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Abstract: Urban environmental pollution, stormwater
runoff, and the urban heat island effect are challenges that
are increasingly faced by cities. The impermeability of
traditional concrete and its inability to effectively address
pollution exacerbate these issues. Photocatalytic pervious
concrete combines permeability with photocatalytic func-
tionality to enable pollutant degradation while managing
rainwater, thus providing a sustainable solution. In this
paper, the research progress on photocatalytic pervious
concrete is reviewed, with a focus on the mechanisms and
limitations, including poor visible-light response and low
stability, of classic photocatalysts such as TiO,, ZnO, and g-
C3N,. The synergistic effects of adsorption and photocatalysis
are explored, as well as the use of composite materials like
carbon-based compounds and metal-organic frameworks
(MOFs) to enhance performance. Long-afterglow phosphors
can extend photocatalytic activity beyond sunlight exposure,
but challenges remain in terms of stability and cost-
effectiveness. Despite progress, issues such as photo-
catalyst agglomeration, structural trade-offs, and durability
still hinder large-scale applications. Future research should
focus on visible-light responsive materials, optimized phos-
phors, self-healing technologies, and intelligent monitoring
systems to improve durability.
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1 Introduction

Concrete is the most widely used construction material
worldwide [1-3], and its consumption has increased drasti-
cally with rapid industrialization and urbanization, as
shown in Figure 1. As cities expand and infrastructure de-
mands rise, there is an urgent need for durable materials
capable of addressing the unique challenges associated with
urban environments [4, 5]. Although traditional concrete
plays a crucial role in urban development, its inherent
drawbacks cannot be overlooked. The widespread use of
concrete exacerbates issues such as the urban heat island
effect, as its high thermal capacity, combined with the rela-
tive reduction in green spaces and water bodies, leads to
significantly higher temperatures in urban areas than in
rural regions [6, 7]. Traditional concrete surfaces often
impede rainwater management, contributing to difficulties
with urban flood control and water quality protection [7, 8].
Additionally, urban areas are affected by air pollutants such
as nitrogen oxides (NOy), which are reactive gases produced
from vehicle emissions and industrial processes, and volatile
organic compounds (VOCs), which are organic chemicals
that easily vaporize and contribute to air pollution; both of
these types of pollutants degrade air quality and pose serious
health risks to humans [9-11]. To address these challenges,
various green infrastructure solutions have been proposed,
such as green roofs and pervious pavements. While these
solutions help manage stormwater and reduce heat, they do
not provide significant pollutant degradation capabilities.
Additionally, many traditional methods require regular
maintenance and the use of chemical agents, which in-
creases the environmental effects of these chemicals.
Photocatalytic pervious concrete has gained consider-
able attention as a promising sustainable infrastructure
material to address these pressing environmental challenges
[12-14]. Pervious concrete is a type of concrete that is char-
acterized by highly interconnected pores that allow water to
pass through, thus promoting rainwater infiltration and
reducing runoff. Photocatalysis is a process where a mate-
rial, known as a photocatalyst, uses light energy to accelerate
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Figure 1: Global cement production. Stacked
bar chart that displays global cement usage by
country from 2000 to 2024. The x-axis repre-
sents the years (2000, 2005, 2010, 2015, 2020,
and 2024), while the y-axis represents cement
usage in million tons. The colours in the
stacked bars represent various countries,
including China, India, USA, EU, Brazil, and
Russia. The black line with markers shows the

2000 2005

chemical reactions, such as the breakdown of pollutants [15].
This material retains the permeability of traditional
pervious concrete, allowing rainwater infiltration and
groundwater recharge; however, this material also has
photocatalytic functionality, thereby enabling pollutant
degradation [16, 17]. This dual functionality makes it an ideal
choice for mitigating urban pollution, improving water
quality, and reducing air pollution. For example, Li et al.
demonstrated that the use of photocatalytic pervious con-
crete could reduce pollutant concentrations by up to 60 %,
depending on sunlight exposure and pollutant type [18].
Similarly, Khannyra et al. reported that its surface could
effectively reduce NOy levels in high-traffic areas, making ita
suitable material for sidewalks, parking lots, and plazas in
urban environments [19]. Moreover, by promoting natural
rainwater infiltration, photocatalytic pervious concrete re-
duces the reliance on drainage infrastructure, thereby
lowering urban construction and maintenance costs; its self-
cleaning properties also reduce the need for chemical
cleaning agents, further minimizing environmental pollu-
tion [20, 21]. As shown in Figure 2, research interest in
photocatalytic materials and concrete has been steadily
increasing in recent years, reflecting the growing academic
focus on this material.

