for 
environmental and 
energy applications

Nanoscale powders, 
thin films, or porous 
structures; high 
chemical homogeneity

Excellent composition 
and stoichiometry 
control; suitable for 
multi-metal systems; 
synthesis at relatively 
low temperatures

Potential particle 
agglomeration and gel 
shrinkage; time-consuming; 
organic solvents and 
reagents required 
(environmental 
considerations); careful 
control needed to avoid film 
cracking

[217,218] Hydrothermal Crystal growth from 
aqueous solutions at 
elevated temperature and 
autogenous pressure in 
sealed autoclaves

Synthesis of shape- 
controlled oxide/sulfide 
nanostructures (e.g., 
TiO₂, ZnO, BiVO₄, CdS).

Highly crystalline 
nanoparticles with 
controllable size and 
anisotropic 
morphology; no post- 
calcination required

Direct crystalline phase 
synthesis; precise shape 
and size control; 
suitable for complex 
morphologies

Batch process with limited 
scalability; requires high- 
pressure equipment; 
lengthy reaction times; 
challenging for continuous 
production

[219,220] Microemulsion Reaction occurs in 
nanoscale water droplets 
dispersed in oil stabilized 
by surfactants; droplets 
serve as microreactors for 
precipitation/hydrolysis

Synthesis of ultrafine, 
highly uniform oxide 
nanoparticles (TiO₂, ZnO, 
Fe₂O₃) and chalcogenide 
nanomaterials

Uniform, monodisperse 
nanoparticles; particle 
size precisely tunable 
via droplet dimensions; 
often capped by 
surfactants

Excellent size and 
morphology control; 
narrow particle size 
distribution (<10 nm 
achievable); suitable for 
doped and composite 
nanoparticles

Low yield; limited 
scalability; additional 
washing and calcination 
steps required for removing 
organics; high cost due to 
surfactants; environmental 
concerns

[214,227] Gas-phase 
Oxidation 
(Flame/Aerosol 
synthesis)

High-temperature 
oxidation of volatile 
precursors (metal 
chlorides/organometallics) 
in oxygen-rich flame or 
aerosol to form oxide 
nanoparticles

Industrial-scale synthesis 
of oxide nanopowders 
(TiO₂, ZnO) for 
photocatalysis, pigments, 
and catalysts.

Nano/sub-micron 
particles; high 
crystallinity; possible 
mixed phases (anatase/ 
rutile); typically 
aggregated with broad 
size distribution

Continuous, scalable 
production; rapid 
synthesis; high purity 
and crystallinity; 
minimal residual 
impurities

Limited morphology and 
size control; particle 
aggregation; energy- 
intensive (1000–3000 ◦C); 
toxic/corrosive by- 
products; high equipment 
costs
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atomically dispersed active sites. This is primarily attributed to the 
strong metal–support interactions that anchor single metal atoms onto 
robust matrices such as TiO2, g-C3N4, or MOFs [191]. A recent study 
[192] revealed that, in a photothermal–photocatalytic system based on 
cobalt single atoms anchored on a sulfur-doped g-C₃N₄/reduced gra
phene oxide heterostructure (Co–CN@G), the Co atoms were effectively 
stabilized through Co–N/S coordination environments in Fig. 14(b). 
This structural configuration enhanced the adsorption and activation of 
O₂ molecules and ensured excellent photocatalytic stability over 
extended reaction cycles. Another novel tactic is hydrophobic surface 
modification to mitigate fouling and unnecessary side reactions. Hy
drophobic or omniphobic coatings on photocatalyst surfaces can repel 
liquid water and organic contaminants, thus limiting the accumulation 
of deactivating substances. Yu et al. [193] developed an atomically 
dispersed Zn-based photocatalyst featuring hydrophobic surface func
tionalization to construct a three-phase (solid–liquid–gas) reaction 
interface in Fig. 14(c). This design significantly enhanced the mass 
transport of reactants and products while suppressing the undesired 
decomposition of peroxide intermediates on the photocatalyst surface. 
By facilitating the rapid release of hydrophilic reaction products and 
minimizing their prolonged interaction with active sites, the hydro
phobic interface effectively contributes to maintaining the structural 
and functional integrity of the catalyst during photocatalytic operation.

