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Abstract

Photocatalytic technologies based on silicon (Si-based) nanostructures offer a promising
solution for water purification, hydrogen generation, and the conversion of CO; into useful
chemical compounds. This review systematizes the diversity of modern approaches to the
synthesis and modification of Si-based photocatalysts, including chemical deposition, metal-
associated etching, hydrothermal methods, and atomic layer deposition. Heterostructures,
plasmonic effects, and co-catalysts that enhance photocatalytic activity are considered.
Particular attention is drawn to the silicon doping of semiconductors, such as TiO, and
Zn0O, to enhance their optical and electronic properties. The formation of heterostructures
and the evaluation of their efficiency were discussed. Despite the high biocompatibility
and availability of silicon, its photocorrosion and limited stability require the development
of protective coatings and morphology optimization. The application of machine learning
for predicting redox potentials and optimizing photocatalyst synthesis could offer new
opportunities for increasing their efficiency. The review highlights the potential of Si-based
materials for sustainable technologies and provides a roadmap for further research.

Keywords: Si-based nanostructures; photocatalytic water treatment; heterostructures;
silicon doping; machine learning

1. Introduction

The growth of industry and the intensive use of hydrocarbon energy sources are push-
ing the planet’s ecosystems to the brink of crisis. Waste emitted into the atmosphere and
waterways causes severe pollution, affecting approximately 1.8 billion people. Hence, some
practical tools are needed to convert harmful compounds into safe ones. One promising
method of environmental purification is the use of photocatalytic processes to remove
hazardous organic molecules and microorganisms from water resources [1]. In addition
to purification, photocatalytic technologies show promise in converting organic waste
into electricity [2]. Photocatalysts based on semiconductor materials that are active under
light are of broad interest [3,4]. In general, photocatalytic water treatment is based on
the generation of reactive oxygen species, including hydroxyl radicals (OH), superoxide
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radical anions (O,7), and hydrogen peroxide (H,O;) [5]. Photocatalytic reactions destroy
the cell walls of microorganisms, oxidize biomolecules, and result in the inactivation of
bacteria, viruses, and other pathogens [6,7]. Photodegradation started when a semicon-
ductor absorbs photons with energies equal to or larger than the bandgap width, resulting
in the excitation of electrons (e”) from the valence band to the conduction band and the
formation of holes (h*). The valence and conductive bands’ potentials are essential for this
process [8]. The excited charges can recombine or migrate to the photocatalyst surface,
where they react with adsorbed organic molecules [9,10]. Figure 1 shows a scheme of the
mechanism of photocatalytic degradation of organic dyes using nanomaterials under the
influence of radiation, where the photocatalyst divided by a dotted line into two zones: the
upper zone corresponds to the conducting zone with an electron (e”cg), the lower zone
corresponds to the valence zone with a hole (h*yg), which illustrates the charge separation
under photoinduced excitation. The adsorbed oxygen (O; ,45) interacts with the electron of
the conducting band (e”cp) to form superoxide anion (O;~). The superoxide anion is then
converted to hydrogen peroxide (H,O,") in the presence of protons (H*). Hydrogen perox-
ide can additionally react with an electron (e"cp), generating hydroxyl radicals (OH™) and
hydroxide ions (OH"). In parallel, the valence band hole (h*yp) oxidizes water molecules
(H,0), also producing hydroxyl radicals (OH") and protons (H*), or interacts with H,O,,
enhancing radical formation [11].
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Figure 1. Schematic illustration of the dye degradation mechanism (Adopted from [11] with permis-
sion from Elsevier).