In summary, with the acceleration of urbanization and
the increasing severity of environmental problems, the de-
mand for sustainable infrastructure continues to grow. In
light of these issues, photocatalytic pervious concrete has
emerged as a promising innovative material owing to its
dual functionality in pollutant degradation and stormwater
management. Recent research on photocatalytic pervious
concrete has focused on the following main aspects: 1)
key research areas, particularly its performance in
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global total cement usage over time, which
indicates an overall increasing trend.
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Figure 2: Number of recent publications on the topics of photocatalysis
and concrete. The figure shows the number of recent publications over
time from 2010 to 2024. The x-axis represents the years, while the y-axis
represents the number of publications. The upward-pointing arrow em-
phasizes the growth in the number of publications over time.

photocatalytic pollutant degradation; 2) existing research
gaps, including limitations in photocatalytic activity dura-
tion under light exposure; and 3) future research priorities,
such as optimizing material formulations to enhance dura-
bility and adaptability to various environmental conditions.
However, several challenges remain unresolved, including
the long-term stability of photocatalytic materials and their
performance in complex environments. This review aims to
comprehensively summarize the research progress for
cement-based photocatalytic materials through a systematic
analysis approach that combines bibliometric analysis and
literature review. The objectives of this review are to 1)
summarize key research themes in the field, including major
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research areas, influential institutions, and leading publi-
cations; 2) analyze critical scientific issues related to cement-
based photocatalytic materials, such as the performance of
classic photocatalysts and the synergistic effects of adsorp-
tive photocatalysts; and 3) identify current research limita-
tions, noting that traditional photocatalytic materials can
only effectively degrade pollutants under light irradiation,
which severely restricts their performance at night or under
low-light conditions. Furthermore, future research di-
rections are proposed to promote the widespread applica-
tion of these materials in green infrastructure. The findings
of this study will contribute to the further optimization of
photocatalytic pervious concrete and facilitate its practical
application in environmental management and urban sus-
tainable development.

2 Fundamentals of permeability
and photocatalysis

2.1 Fundamental principles of
photocatalysis

Photocatalysis is a process in which a photocatalyst absorbs
light energy to accelerate a chemical reaction [22]. When the
photon energy is equal to or greater than the bandgap of the
photocatalyst, electron excitation occurs:

PC+h—e +h" @

The photogenerated electrons (e”) and holes (h*) further
react with water (H,0) and oxygen (0,) to form highly
reactive oxygen species, such as hydroxyl radicals ((OH) and
superoxide anions (O ). These reactive species can oxidize
and degrade pollutants:

h* + H,0 - OH +H* %)
e + 02 g O; (3)
0, +H,0 » OH +OH +0, @

These radicals can further oxidize and decompose NOy
and volatile organic compounds (VOCs), thereby converting
them into harmless products:

VOCs + OH — CO, + H,0 (5)

NO + OH — HNO; (6)

The fundamental mechanism of photocatalysis is illus-
trated in Figure 3, where the photocatalyst is activated under
light irradiation. When photons with sufficient energy strike
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the surface of the photocatalyst, they excite electrons from
the valence band to the conduction band, resulting in posi-
tively charged holes. These electron-hole pairs react with
water and oxygen in the environment, generating reactive
radicals that decompose organic and inorganic pollutants
[23-25].

Photocatalytic reactions in building materials, such as
concrete, hold great potential for air and water purification
[18]. Photocatalysts can be integrated into the surface of
concrete or incorporated into the cement matrix, enabling
the material to degrade pollutants when exposed to sunlight
[14]. Studies have shown that photocatalysts can effectively
reduce NOy and VOC levels in urban environments [10, 25]. In
addition to the well-known TiO,, other photocatalysts, such
as zinc oxide (ZnO) and tungsten oxide (WOs), have been
used in building materials [16]. However, TiO, remains the
most widely applied material because of its stability under
ultraviolet light, its low cost, and its high reactivity [20, 24].
Furthermore, researchers are aiming to increase the activity
of photocatalysts under visible light by exploring modifica-
tions such as doping with transition metals or coupling with
other semiconductors [19, 23, 26].

2.2 Photocatalytic materials
2.2.1 Titanium dioxide (TiO,)

Titanium dioxide (TiO,) has become the most widely used
material in photocatalysis because of its strong oxidizing
ability and high chemical stability [27]. The greatest advan-
tages of TiO, are its chemical stability and relatively low cost,
making it suitable for long-term applications in various en-
vironments, including self-cleaning building materials, air
purification devices, and water treatment systems [20].
However, TiO, has a relatively large bandgap (approxi-
mately 3.2 eV), which allows it to absorb only ultraviolet
light, which greatly limits its efficiency under natural light
since ultraviolet light accounts for only approximately 5 % of
the solar spectrum. Therefore, improving the visible light
responsiveness of TiO, has become an important research
direction [28].

To address the limitations of TiO,, researchers have
employed various modification methods, including doping,
surface modification, and composite materials [29, 30].
Doping is the most common modification method; with this
method, nonmetallic elements such as nitrogen, carbon,
sulphur, and phosphorus or metallic elements such as silver,
copper, and iron are introduced into TiO, to effectively
narrow its bandgap, thereby extending its light absorption
range to the visible light spectrum [31]. For example, in
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nitrogen-doped TiO,, new energy states that reduce the
bandgap energy are introduced, enabling TiO, to absorb part
of the visible light spectrum [28]. In addition, metal ion
doping enhances light absorption and promotes the sepa-
ration of electron-hole pairs during photocatalytic re-
actions, reducing recombination rates and thus improving
photocatalytic efficiency [26, 32].

2.2.2 Zinc oxide (ZnO)

Zinc oxide (Zn0) has a bandgap energy similar to that of TiO,
(approximately 3.2 eV), and its higher electron mobility helps
promote the separation of electron-hole pairs, thereby
improving the photocatalytic efficiency. Compared with
TiO,, ZnO exhibits greater photocatalytic activity under ul-
traviolet light. ZnO shows good chemical stability in neutral
or weakly acidic environments and basic aqueous environ-
ments; however, its surface is prone to dissolution or
passivation in strongly acidic, basic, and high ionic concen-
tration environments, which may affect its catalytic activity
[33]. Moreover, prolonged photocatalytic reactions may lead
to the passivation or loss of surface active sites, thereby
hindering its catalytic performance. This limitation affects
the performance of ZnO in long-term applications, such as in
aquatic environments [34].