4.3. Toxic intermediates

During the photocatalytic degradation process, different reaction 
intermediates can be formed depending on the structure of the pollutant 
and the degradation pathway. Many of these intermediates have been 
reported to possess toxicity or pose environmental risks[194]. For 
instance, common intermediates in the photocatalytic oxidation of 
gas-phase toluene over TiO2 included benzoic acid, benzaldehyde, 
benzyl alcohol, and ring-hydroxylated aromatic compounds, while 
benzene photocatalytic degradation typically yielded intermediates 
such as phenol, hydroquinone, and quinone compounds [195]. Most of 
these intermediates exhibit cytotoxicity, and some are even carcino
genic. Similarly, photocatalytic degradation of complex organic sub
stances frequently generates harmful aldehydes such as formaldehyde 
and acetaldehyde. Under specific catalytic conditions, formaldehyde 
may further transform into highly toxic carbon monoxide, increasing 
potential environmental risks [196]. Another example involved azo 
dyes; under anaerobic conditions, photocatalytic cleavage of the azo 
bond generated aromatic amines (such as aniline derivatives), known to 
have high toxicity [197]. These examples underscore a critical issue: 
unless photocatalytic processes achieve near-complete mineralization, 
pollutants may merely convert into other intermediate compounds with 
potential hazards. Typically, the formation mechanism involves radical 
species (e.g., •OH, O₂⁻, and h⁺) attacking parent molecules, causing 
fragmentation into smaller molecular fragments. However, if the reac
tion time is insufficient, catalyst activity is limited, or other constituents 
in water consume reactive substances, these radicals may only partially 
oxidize pollutants, thereby leading to the accumulation of intermediate 
products [198–200].

Given the risk associated with generating toxic intermediates in 
photocatalytic processes, researchers increasingly focus on optimizing 
reaction pathways to achieve more thorough or selective pollutant 
degradation, thereby reducing the probability of harmful by-product 
formation. Generally, previous studies have proposed two complemen
tary strategies: (i) enhancing photocatalyst activity and selectivity to 
promote pollutant deep mineralization into harmless final products 
(such as CO2 and H2O)[201]; (ii) finely controlling reaction pathways by 
adjusting photocatalyst composition, structure, or carrier characteris
tics, thereby facilitating deeper oxidation or conversion of intermediate 
products and reducing the risk of harmful by-product accumulation
[202].

Between these two strategies, controlling photocatalyst selectivity to 

steer toward safer reaction pathways is especially noteworthy, as it has 
proven to be an effective approach[203]. Chen et al. [204] employed 
fluorine doping to regulate the surface charge distribution of BiVO4, 
thereby directing glyphosate degradation predominantly through C–N 
bond cleavage. This strategy effectively suppressed the formation of the 
toxic intermediate aminomethylphosphonic acid, maintaining its yield 
below 10 %. In situ ATR-FTIR spectroscopy revealed that surface fluo
rination altered glyphosate’s adsorption configuration on the catalyst, 
prompting preferential adsorption via phosphate groups and conse
quently shifting the degradation pathway toward less toxic products, 
such as glycine and phosphate. Overall, this study underscores that 
controlling surface adsorption can serve as an effective strategy for 
achieving greener and less toxic photocatalytic degradation.

Another effective strategy involves the rational design of photo
catalysts to promote the deep oxidation of intermediates, thereby pre
venting their accumulation on the photocatalyst surface. For example, 
Liu et al. [205] investigated the photocatalytic oxidation of gaseous 
toluene using a ZnTi layered double hydroxide (LDH) catalyst. 
Compared with TiO₂, which achieved a removal rate of only 10.9 %, 
ZnTi-LDH exhibited a notably higher toluene removal rate of 75.2 % and 
generated substantially fewer intermediate products. Gas-phase ana
lyses revealed that, under TiO2 catalysis, intermediates such as benzal
dehyde and benzoic acid tended to accumulate, whereas on ZnTi-LDH 
surfaces, abundant hydroxyl groups selectively absorbed and activated 
these key intermediates via hydrogen bonding, driving ring-opening and 
further deep oxidation. Similarly, doping strategies that introduce OVs 
or enhance ROS generation can effectively promote the further oxida
tion of recalcitrant intermediates [206]. For instance, Liu et al. [207]
incorporated aluminum into a ZnSn-LDH, synergistically modulating 
OVs and hydroxyl content at the catalyst surface. This “dual-defect” 
structure significantly enhanced the photocatalyst’s ability to adsorb 
and activate aromatic VOCs, improved e⁻/h⁺ separation, and facilitated 
high-efficiency ROS production. As a result, aromatic ring-opening and 
subsequent mineralization were greatly accelerated.