Silicon (Si), due to its availability, low cost, tunable bandgap, and high biocompati-
bility, is considered a promising material for photocatalytic applications, including water
purification, hydrogen generation, reduction of CO, and NO to small-molecule fuels and
chemicals, and fixation of CO, in organic compounds to obtain valuable substances [12,13].
Nevertheless, despite the high potential for photocatalysis and optoelectronics, the stability
of Si-based structures is limited due to oxygen sensitivity [14]. The oxidation of the silicon
surface reduces stability and necessitates the use of sacrificial reagents to trap holes, thereby
compromising the environmental friendliness of the process [15]. To improve the stability
and efficiency of photocatalytic Si-based structures, systems are being developed that utilize
surface plasmon resonance and employ nanoengineering and co-catalysts to enhance the
rate of photocatalytic reactions [16]. In addition to its direct purpose for photocatalytic reac-
tions, silicon is also widely used as a substrate for the deposition of advanced photoactive
surfaces [17]. Hydrothermal techniques for depositing highly crystalline photocatalysts on
silicon substrates have gained widespread use in recent years [18,19].
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This mini-review discusses the photocatalytic properties of silicon, methods of synthe-
sis of efficient Si-based photocatalysts, heterostructures, plasmonic, and co-catalysts. The
review aims to systematize current approaches and recent achievements in the develop-
ment of Si-based photocatalysts, to analyze their advantages and limitations, and to assess
the prospects of applying machine learning for their optimization. Abundance and low
cost still keep silicon a promising material for photocatalysis despite the appearance of
multiple novel compounds. However, its efficiency and stability depend on the synthesis
and modification methods, which are discussed below.

2. Synthesis and Modification of Si-Based Nanostructures

Si-based nanostructures are synthesized and modified using a variety of methods,
which are classified into bottom-up and top-down approaches. These approaches enable
the creation of nanostructures with unique properties, including a high surface area, im-
proved optical and electronic characteristics, and enhanced mechanical robustness [20].
Among the many methods, chemical deposition, metal-assisted chemical etching (MACE),
hydrothermal methods, different types of reduction (carbothermal, magnesiothermal, elec-
trochemical), atomic layer deposition (ALD), electrodeposition, mechanical approaches
(doping, impact pressing), as well as thermal evaporation, sol-gel methods, template syn-
thesis, focused ion beam (FIB), and laser ablation can be mentioned. Each method has
specific advantages and limitations that determine its suitability for creating nanostructures
with desired characteristics.

Chemical deposition allows the creation of arrays of silicon pyramids (SiPYs) decorated
with PbS nanoparticles on a Si substrate. This combination of surface shape and doping
yields a synergistic effect through efficient charge transfer, thereby enhancing the activity
in the reduction of CO; to low-molecular-weight fuels [21]. The method is characterized
by its simplicity and the availability of equipment, allowing for the control of the shape
and size of nanostructures. However, it is limited in forming complex structures, and its
sensitivity to reaction conditions reduces the reproducibility of the results. For example,
the nanoporous Si obtained by this method exhibits a quantum yield (AQY) of 12.1%
at 400 nm, due to its crystalline structure [22]. This result highlights the importance of
morphology in photocatalysis. The challenge of precisely controlling reaction parameters
makes the process difficult to scale up and implement practically, underscoring the need
for further research.

Metal-assisted chemical etching (MACE) is used to create silicon nanowires (SiNWs) on
p-type Si(100) and Si(111) monocrystalline substrates with a resistivity of 0.009-0.010 (3-cm
in an HF/H;,0O, solution. The orientation of the substrate determines the morphology
of the nanowires. On Si(100), two-bond atoms facilitate vertical growth, whereas on
5i(111), three bonds lead to anisotropic etching, resulting in inclined or zigzag structures.
The concentration of HF also plays a key role: low values promote the formation of
Si oxide, which slows down the process and forms ordered NWRs. The high values
equalize oxidation and dissolution, thereby reducing the degree of order. The process
includes degreasing in acetone and isopropanol, washing with Milli-Q water, cleaning in
pyranium solution (H,SO4/0O5) at 80 °C, etching in a mixture of HF (5 M) and AgNO;3
(0.035 M) at 55 °C for 30 min, removal of Ag by washing in HNOj; and drying in a nitrogen
stream [23,24]. MACE offers high morphology control and produces structures with a large
surface area, making it ideal for photocatalysis. However, the dependence on substrate
orientation limits the versatility of the method by requiring specific types of Si wafers,
and the need for precise control of reagent concentrations and multi-step purification
complicates standardization and increases operating costs [25]. Usage of strong acids also
limits environmental friendliness of this technique after scaling up.
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Hydrothermal methods utilize high temperatures and pressures in an aqueous en-
vironment to deposit highly crystalline, photoactive coatings on Si substrates [18-20].
They provide excellent adhesion and crystallinity, which improves photocatalytic activ-
ity. However, the need for autoclaves and high energy consumption make the process
expensive and less suitable for mass production, although the precision of the method
is justified for high-performance niche applications [26]. Therefore, the hydrothermal
methods are less attractive for large-scale synthesis, although their precision is justified for
high-throughput applications.