Researchers have explored a variety of doping and
composite material preparation methods to improve the
stability of ZnO and extend its light absorption range [35, 36].
For example, doping ZnO with nitrogen, sulphur, or metal
elements (such as silver and copper) can effectively reduce
its bandgap, enabling it to absorb a larger proportion of
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Figure 3: Schematic diagram of the
photocatalytic degradation of pollutants. The
figure shows the basic mechanism of
photocatalysis. Photons with sufficient energy
hit the surface of the photocatalyst and push
electrons from the valence band to the
conduction band, thus leaving behind
positively charged holes. These electron-hole
pairs react with water and oxygen in the
environment to form active free radicals that
decompose organic and inorganic pollutants.

visible light [37]. Moreover, composite materials with other
photocatalysts (such as TiO, or g-C3N,) can further enhance
its photocatalytic performance and stability [16]. Addition-
ally, surface modification techniques for ZnO can increase
its durability and photocatalytic activity [38].

Zn0 has widespread applications in self-cleaning ma-
terials, antibacterial coatings, and water treatment mem-
branes. For example, on exterior wall coatings of buildings,
Zn0 maintains surface cleanliness by degrading attached
organic pollutants [39]. Furthermore, the antibacterial
properties of ZnO make it an ideal choice for antibacterial
coatings in indoor environments [40]. In water treatment
systems, ZnO can be used to remove organic pollutants and
bacteria from water. Particularly in outdoor environments
with sufficient ultraviolet light, ZnO is a promising material
for water purification owing to its efficient photocatalytic
activity [41].

2.2.3 Graphitic carbon nitride (g-C3N,)

Graphitic carbon nitride (g-C3N4) is an emerging photo-
catalytic material that has attracted significant attention
because of its unique electronic structure and visible light
responsiveness. The bandgap of g-CsN, is relatively narrow
(~2.7eV), allowing it to absorb visible light and induce cat-
alytic reactions under lower light conditions [42]. Its chem-
ical stability and low toxicity make it an environmentally
friendly photocatalytic material.

The advantage of g-C3N, over TiO, and ZnO is its visible
light responsiveness, enabling effective photocatalytic re-
actions under natural light and low light conditions [18].
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However, the photocatalytic efficiency of g-CsN, is relatively
low, particularly the efficiency of electron-hole pair sepa-
ration. The small specific surface area of g-C3N, limits its
performance in catalytic applications that require a higher
density of active sites [43]. Methods such as porosification,
nanostructuring, and composite material design can signif-
icantly increase the specific surface area of this material,
thereby increasing its catalytic efficiency [44].

To increase the photocatalytic efficiency of g-C3N,, re-
searchers have modified it through various doping methods.
Doping with oxygen, sulphur, or metals can effectively in-
crease the charge separation efficiency of g-C3N; and its
photocatalytic performance [45]. Additionally, g-CsN, is
often combined with other semiconductor materials to form
heterojunctions. This design can increase light absorption
and promote the separation of electron-hole pairs, thereby
increasing photocatalytic activity [46, 47].

g-CsN, has broad applicability in fields such as water
purification, air purification, and hydrogen production. For
example, g-C3N, can be used to degrade organic pollutants
and pharmaceutical residues in water, playing an important
role in environmental protection [44]. Additionally, owing to
its strong visible light absorption capacity, g-C3N, can be
used in solar-driven water splitting reactions to produce
clean hydrogen fuel [48].

2.2.4 Silver-based compounds

Silver-based photocatalytic materials, particularly silver
nanoparticles and silver halides (e.g., Ag/AgCl), exhibit good
visible light absorption capabilities because of their unique
surface plasmon resonance (SPR) effect [49]. Silver nano-
particles can effectively generate reactive oxygen species
under light exposure, thereby degrading organic pollutants
in the environment [50].

The main advantage of silver-based photocatalysts is
their ability to induce photocatalytic reactions under
visible light, resulting in efficient pollutant degradation
performance under natural light conditions [51]. Further-
more, silver has inherent antibacterial properties, making
it widely applicable in antibacterial coatings and air puri-
fication systems. However, the large-scale application of
silver is limited by its high cost and potential environ-
mental impacts. To overcome these limitations, researchers
are developing composite materials with lower silver con-
tents to improve their cost-effectiveness and sustainability
[52, 53].

Silver-based photocatalytic materials are often com-
bined with other traditional photocatalysts (e.g., TiO,, ZnO)
to create composites with synergistic effects. This approach
can improve the photocatalytic performance and stability of
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the materials [54]. For example, Ag/AgCl-TiO, composite
materials exhibit increased photocatalytic activity under
visible light, with silver nanoparticles helping to facilitate
electron transfer, thus reducing the recombination of elec-
tron-hole pairs [55].