Beyond optimizing the structural design of photocatalysts, tailoring 
reaction pathways to minimize the accumulation of undesirable by- 
products is also an effective approach. Ma et al. [208] synthesized a 
Bi2SiO5/TiO2 heterojunction photocatalyst, where a unique interfacial 
electron-transfer channel (Bi/Si–O–Ti) facilitated the rapid migration of 
photogenerated electrons to the TiO2 surface. This enhanced the for
mation of highly oxidizing •OH radicals, thereby promoting 
ring-opening oxidation of toluene. Notably, benzoic acid was selectively 
formed at the Bi2SiO5/TiO2 interface, favoring further rapid 
ring-opening and reducing the accumulation of other recalcitrant in
termediates. Consequently, the Bi2SiO5/TiO2 photocatalyst achieved a 
toluene mineralization rate of 85.5 %, significantly surpassing the 
49.0 % rate observed with TiO₂ and leading to more complete conver
sion to CO₂. In another strategy, modifying photocatalyst supports or 
incorporating additives can neutralize or transform hazardous in
termediates. In a recent study, Yang et al. [209] doped nitrogen-rich 
carbon nitride with alkaline-earth metal carbonates (e.g., 
BaCO3/C3N5, CaCO3/C3N5), effectively regulating the NO oxidation 
pathway under photocatalytic conditions. This approach enhanced se
lective oxidation of NO to NO3⁻, and suppressed the formation and 
accumulation of toxic NO2, thereby enabling stable and deep minerali
zation of pollutants. Overall, recent progress highlights a suite of 
methodologies, ranging from selective adsorption and catalyst defect 
engineering to optimized cocatalysts, that researchers are leveraging to 
suppress toxic by-product formation at its source.

5. Preparation methods for photocatalytic materials

5.1. Conventional preparation methods

Conventional photocatalyst syntheses include a wide range of 
physical and chemical approaches applicable to common 
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semiconductors (e.g. TiO₂, ZnO, g-C₃N₄, BiVO₄). Physical techniques 
(such as physical vapor deposition (PVD) [210,211] and thermal spray 
[212,213]) rely on physical transformations, such as evaporation, 
sputtering or high-energy milling, to produce films or coatings. These 
methods are straightforward and often environmentally benign, yielding 
high-purity products and facile deposition on surfaces. However, purely 
physical routes struggle with controlling nanoscale particle size and 
morphology, making them less suited for producing uniform nano 
powders. As a result, industrial photocatalyst production predominantly 
uses chemical methods that afford superior control over composition 
and particle characteristics.

Chemical synthesis methods typically include gas-phase processes 
and liquid-phase techniques. Among gas-phase methods, flame aerosol 
or fumed synthesis involves high-temperature oxidation of volatile 
precursors such as metal chlorides or organometallic compounds, 
leading to nucleation and formation of oxide nanoparticles, as in the 
flame hydrolysis of titanium tetrachloride (TiCl₄) to produce TiO2 [214]. 
This route offered rapid, continuous production of high-purity powders, 
but tended to produce aggregated nanoparticles with broad size distri
butions and irregular shapes.

Liquid-phase methods (sol–gel [215,216], hydrothermal [217,218], 
microemulsion [219,220], etc.) are widely used for both oxide and 
non-oxide photocatalysts due to their mild conditions and tunability. In 
sol–gel processing, metal alkoxides or inorganic salt precursors undergo 
controlled hydrolysis and polycondensation reactions, forming an 
inorganic polymeric gel network. Subsequent heat treatment transforms 
this gel into a crystalline metal oxide. This method facilitates 
molecular-level mixing, leading to highly homogeneous and pure pho
tocatalytic materials, and is suitable for industrial-scale production of 
both thin films and nano powders[221]. Hydrothermal synthesis, car
ried out in sealed autoclaves at elevated temperature and autogenous 
pressure, directly crystallizes materials (such as TiO₂ or BiVO₄) from 
solution, achieving well-defined nanocrystals with controlled phase and 
morphology without the need for high-temperature calcination [222, 
223]. Microemulsion methods utilize nanoscopic reactant droplets sta
bilized by surfactants as “microreactors,” confining nucleation and 
growth to produce extremely uniform nanoparticles with minimal 
agglomeration [224,225].