The carbothermal reduction of SiO, to pure Si using carbon at high temperatures is an
economical and widely used industrial process [27]. The method is suitable for creating SiC-
5i0; nanotubes [28]. However, high temperatures increase energy consumption, and the
formation of by-products, such as SiC, requires additional purification. Magnesiothermal
reduction at 600-700 °C reduces the temperature requirements, but is also accompanied by
the formation of SiC, which reduces product purity. Reduction of molten salts at 200-260 °C
yields approximately 40% and utilizes low temperatures. On the other hand, the use of
aggressive reagents, such as molten salts, limits scalability [29].

Electrochemical reduction at temperatures below 850 °C enables the process to be
controlled through electrical potential. The use of reagents such as CaO and Na;O can dam-
age the equipment and make this technology environmentally unfriendly [29]. Although
these reduction methods are economical for mass production, their disadvantages, such as
the formation of by-products and low yields, indicate the need to develop more efficient
processes [30-33].

Atomic layer deposition (ALD) is used to fabricate complex heterostructures such
as Pd/TiO,/Si nanopillars, providing highly precise and uniform coatings [34]. Despite
recent progress, the high hardware cost and long processing time significantly limit scal-
ability [35-38]. Electrodeposition applied to deposit CuyO on CNT/Si forms suspended
architectures with controlled morphology, but ensuring uniformity is challenging [39]. Me-
chanical alloying (ball-milling) and impact pressing synthesize Ti-Si composites with high
mechanical strength. High kinetic energy enables the creation of nanostructured materials.
The limited control over particle size is the key disadvantage of this technique [40].

Additional methods such as thermal evaporation, sol-gel synthesis, and FIB are de-
scribed in recent works [41-43]. Highly crystalline samples (mp-5i300) synthesized at
300 °C had an ordered structure and a minimal number of defects, which ensured effec-
tive charge separation and high photocatalytic activity (4437 umol Hp-h~!-g7!). At the
same time, low-crystalline samples (mp-5i100) obtained at 100 °C exhibited an amorphous
structure with a large number of defects, which reduced charge transfer efficiency and
increased recombination losses, limiting their photocatalytic activity [44]. The high activity
of mp-5i300 highlights the role of crystallinity, but its influence on other morphologies, such
as nanosheets or nanopores [45], requires further investigation. In addition to crystallinity,
the oxidation rate of the active layers obtained requires attention. Atomically thin silicon
nanosheets (A-S5iNS) exhibit enhanced activity in photocatalytic reactions due to their high
specific surface area and efficient charge migration. Studies show that the photocatalytic
hydrogen production rate for A-SiNS is 158.8 mmol-h~!-g™!, which is 3.2 times higher than
that of multilayer silicon nanosheets (M-SiNS) and significantly exceeds that of conven-
tional silicon. However, due to surface oxidation, activity degradation is observed after
three cycles of operation, which reduces the number of active centers and increases charge
carrier losses, which makes this approach difficult for industrial applications [45]. Si NWs
demonstrate high photocatalytic activity due to their increased surface area and improved
charge transfer [46].



Nanomaterials 2025, 15, 1514

50f23

Reducing the size of silicon particles increases photocatalytic activity. Still, it is accom-
panied by a decrease in hydrogen yield due to the high density of surface states, which
act as recombination centers for charge carriers. These works also show that low-purity
metallurgical silicon exhibits unexpectedly high photocatalytic properties when its particle
size is reduced. The rate of hydrogen evolution increases hundreds of times, but simul-
taneously, a significant degradation of photocatalytic activity is observed. The primary
reason for this is the Mott-Schottky effect at the metal-silicon interface, which results in
enhanced recombination of charge carriers. Improving the metal-silicon contact by forming
a heterostructure is a promising solution for suppressing degradation and maintaining
high photocatalytic efficiency [47].