Silver-based photocatalytic materials are commonly
used in water and air purification systems, self-cleaning
coatings, and antibacterial coatings. In water treatment
systems, Ag/AgCl can effectively degrade organic dyes,
pesticides, and other persistent organic pollutants in water
[52]. In air purification systems, silver-based materials can
capture and decompose VOCs in the air, thereby reducing
the concentration of air pollutants in both indoor and
outdoor environments [56]. Additionally, the antibacterial
properties of silver-based materials make them highly
valuable in public health settings such as hospitals and
laboratories [53].

2.2.5 Bismuth-based materials

Bismuth-based photocatalytic materials, such as bismuth
vanadate (BiVO,) and bismuth tungstate (Bi,WOg¢), have
relatively narrow bandgaps (approximately 2.4-2.8eV),
allowing them to effectively absorb visible light. The unique
layered structure of bismuth-based materials helps increase
the separation efficiency of electron-hole pairs, reduce
recombination rates, and thereby improve photocatalytic
activity [22, 57].

The main advantages of bismuth-based materials are
their strong visible light responsiveness and their chemical
stability, particularly their high stability in aqueous envi-
ronments, making them ideal for long-term use in water
treatment systems [58]. However, the photocatalytic effi-
ciency of bismuth-based materials is relatively low, espe-
cially under ultraviolet light, where their activity is inferior
to that of traditional TiO, and ZnO [59].

To improve the photocatalytic performance of bismuth-
based materials, researchers often increase their activity by
combining them with other photocatalytic materials [26, 60].
For example, BiVO, and g-C3N, composite materials exhibit
high photocatalytic efficiency under both ultraviolet and
visible light. This composite structure significantly improves
the electron-hole pair separation efficiency, thereby
increasing the overall activity of the material [61].

Bismuth-based materials are widely used in water
treatment and air purification applications. For example,
BiVO, can effectively degrade organic dyes, pharmaceutical
residues, and other difficult-to-treat organic pollutants in
water treatment systems [62, 63]. In air purification appli-
cations, Bi,WOg can decompose harmful gases in the air,
reducing urban air pollution [64, 65].
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2.2.6 Perovskite-based photocatalysts

Owing to their unique ABX; crystal structure and tuneable
bandgap properties [66], perovskite-based photocatalysts,
such as strontium titanate (SrTiOs), exhibit high photo-
catalytic activity under visible light. By adjusting the
elemental composition of perovskite materials, their
bandgap energy can be controlled, thereby optimizing their
photocatalytic performance [67].

The advantages of perovskite-based materials include
their flexible crystal structure and efficient charge sepa-
ration ability, enabling high-efficiency photocatalytic re-
actions under visible light [68]. However, the long-term
stability and environmental adaptability of perovskite
materials still require further research, particularly in
practical applications such as water treatment and air pu-
rification, where their durability and stability need to be
further improved [69].

The photocatalytic performance of perovskite materials
can be significantly improved by doping these materials
with different metals (e.g., niobium or molybdenum) or
combining them with other photocatalysts. Doping can
further improve their charge separation efficiency and
enhance their absorption of visible light. Additionally,
composite structures improve the stability of the material
and extend its lifespan [70, 71].

Perovskite-based photocatalysts have shown broad
application prospects in environmental pollution control
and solar-driven hydrogen production applications. For
example, SrTiO; has a high hydrogen production rate in
water splitting reactions, making it a potential candidate
for solar-driven water splitting [72, 73]. Moreover, perov-
skite materials can be used to degrade organic pollutants
in air purification and wastewater treatment systems
[74, 75].

In conclusion, photocatalytic technology, with its
efficient, green, and sustainable characteristics, has long
been considered an economically feasible and environ-
mentally friendly cutting-edge technological approach.
Table 1 summarizes the main characteristics of various
classic photocatalytic materials and new semiconductor
photocatalytic materials (such as bismuth-based materials
and graphitic carbon nitride (g-C3N,)). However, these
materials still have several limitations in practical appli-
cations, such as wide bandgaps, low light absorption
efficiency, susceptibility to aggregation, and rapid
recombination of photogenerated electron-hole pairs.
These bottlenecks significantly limit their effectiveness in
the photocatalytic degradation of pollutants in practical
applications [76-78].
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Table 1: Main characteristics of classic photocatalytic materials and new
semiconductor photocatalytic materials.

Photocatalytic = Bandgap Advantages Limitations

material (eV)

TiO, 3.2 High chemical sta-  Only absorbs ultravi-
bility, strong oxida- olet (UV) light (~5 %
tion ability, low cost of solar spectrum),

poor visible-light
response

Zn0 3.2 High photocatalytic Prone to photo-
activity, high elec-  degradation in
tron mobility, low  aqueous environ-
cost ments, relatively poor

stability

g-C3Ny4 2.7 Strong visible-light Low photocatalytic
response, good efficiency, low elec-
chemical stability, ~ tron-hole separation
environmentally efficiency, small spe-
friendly and cific surface area
nontoxic

Silver-based 1.8-3.1 Surface plasmon High cost of silver,

compounds resonance (SPR) ef- potential environ-
fect, strong visible- mental impact
light absorption,
excellent antibacte-
rial properties

Bismuth-based 2.4-2.8 Strong visible-light Low UV response,

materials absorption, good  lower photocatalytic
chemical stability,  efficiency
high electron-hole
separation
efficiency

Perovskite- 2.0-3.0 Tunable crystal Lack of long-term

based structure, good stability and environ-

photocatalysts visible-light mental adaptability

response, efficient
charge separation

2.3 Permeability of porous materials

Permeable concrete is a high-permeability material, and its
permeability primarily depends on the pore structure, size
distribution, and overall porosity of the concrete [79, 80].
Unlike dense and impermeable traditional concrete,
permeable concrete has interconnected voids, with internal
pores categorized as interconnected pores, semiconnected
pores, or closed pores, as shown in Figure 4, providing
channels for water flow. These features make permeable
concrete an effective material for managing urban runoff
[7, 79].