Conventional synthesis methods each have distinct advantages and 
limitations regarding scalability, crystallinity, and morphological con
trol. Chemical methods typically excel in precisely controlling particle 
size, phase purity, and morphology, whereas physical methods are more 

suited to fabricating thin films or coating structures. Although most 
oxide-based photocatalysts can be synthesized via multiple pathways, 
the optimal process choice is usually dictated by the desired form 
(powder or thin film), crystallinity requirements, and production scale. 
Table 1 summarizes the core principles, general advantages, and 
inherent limitations of these traditional synthesis approaches.

In summary, despite significant advancements, several critical bot
tlenecks continue to impede the industrial-scale application of photo
catalytic technologies. Stability concerns, including particle 
agglomeration, phase instability, and performance deterioration, 
frequently emerge during scale-up, particularly in flame aerosol and 
microemulsion syntheses. Traditional photocatalysts, such as TiO₂ and 
ZnO, exhibit limited visible-light response, primarily absorbing ultra
violet light, thus restricting their practical efficiency under natural 
sunlight conditions. While doping and heterostructure strategies have 
extended their absorption spectra, achieving reproducible and consis
tent performance at industrial scales remains challenging. Additionally, 
chemical synthesis methods such as sol–gel and microemulsion pro
cesses involve extensive use of organic solvents and surfactants, sub
stantially increasing production costs and environmental impacts during 
large-scale manufacturing. Similarly, gas-phase oxidation techniques 
are energy-intensive and pose significant ecological and economic bur
dens. Furthermore, extensive post-synthesis treatments and catalyst 
regeneration further increase operational complexity and costs. Effec
tively addressing these challenges is essential to successfully tran
sitioning photocatalytic materials from laboratory innovation to broad 
industrial deployment.

5.2. Novel methods for the preparation of photocatalytic materials

To effectively address the challenges, recent research has turned to 
novel synthetic approaches that emphasize green chemistry, refined 
nanostructure control, and scalability. The following reviews several 
innovative approaches, including green biosynthesis, plasma-assisted 
electrolysis, microfluidic continuous-flow reactors, mechanochemistry, 
atomic layer deposition (ALD), and direct ink writing (DIW) 3D printing 
technology, demonstrating how each method offers distinct advantages 
over conventional techniques.

“Green” synthesis strategies use harmless reagents (e.g., plant ex
tracts, biological templates) and waste materials for the preparation of 
photocatalysts, avoiding toxic solvents and excessive energy inputs. 
Natural capping agents inherent in these methods mitigate particle 

Fig. 15. Green synthesis method of photocatalysts using plant extracts [230].
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aggregation and significantly enhance environmental compatibility 
[228]. For instance, Gadore et al. [229] introduced an innovative green 
synthetic route using Ocimum tenuiflorum leaf extract as a stabilizer to 
fabricate a novel Z-scheme SnS2/HAp nanocomposite photocatalyst. In 
this approach, hydroxyapatite (HAp) was sustainably derived from 
waste fish scales via alkaline extraction, followed by loading of SnS2 
onto HAp through a mild coprecipitation process at 60◦C. Compared to 
conventional methods, this strategy effectively eliminates reliance on 

costly and highly corrosive chemicals, while simultaneously converting 
waste into value-added materials, thereby reducing environmental 
pollutants. In another study, Larasati et al. [230] developed a green 
synthesis protocol utilizing Moringa oleifera leaf extract as both 
reducing and stabilizing agents to successfully produce a magnetically 
separable and reusable CoFe2O4/ZnS nanocomposite photocatalyst in 
Fig. 15. CoFe2O4 and ZnS nanoparticles were separately synthesized via 
coprecipitation at 60–80◦C; ZnS was subsequently uniformly deposited 

Fig. 16. Innovative photocatalyst synthesis via (a) plasma-assisted electrolysis [231] and (b) microfluidics [232].
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onto CoFe2O4 surfaces through ultrasonic-assisted treatment, forming 
core-shell structures that effectively reduced particle agglomeration and 
improved dispersion. This eco-friendly synthesis leverages phenolic and 
flavonoid compounds from plant extracts to replace hazardous solvents 
and surfactants typical in chemical synthesis, thus enhancing environ
mental compatibility and safety.