The broad applicability of Si-based nanostructures is due to their availability, tunable
electronic properties, and ability to form heterostructures, which opens up prospects for
PC optimization. Silicon nanowires (SiNWs) synthesized by non-contact electrochemical
etching using Ag [48] exhibit enhanced photoelectrochemical properties and can serve as
active elements in solar energy conversion systems. Additionally, photocatalytic silicon
nanosheets derived from rice husks [49] offer an environmentally friendly and economically
viable approach to creating functional nanomaterials. Silicon quantum dots (Si-QDs) pos-
sess unique optical, electrical, magnetic, and thermal properties, making them promising
for use in photocatalytic processes due to their non-toxicity, environmental safety, and
widespread occurrence in nature [50]. Additionally, the heterointegration of Pt/Si/Ag
nanowires [51] enables the creation of effective hybrid structures that enhance charge
transfer and improve PC stability. For effective photocatalytic decomposition of pollutants,
as well as for water splitting processes, an optimized interaction between photoactive
materials and catalytic components is required. However, a single silicon photoanode or
photocathode is unable to provide complete water splitting without an external voltage.
At the same time, a system with two photoelectrodes can perform photoelectrochemical
(PEC) water splitting without requiring an additional bias, making it more promising for
practical applications [52]. Despite numerous advantages, unresolved issues especially
with uniformity and state-of-art synthesis persist regarding the improvement of stability,
charge transfer processes, and the development of effective co-catalysts.

3. Protective Coatings, Nanostructures, and Specialized Applications of
Silicon in Photocatalysis

Si nanostructures, such as nanowires (SiNWs) and nanotubes (SiNTs), significantly
influence photocatalytic activity by increasing surface area and optimizing light absorption.
SiNWs with a length of 9 um and a diameter of 20-100 nm reduce light reflection to 1%
in the 400-800 nm range [53]. Porous silicon with a surface area of 2-20 m?/g and 4%
reflectivity forms hydroxyl radicals (2.38 eV), effectively decomposing organic pollutants
into CO, and H,O [54]. The comparison shows that SiNTs achieve 90% degradation of
rhodamine 6G in 5 h, while SiNWs achieve less than 70% degradation in the same time,
highlighting the role of morphology [55]. Decorating SINWs with reduced graphene oxide
(rGO) increases the photocurrent by a factor of 4 compared to pure SiNWs and by a factor
of 600 compared to flat Si/rGO, minimizing recombination and reducing reflection to 4%
in the 200-1000 nm range [56,57].

Specific applications of Si include silicon carbide (SiC) and photonic crystals (SiPCs).
Since Si is susceptible to corrosion, 3C-5iC, being a chemically stable material, protects the
silicon substrate from the destructive effects of aggressive alkaline electrolytes [58]. SiC
obtained from solar cell waste is combined with AgCl, addressing the issues of photocor-
rosion and a wide forbidden zone, thereby making it suitable for photocatalysis [59,60].
The mechanism of water splitting on SiC involves both photocatalytic processes and direct
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chemical reactions, although the formation of oxide layers slows down the reaction [61].
Two-dimensional silicon SiPCs with cylindrical pillars enhance light absorption (~450 nm)
due to the photon bandgap. At the same time, the integration of PtNPs enhances the
photocurrent and selectivity for methane (~25% Faradaic efficiency) during the photoelec-
trochemical reduction of CO, [62]. Figure 2 shows two-dimensional photonic crystals with
circular dielectric pillars arranged in a square array (Figure 2A). While keeping the ratio
of the pattern radius to the period (r/P ~ 0.3) and the height of the dielectric column un-
changed, their periods (P) varied from 1 to 2 pm. The SEM images (Figure 2B) are consistent
with the designed patterns. The structural color (Figure 2C) displayed under illumination
and the peak part of the absorption spectrum (Figure 2D) showed its modulation effect
on a specific wavelength band (~450 nm), further confirming the formation of a photonic
crystal structure [62].
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Figure 2. (A) Schematic of silicon photonic crystals (SiPCs). (B) SEM image of the SiPC. (C) Digital
photo. (D) Absorption spectra. Reproduced from [62] distributed under the terms of the Creative
Commons Attribution License (CC BY).

Silicon chalcogenides (SiX, X =S, Se, Te) with a forbidden zone of 2.43~3.00 eV and
high charge mobility allow properties to be tuned through mechanical stress, which is
promising for scalable systems [63]. Silicon quantum dots enhanced with Fe3O4 enable the
complete decomposition of melamine in 20 min under visible light and retain their activity
for 15 cycles, thanks to their magnetic properties, which facilitate regeneration [64].