Although pervious concrete is used primarily to manage
urban stormwater runoff, its permeability also plays a
crucial role in enhancing the photocatalytic process. The
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Close pore

Connected pore

porous structure of pervious concrete, which features
interconnected pores of various sizes, increases the surface
area for interaction between photocatalysts and pollutants
such as nitrogen oxides (NOy) and volatile organic com-
pounds (VOCs). As rainwater permeates through the con-
crete, it maintains continuous contact between the
photocatalytic material and pollutants, thereby enhancing
the degradation process when the water flows over the
concrete surface and interacts with the light-activated
photocatalyst. Furthermore, the permeability of the con-
crete facilitates better dispersion of the photocatalyst,
which ensures that pollutants are degraded not only on the
surface but also within the internal pores, thereby
improving the overall pollutant removal efficiency.
Therefore, the permeability of pervious concrete supports
the efficiency and effectiveness of photocatalysis directly,
thus contributing to both stormwater management and air
quality improvement.

The flow of water through porous materials is gov-
erned by Darcy’s Law, as shown in Eq. (7), which links the
rate of flow through a porous medium to the permeability
and pressure gradient of the material. In permeable con-
crete, the main factors influencing permeability include
the pore size, pore connectivity, and ratio of aggregate to
cement. Larger and more connected voids increase the
permeability but may compromise the strength of the
concrete. Therefore, balancing permeability and struc-
tural strength is crucial in the design of permeable con-
crete [81].

™

Q: The unit time flow of concrete, which is used to measure
permeability.
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Semi-connected pore

Figure 4: Classification of internal pores in
pervious concrete. The figure shows that
permeable concrete has interconnected voids,
and its internal pores can be divided into
connected pores, semi-connected pores and
closed pores.

k: The permeability coefficient of concrete, which in-
dicates the ability of water to flow through the porous
structure of permeable concrete.

A: The water-contact area of permeable concrete, which
affects the overall permeability efficiency.

Ah: The hydraulic head difference, reflecting the pres-
sure change between bhoth ends of the permeable concrete.

L: The thickness of the concrete, which affects the water
flow path.

The design of permeable concrete requires compre-
hensive consideration of the aggregate size, the ratio of
cement to aggregate, and compaction techniques to balance
the permeability and mechanical properties [8]. Each
parameter should be optimized on the basis of specific en-
gineering requirements and environmental conditions. The
optimal permeability depends on the appropriate design of
the pore structure and the stable bonding of aggregates with
an appropriate amount of cement paste. By optimizing the
aggregate particle size, water-to-cement ratio, compaction
process, and cement paste fluidity, an ideal balance between
permeability and mechanical performance can be achieved
[82]. The pore distribution particularly affects the efficiency
of water flow through concrete; larger and more uniform
pores increase the flow rate.

The key step in the design of permeable concrete in-
volves optimizing the pore structure to balance high
permeability with good durability [82]. The size and grading
of aggregates directly affect the porosity and water flow rate,
while the incorporation of supplementary cementitious
materials, such as fly ash and silica fume, can further in-
crease durability [83, 84]. Through the reasonable design of
material proportions and the use of appropriate construc-
tion techniques, permeable concrete can be widely applied
in urban rainwater management, road drainage, and
ecological environmental protection [85].
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3 Synergistic effects of
photocatalytic and adsorption
properties

3.1 Mechanisms of adsorption-
photocatalysis synergy

The synergistic effects of adsorption and photocatalysis
are crucial for improving the efficiency of photocatalytic
reactions. This coupling mechanism combines the advan-
tages of adsorption and photocatalysis; in particular, pol-
lutants on the surface of the catalyst are localized and
concentrated via adsorption, while pollutants are
degraded through light-driven reactions via photo-
catalysis [86]. Throughout this process, adsorption leads to
the enrichment of pollutants on the catalyst surface,
significantly increasing the contact opportunities between
pollutants and active species, reducing diffusion limita-
tions, and thus significantly increasing the reaction rate
[87]. Moreover, adsorption results in the efficient capture
of low-concentration pollutants, ensuring contact with the
catalyst. Even trace amounts of drugs or dyes in water
can be effectively treated [88]. Furthermore, through
functionalized adsorbents, adsorption allows pollutants
to be selectively captured on the basis of their size,
charge, or chemical affinity. This selectivity significantly
optimizes the degradation pathway and reduces competi-
tion for active sites among pollutants [89]. The synergistic
effects of adsorption and photocatalysis enable the
simultaneous capture and degradation of pollutants and
eliminate the need for additional separation steps, thus
increasing the overall efficiency and practicality of the
process.