To enhance the visible-light activity of TiO2 without the stringent 
requirements of conventional chemical doping methods, plasma- 
assisted electrolysis has emerged as a novel and effective "one-pot" 
synthesis strategy in Fig. 16(a). Kim et al. [231] used a 
plasma-electrolytic approach utilizing nitric acid as the electrolyte, 

applying a 500 V alternating current directly to a metallic titanium 
substrate. Within merely 10 min, uniform N-doped TiO2 nanoparticles 
(12.1–24.7 nm) were produced. Compared to traditional liquid-phase 
methods such as sol-gel or hydrothermal synthesis, this technique 
significantly simplifies the preparation process by avoiding prolonged 
reaction and drying steps, thus enabling direct and rapid formation of 
catalysts from the metallic source. Moreover, adjusting electrolyte 
concentrations allows precise control over particle size and nitrogen 
doping levels, enhancing the photocatalytic activity of the resulting 
materials in the visible spectrum. Another promising synthetic approach 
was the use of microfluidic continuous-flow reactors in Fig. 16(b). Deng 
et al. [232] developed a novel microfluidic system comprising a coiled 
stainless-steel microreactor, facilitating rapid heat and mass transfer, 
thereby overcoming the inherently sluggish diffusion kinetics of tradi
tional batch reactors. Under conditions of 180◦C, anatase TiO2 nano
particles (~5 nm) were synthesized within 3.5 min, a remarkable 
reduction compared to conventional hydrothermal techniques, which 
typically require several hours or even longer reaction durations.

Mechanochemical synthesis, exemplified by high-energy ball mill
ing, has emerged as a solvent-free and efficient strategy for preparing 
photocatalytic nanoparticles and doped composites. This technique 
utilizes mechanical forces to drive solid-state reactions, eliminating 

Fig. 17. Mechanochemical synthesis of doped photocatalytic nano
materials [234].

Fig. 18. ALD for precise photocatalyst structuring [240].

Fig. 19. Advanced photocatalyst architecture fabricated by 3D printing: (a) Liu et al. [244]; (b) Iborra-Torres et al. [245].
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extensive solvent use and facilitating the formation of beneficial defects 
or phase transformations otherwise challenging to achieve through 
conventional wet-chemical methods [233]. Yang et al. [234] developed 
a mechanochemically assisted sol–gel approach for synthesizing 
nickel-doped TiO2 nanoparticles (Fig. 17). In their procedure, solution A 
was prepared by mixing tetrabutyl titanate with absolute ethanol, while 
solution B was formed by combining nickel nitrate, glacial acetic acid, 
deionized water, and ethanol with pH adjustment. These solutions were 
subsequently mixed to form a gel, which after drying underwent 
mechanochemical ball milling (100 rpm, 15 min) using corundum 
spheres, followed by calcination at 500 ◦C. The milling process effec
tively disrupted particle agglomeration within the gel matrix, resolving 
issues related to uneven precursor mixing, aggregation, and contami
nation encountered in conventional synthesis methods. Additionally, 
this mechanochemical route avoided excessively high calcination tem
peratures, thereby preserving the integrity of the nanocrystalline 
structure. This one-step, solvent-free method offers simplicity, scalabil
ity, and environmental compatibility, thus presenting significant po
tential for industrial-scale production.