Adsorption plays a crucial role in optimizing the
selectivity and efficiency of the photocatalytic degradation
process. For example, adsorbents such as activated carbon,
metal-organic frameworks (MOFs), and zeolites, when
combined with photocatalysts such as TiO, or g-C3N,4, have
high surface areas and optimized pore structures that in-
crease the pollutant capture efficiency [90-92]. By
concentrating pollutants at specific catalytic sites,
adsorption effectively reduces the occurrence of side re-
actions, improving the selectivity of the photocatalytic
reaction and thus increasing the yield of the final products
[93]. Thus, through adsorption, the initial pollutants in the
photocatalytic process are captured and the reaction in-
termediates are stabilized, ensuring that these in-
termediates are fully converted into harmless final
products.
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3.2 Influence of adsorption on the stability
of reaction intermediates

During the reaction process, adsorption results in the sta-
bilization of intermediates on the catalyst surface, prolong-
ing their residence time [94]. As shown in Figure 5, during
the degradation process, organic dyes typically first form
smaller aromatic or aliphatic compounds, which then need
to be further oxidized to CO, and H,0. The “fixing” effect of
interfacial adsorption effectively prevents the premature
release of these intermediates, thereby reducing the risk of
secondary pollution caused by incomplete degradation.
Adsorption also extends the residence time of intermediates
at the catalyst active sites, increasing the likelihood of
further reactions with active species, thereby improving the
photocatalytic efficiency [95]. The stabilizing effect of
adsorption is crucial for reducing environmental toxicity,
particularly for persistent organic pollutants, such as pesti-
cides and pharmaceutical residues [96].

3.3 Significance of photocatalytic system
design

The synergistic mechanism of adsorption and photocatalysis
has profound implications for optimizing the design of
photocatalytic systems. Integrated materials with high
adsorption capacity and strong photocatalytic activity
should be the focus of future development [95]. For example,
combining carbon-based materials (such as graphene or
activated carbon) with photocatalysts increases the adsorp-
tion capacity and provides additional charge transfer path-
ways for photocatalysis [97]. Furthermore, introducing
specific functional groups (such as hydroxyl or amino
groups) on the surface of the photocatalyst can significantly
increase the adsorption capacity of the catalyst for specific
pollutants while also improving the binding and stability of
intermediates [98]. These improvements make the photo-
catalytic process more efficient and selective, particularly in
environmental remediation fields such as water and air
purification, where their role is particularly prominent.

In practical studies, photocatalyst-activated carbon
composite materials have shown good performance. For
example, activated carbon adsorbs and concentrates dyes
such as methylene blue on its surface, thus accelerating
photocatalytic degradation reactions [92]. Moreover, metal—
organic frameworks (MOFs) with high surface areas and
tuneable pore sizes, which function as both adsorbents and
catalysts, have demonstrated excellent performance in the
degradation of pharmaceutical pollutants [91]. These
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intermediate

photocatalyst

concrete

Figure 5: Schematic diagram of the synergistic degradation of pollutants via the adsorption of pervious concrete. The figure illustrates that organic dyes
break down into smaller aromatic or aliphatic compounds during degradation. These intermediates must undergo further oxidation to form CO, and
H,0. Interfacial adsorption helps retain these intermediates, which prevents their premature release and prolongs their residence time at the catalyst’s

active site, thereby enhancing their chances of reacting with active species.

practical applications show that the synergistic mechanism
of adsorption and photocatalysis, including pollutant con-
centration, intermediate stabilization, and optimized reac-
tion pathways, improves degradation efficiency and reduces
the toxicity of byproducts, providing an efficient and inno-
vative approach for environmental remediation.

The synergistic effects of adsorption and photocatalysis
have significant advantages in terms of pollutant capture and
degradation and provide important guidance for the optimized
design of photocatalytic technology. However, traditional
photocatalytic materials still face many challenges in practical
applications, particularly their dependence on sunlight, which
limits their widespread use in low-light environments (such as
at night or on rainy days). This issue is particularly prominent
in the application of photocatalytic permeable concrete.

4 Modified photocatalytic
materials with persistent
afterglow

Although traditional photocatalytic materials have shown
great potential in environmental applications, their func-
tionality depends heavily on light exposure [99]. These ma-
terials can only effectively degrade pollutants under
illumination, typically from ultraviolet or visible light sources
[100]. This limitation reduces their efficiency significantly at
night or under low-light conditions, thus preventing contin-
uous, all-day operation in practical applications. However,
urban environments face pollution issues around the clock,
which makes having photocatalytic materials that remain

effective even without direct sunlight essential. This perfor-
mance shortcoming has driven the exploration of long-
afterglow phosphorescent materials. Such materials store
excitation energy during light exposure and gradually release
it in the dark, thereby activating photocatalysts even in the
absence of light. The integration of these long-afterglow
phosphors with traditional photocatalysts represents a key
innovation, as it extends photocatalytic activity beyond
daylight hours, thereby enabling continuous environmental
remediation, air purification, and water splitting. This
approach not only addresses the limitations of conventional
photocatalysis but also opens new possibilities for sustainable
solutions across various environmental applications.

The integration of persistent luminescent materials with
photocatalysts has emerged as a promising strategy to extend
photocatalytic activity beyond direct illumination. By storing
excitation energy during illumination and gradually releasing
it under dark conditions, these materials can continuously
activate photocatalysts, thereby increasing the overall effi-
ciency of these materials in applications such as environ-
mental remediation, water splitting, and air purification.

4.1 Categories of materials with long
afterglow periods

Over the past few decades, various phosphors have been
synthesized, with three major categories — sulphides, sili-
cates, and aluminates — dominating research and applica-
tions [101]. Sulphide-based long-persistence phosphors, such
as Y,0,S:Eu*, Mg?, and Ti*', achieve afterglow through elec-
tron trapping and thermal detrapping mechanisms, where co-
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dopants such as Mg”* and Ti*" act as trapping centres to in-
crease charge carrier storage [102]. The strong luminescence
and tuneable emission wavelengths of sulphide phosphors
make them attractive for photocatalysis, particularly for
improving the spectral response of traditional photocatalysts.
However, the primary drawback of sulphide phosphors is
their poor water stability. The presence of sulphide ions (5*)
makes these materials highly susceptible to oxidation and
hydrolysis, leading to rapid degradation under humid and
aqueous conditions. Upon exposure to oxygen or moisture,
sulphide phosphors tend to form sulfate compounds, signifi-
cantly reducing their afterglow performance [103].

Aluminate-based long-persistence phosphors, including
SrAl,0,:Eu*", Dy** and CaAl,0,:Eu’*, Dy*, are among the
most widely used persistent luminescent materials due to
their high brightness and prolonged afterglow duration.
These materials exhibit intense green or blue light emission,
which is attributed to the 4f°5d — 4f’ transition of Eu** ions.
The presence of Dy** as a co-dopant leads to the introduction
of deep trap states, prolonging the afterglow duration
through the regulation of the charge carrier dynamics [104].
Despite their excellent luminescent properties, aluminate
phosphors suffer from poor stability in aqueous environ-
ments. The presence of alkaline earth metal ions (e.g., Sr**
and Ca*) increases their solubility in water, leading to
gradual leaching and deterioration of their optical proper-
ties. Such instability in photocatalytic applications can
severely affect the long-term efficiency of the system [105].

Owing to their superior chemical stability and resis-
tance to hydrolysis, silicate phosphors, particularly
Sr,MgSi,0,:Eu*", Dy**, have emerged as excellent candidates
for photocatalytic applications. Unlike sulphide-based ma-
terials, silicates have robust silicate networks that stabilize
luminescent centres and prevent unwanted chemical
degradation in humid and aqueous environments. This sta-
bility is crucial for long-term photocatalytic applications,
where exposure to water and varying pH conditions is
inevitable [106]. Moreover, the energy transfer efficiency
between silicate phosphors and photocatalysts such as BiVO,
can enhance charge carrier dynamics and improve overall
photocatalytic performance [107].

4.2 Mechanisms of enhanced photocatalysis
with long afterglow durations

The synergistic interactions between luminescent materials
and photocatalysts are crucial for achieving sustained pho-
tocatalytic activity under low-light conditions. However, the
mechanisms of electron retention and migration in long-
persistent phosphors remain unclear, as they involve
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complex processes that lack standardized experimental
validation methods. Consequently, no definitive conclusions
have been reached in this field. In this section, the funda-
mental concepts of persistent luminescence are described.
Persistent afterglow relies on two active centres in phos-
phors: trap levels and luminescent centres. Specifically,
trapping sites originate from intrinsic crystal defects or
extrinsic ion doping [108, 109].

As illustrated in Figure 6, the persistent luminescence
process in phosphors consists of four sequential steps: pho-
togenerated carrier formation, electron trapping, release,
and recombination [110, 111]. Under light excitation, elec-
trons transition from the valence band (VB) to the conduc-
tion band (CB), resulting in the generation of free electrons
and holes. Some of the excited electrons are captured by trap
states within the material, a process commonly referred to
as photon charging. In the absence of illumination, the
trapped electrons can be thermally activated by environ-
mental heat, prompting them to transition back to the CB.
These released electrons subsequently recombine with holes
in the VB, emitting energy in the form of luminescence.

Notably, persistent phosphors function as both lumi-
nescent materials and efficient electron storage media. The
exceptional electron storage capacity of these materials
plays a critical role in driving photocatalytic reactions under
dark conditions. By integrating persistent phosphors with
photocatalysts, the resulting composite materials serve as
charge storage reservoirs upon photoexcitation and exhibit
catalytic activity in the absence of light. For example,
strontium aluminate phosphors can emit light for up to 10-
12h after exposure to sunlight, making them ideal for
nighttime applications [112].

4.3 Applications of photocatalytic materials
with long afterglow duration

Photocatalytic materials, such as titanium dioxide (TiO,),
zinc oxide (Zn0), graphitic carbon nitride (g-C3N,), silver-
based compounds, bismuth-based materials, and perovskite-
based photocatalysts, have demonstrated significant poten-
tial in pollutant degradation and water splitting applica-
tions. However, a major limitation of these conventional
photocatalysts is that their catalytic activity is restricted to
periods of direct illumination. To overcome this challenge,
persistent phosphors have been introduced into photo-
catalytic systems. Nevertheless, research on the integration
of persistent phosphors with photocatalysts to construct
persistent photocatalytic systems remains limited, providing
considerable opportunities for future research.
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Figure 6: Schematic diagram and related mechanism of electron migration during luminescence of materials with long afterglow durations. The figure
illustrates that when a long-afterglow material is exposed to light, electrons jump from the valence band to the conduction band, thus generating free
electrons and holes. Some of the electrons become trapped in the trap states of the material, which is a process known as photon charging. In darkness,
thermal energy releases these trapped electrons back to the conduction band, where they recombine with holes in the valence band, thus emitting light.