ALD is a gas-phase deposition technology based on surface self- 
limiting reactions, enabling precise control over thin-film thickness 
and composition at atomic-level resolution (angstrom-scale) [235]. In 
recent years, ALD has increasingly gained prominence in photocatalysis, 
particularly for fabricating conformal coatings [236], doping layers 
[237], and co-catalyst clusters [238] with unprecedented accuracy. 
Compared with traditional impregnation or co-precipitation techniques, 
which often suffer from non-uniform coverage or particle agglomera
tion, ALD provides uniformity and reproducibility at the nanoscale by 
enabling atomically precise, layer-by-layer growth. Consequently, it 
offers a novel route for profound optimization of surface and interfacial 
properties in photocatalytic materials [236,239]. For instance, Parasa 
et al. [240] utilized ALD to uniformly deposit ZnO nanoparticles onto 
MIL-100(Fe) frameworks, yielding highly efficient ZnO/MIL-100(Fe) 
composite photocatalysts (Fig. 18). MIL-100(Fe) nanocrystals were 
synthesized via a hydrothermal method (150 ◦C, 40 h), followed by 
precise deposition of ZnO using zinc acetate as the ALD precursor at 200 
◦C over 0.5–2 ALD cycles. Compared to conventional techniques, this 
ALD-based approach provided atomically accurate control and homo
geneous distribution of nanoparticles, effectively mitigating common 
issues such as nanoparticle agglomeration, non-uniform dispersion, and 
lattice mismatches at interfaces. Similarly, Saedy et al. [241] utilized 
ALD to prepare a CuxO/TiO2 composite photocatalyst. Using a 
fluidized-bed reactor at 250 ◦C with Cu(I)(hfac)(TMVS) as the copper 
source and water as the reactant, they achieved precise deposition of 
uniformly sized CuxO nanoclusters (~1.7 nm) onto TiO2 particle sur
faces. This methodology avoided limitations inherent in conventional 
liquid-phase impregnation and precipitation methods, particularly the 
challenges in controlling particle size and ensuring dispersion unifor
mity. Thus, ALD facilitated atomic-level precision and high dispersion of 
CuxO nanoparticles on TiO2.

3D printing technology has demonstrated great potential in the 
design and fabrication of photocatalysts. In contrast to traditional pho
tocatalysts prepared primarily as powders, which are prone to aggre
gation and difficult to recover, 3D printing technology can directly 
construct integrated monoliths, lattice structures, or films on demand, 
enabling precise customization of photocatalyst architectures at the 
macroscopic scale. Importantly, these structured photocatalysts are 
easier to handle and more readily reusable [242,243]. For example, Liu 
et al. [244] reported a hybrid approach combining hydrothermal syn
thesis and DIW 3D printing to fabricate structured rGO@ZnO/geopol
ymer composite photocatalysts in Fig. 19(a). Initially, rGO-ZnO 
composites were prepared hydrothermally from ZnO, NaOH, and GO 
at 180 ◦C for 12 h. The obtained rGO@ZnO was then mixed with a 
metakaolin-based geopolymer slurry, dried at 60 ◦C for 7 days, ground 
into powder, and subsequently structured into complex geometries 
using DIW printing. In another study, Iborra-Torres et al. [245]

successfully synthesized structured perovskite oxynitride (SrNbO₂N) 
photocatalysts via DIW 3D printing in Fig. 19(b). SrNbO₂N powders 
synthesized using a polymeric precursor method were combined with 
Al₂O₃ supports, methylcellulose binder, and nitric acid aqueous solution 
to formulate printable inks. Following 3D printing, the organic constit
uents were removed by calcination at 650 ◦C under air, yielding pre
cisely structured monolithic photocatalysts. Inclusively, these studies 
illustrate that compared to photocatalyst powders prepared by tradi
tional methods, which suffer from difficulties in recovery, severe ag
gregation, and low reuse efficiency, photocatalysts fabricated via 3D 
printing technology exhibit significantly improved structural stability, 
ease of recovery, and reusability.

In summary, these emerging synthesis strategies for photocatalysts 
not only adhere to green chemistry principles by minimizing toxic sol
vents and energy consumption, but also substantially enhance the pre
cision and uniformity of nanostructures through advanced methods such 
as ALD and microfluidic processing. Furthermore, innovative techniques 
including plasma-assisted and mechanochemical syntheses significantly 
simplify preparation procedures, reducing reaction times and associated 
costs. Also, additive manufacturing technologies such as 3D printing 
have enabled structural customizability and scalability. These system
atic advancements effectively overcome critical bottlenecks associated 
with traditional photocatalyst preparation methods, laying a robust 
foundation for the efficient and sustainable development of next- 
generation photocatalytic materials [246–251].