Urban environments are frequently affected by air
pollution caused by NOy and VOCs. By incorporating
persistent photocatalytic materials into cement, the pho-
tocatalytic activity of these materials can be sustained un-
der low-light conditions, thereby maximizing the air
purification efficiency and extending the degradation of
airborne pollutants, ultimately improving urban air qual-
ity. Permeable concrete, a key component of sustainable
urban drainage systems, can be used to create a continuous
water purification system by integrating persistent photo-
catalytic materials. This material captures pollutant parti-
cles through adsorption and facilitates the degradation of
organic contaminants via round-the-clock photocatalytic
reactions.

Although the integration of persistent photocatalysts
into cement-based materials offers new directions for the
design of photocatalytic concrete, several challenges must be
addressed. One of the primary concerns is the long-term
stability of persistent luminescent materials within cement,
as factors such as high alkalinity and mechanical wear may
degrade their luminescent properties. Further research is
needed to optimize the material composition and protective
coatings to increase durability. Additionally, cost effective-
ness must be considered for large-scale implementation. The
synthesis of high-performance persistent phosphors and
their integration into construction materials may require
the use of advanced manufacturing techniques, increasing
production costs. Exploring alternative phosphor composi-
tions and improving energy storage efficiency could help
reduce costs while maintaining high photocatalytic
performance.

5 Conclusions

The development of photocatalytic permeable concrete
represents a promising approach for addressing various
challenges in urban environments. This innovative material
contributes to effective rainwater management and actively
promotes the degradation of harmful pollutants in air and
water, aligning with the goals of sustainable urban
development.

1) Photocatalytic permeable concrete is both permeable
and has photocatalytic pollutant degradation functions,
offering significant advantages in optimizing rainwater
management, reducing water pollution, and improving
air quality. Its permeable properties are useful in ap-
plications such as rainwater infiltration, pollutant
filtration, and groundwater recharge, reducing urban
runoff pollution and mitigating flood risks. Moreover,
photocatalytic reactions can degrade NOy and VOCs in
the air, effectively alleviating urban air pollution.
Furthermore, these materials can reduce the urban
heat island effect, enhance the overall environmental
benefits of green infrastructure, and provide important
support for sustainable urban development.

The photocatalytic degradation efficiency of these ma-
terials is influenced by the adsorption capacity of the
material and the lighting conditions, with adsorption
helping to concentrate pollutants and stabilize inter-
mediate products, thereby increasing the degradation
efficiency. This synergistic mechanism is especially
important in the removal of NOy and VOCs, suggesting

2)
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that photocatalytic permeable concrete has broader
application prospects in air and water pollution control.
Additionally, the introduction of luminescent materials
can increase the activity of photocatalysts under low
light conditions, expanding their application range.
Different integration methods (surface coating, internal
doping, and particle embedding) directly affect the
permeability, mechanical strength, and photocatalytic
efficiency of the material. Among these factors, the
uniform distribution and interface bonding of lumi-
nescent materials are key factors in determining their
performance stability. The long-term stability of the
material remains a key challenge for its practical
application. The photocatalytic activity may decrease
due to pollutant accumulation. Therefore, effective
maintenance mechanisms, such as regular cleaning or
photoregeneration strategies, must be established to
ensure stable long-term photocatalytic performance
and extend the service life of the material.

3) Recent studies have provided important insights into
bridging theory and practical application. For example,
a nanoparticulate titanium dioxide (nano-TiO,) coated
porous concrete pavement was able to remove up to
60% of the total phosphorus (TP) and 50% of the
chemical oxygen demand (COD) from runoff while
addressing skid resistance and durability issues [113]. In
another pilot study, Fe,05 nanoparticles were incorpo-
rated into pervious concrete to effectively remove
various bacteria and heavy metals. Although removal of
phenol and ammonium was limited, the feasibility of
using pervious concrete for urban runoff pollution
control was confirmed in this study [114]. Future studies
should focus on enhancing the photocatalytic activity of
photocatalytic pervious concrete, optimizing its struc-
ture, and improving its long-term durability to promote
its widespread application in urban environmental
management. First, improving the visible-light response
of photocatalysts is crucial; this can be achieved in
materials science through strategies such as doping,
composite formation, and surface modification to in-
crease visible-light utilization. Second, optimizing the
dispersion and stability of the catalysts is essential for
ensuring their uniform distribution within the concrete
and reducing agglomeration. Additionally, the pore
structure should be regulated to balance permeability,
mechanical strength, and photocatalytic efficiency; it
can be optimized through a combination of numerical
simulation and experimental approaches. The integra-
tion of long-afterglow phosphorescent materials can
enhance photocatalytic performance under low-light
conditions but requires further optimization of doping
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concentrations and energy level matching. To address
long-term durability issues, self-cleaning, self-healing,
or photo-regeneration strategies for maintaining cata-
Iytic activity should be developed. Furthermore, the
incorporation of smart sensor technologies into photo-
catalytic pervious concrete can enable real-time moni-
toring of pollutant degradation and provide dynamic
feedback to optimize photocatalytic performance. By
pursuing these diverse research directions, the overall
performance of photocatalytic pervious concrete can be
improved, thus offering more efficient and sustainable
solutions for green infrastructure.
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