6. Conclusions and perspectives

This review systematically summarizes the key factors affecting the 
performance of photocatalysts, elucidating strategies for enhancing 
photocatalyst activity via surface modification and functionalization. It 
further provides an in-depth analysis of cutting-edge approaches to 
overcoming key bottlenecks in practical photocatalytic applications. 
Notably, emerging synthetic methodologies demonstrate distinct ad
vantages over conventional techniques by effectively mitigating particle 
agglomeration, enhancing structural stability, broadening visible-light 
responsiveness, and significantly reducing environmental and eco
nomic costs. The main conclusions are as follows: 

(1) Achieving superior photocatalytic performance depends criti
cally on the synergistic optimization of intrinsic semiconductor 
properties and operating conditions. Bandgap energy adjustment, 
illumination intensity thresholds, and reaction parameters (e.g., 
temperature and pH) maximize photon utilization efficiency and 
reaction kinetics. Moreover, interfacial engineering strategies 
enhance photocatalyst functionality: ferroelectric interface en
gineering leverages intrinsic polarization-induced electric fields 
to promote efficient charge carrier separation; hydrogel-based 
composite systems mitigate nanoparticle aggregation through 
hydrophilic porous networks, improving catalyst recyclability 
and stability; heterojunction and homojunction architectures 
achieve an effective balance between catalytic activity and long- 
term stability; defect engineering finely modulates electronic 
structures, broadening spectral response and enhancing carrier 
mobility. These innovative interfacial and composite structures 
substantially control charge dynamics, thereby pushing photo
catalytic performance beyond traditional limits.

(2) Practical application of photocatalysts remains constrained by 
three critical bottlenecks: mass transfer limitations, catalyst 
deactivation, and toxic byproduct formation. Mass transfer limi
tations cause inadequate reactant availability at active sites, 
which can be alleviated through advanced reactor designs such as 
fluidized beds, rotating disk reactors, and magnetically actuated 
biomimetic cilia to enhance interfacial diffusion. Catalyst deac
tivation predominantly originates from photochemical corrosion 
and active-site poisoning; strategies such as using inert supports 
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or constructing protective heterojunctions (e.g., encapsulation of 
CdS by g-C₃N₄) substantially improve catalyst stability. Addi
tionally, single-atom catalysts (e.g., cobalt atoms anchored on 
doped g-C₃N₄) enhance recyclability via strong metal–support 
interactions. Toxic byproduct formation can be effectively miti
gated by precise structural and surface modifications, steering 
reaction pathways towards complete mineralization.

(3) The integration of fundamental theory and frontier engineering 
techniques is reshaping the trajectory of next-generation photo
catalyst development. Emerging bottom-up synthetic strategies 
and fabrication processes are overcoming longstanding limita
tions in precise control of catalyst composition and structural 
characteristics. Green biosynthesis, plasma-assisted electrolysis, 
microfluidic continuous-flow reactors, and mechanochemical 
methods minimize environmental impacts and production costs 
as well as accelerate catalyst formation and streamline scalable 
manufacturing. Additionally, ALD enables uniform doping and 
cocatalyst coatings at angstrom-level precision, while 3D printing 
facilitates customized photocatalytic architectures, significantly 
enhancing photon utilization efficiency and catalyst reusability. 
These cutting-edge methodologies synergistically mitigate crit
ical issues inherent to conventional synthesis, such as particle 
aggregation, insufficient phase stability, limited visible-light 
response, and precursor toxicity, laying a robust foundation for 
industrial-scale production of advanced photocatalysts.

(4) Emerging data-driven methods, particularly machine learning, 
provide a powerful pathway for accelerating the discovery and 
optimization of advanced photocatalytic materials. By utilizing 
predictive algorithms and extensive materials datasets, re
searchers can rapidly identify high-performance catalyst com
positions and structures, surpassing conventional trial-and-error 
approaches. Concurrently, interdisciplinary integration is poised 
to unlock novel reaction frontiers. For instance, coupling photo
catalysis with electrocatalysis or photothermal catalysis could 
establish synergistic pathways, enhancing efficiencies beyond the 
sum of individual processes. Such integrated strategies promise to 
overcome current performance bottlenecks and revolutionize 
solar energy conversion.

(5) Another crucial direction lies in developing scalable and envi
ronmentally sustainable manufacturing technologies to facilitate 
the practical deployment of advanced photocatalysts. Techniques 
such as ALD and 3D printing enable atomic-level precision in 
catalyst nanostructure fabrication, while remaining fully 
compatible with high-throughput production requirements. 
Equally important is reactor engineering: innovative reactor 
systems that combine efficient light harvesting with enhanced 
mass transport will ensure optimal convergence of photons and 
reactants at catalytic active sites, thereby maximizing catalytic 
turnover rates. These advancements will help bridge the existing 
gap between laboratory breakthroughs and practical clean- 
energy technologies.
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