Radial p-n junctions in SiINWs minimize recombination due to perpendicular charge
transport. The peril of this kind of material is the requirement of protective coatings,
such as silicon nitride, and complex synthesis methods, which increase the cost [65]. The
Si-a-FepyO3/InpS3-3 composite achieves 82% degradation in 60 min; however, oxygen
vacancies reduce its durability during intensive use [66]. These systems underscore the
importance of striking a balance between efficiency, stability, and scalability in silicon-based
photocatalytic applications.

Silicon parts in PC systems often require protective coatings to prevent photocorro-
sion, especially in aggressive aqueous environments. Metals with high work function,
such as Ag, AuPd, and Pd, form a Schottky barrier at the Si interface, creating a built-in
electric field that improves charge carrier separation [67]. For example, mesoporous SiNWs
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decorated with Ag and AuPd exhibit enhanced photodegradation of methylene blue under
visible light, attributed to the Si-H bonds and efficient electron transfer. However, the
loss of these bonds upon Ag decoration reduces the efficiency [67] (Figure 3). Pd/TiO,/Si
nanopillars synthesized by atomic layer deposition utilize hot electrons for hydrogen and
oxygen evolution reactions, providing a synergistic effect across the entire spectrum of solar
radiation [34]. Cobalt phosphate (Co-Pi) and oxides, such as indium tin oxide, reduce the
threshold potential of silicon photoanodes, thereby improving water oxidation, whereas
polymers, like polyvinylidene fluoride, are less resistant to photogenerated charges [68].
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Figure 3. (a) FESEM top view image of SiAgl. (b) Size distribution of Ag NPs with a lognormal
approximation. FESEM images: (c) NW and (d) NWAg1 with enlarged inset. (e,f) Cross sections of
NWs, with Ag NPs marked by arrows. (g) TEM image of Si NW with Ag NPs. (h) HRTEM image of
Ag NP crystal lattice on the surface of Si NW. (i) Enlarged IFFT image confirms the (111) plane of Ag
(Reprinted from [67] with permission from Elsevier).

4. Silicon-Based Heterostructures for Photocatalysis

In recent decades, research on photocatalytic processes has focused on the design of
highly efficient and durable photocatalytic materials [69]. The photocatalytic deg-radation
of organic dyes depends on their molecular structure and their ability to in-teract with
reactive oxygen species generated by light acting on the photocatalyst [70]. Methylene blue
(MB) with chromophoric aniline group and labile structure is easily degraded at minimal
energy, undergoing demethylation and decomposition into small molecules, which leads to
significant pollution of water bodies, as about 10% of the dye is lost in wastewater during
dyeing process MB is toxic, negatively affecting flora and fauna through consumption or
absorption, and potentially jeopardizing human health when contaminated water is used.
During photocatalytic degradation, MB is effective-ly degraded through oxidation by free
radicals (O, ~, HyO,, OH™) produced upon activa-tion of a sensitizer (e.g., chlorophyll) [71].
Rhodamine B (RhB) degrades more slowly, forming unstable colorless intermediates that
result in discoloration of the solution. Methyl orange (MO), which features a stable azo- and
quinoline structure, requires considerable energy for demethylation and reduction of the
azo group, thereby reduc-ing its degradation efficiency [72]. N. Sun and co-authors identi-
fied six key strategies to enhance their activity, including morphology and crystal structure
modification, doping, plasmonic metal nanoparticle deposition, heterostructure design,
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dye sensiti-zation, and organic modification [73]. Another challenge in the area of azoic
dyes is the stability of the catalytic substrate. For this purpose, Si-based heterostructures
are a promising candidate [74].

Silicon in multicomponent heterostructures significantly increases PC activity due
to synergistic effects caused by a narrow-forbidden zone (1.1 eV) and a more negative
conduction band position. The use of Si as a core provides mechanical stability to the
composite, preventing particle aggregation and improving the distribution of active centers.
Silicon, thanks to its unique optical and electrical properties, acts as an effec-tive carrier
for electron transfer, enhancing photocatalytic activity [75] (see Table 1). For example, the
5i1/MgTiOj heterostructure exhibits improved activity compared to individual components,
owing to effective charge separation and an extended light ab-sorption spectrum [76].
Similarly, S5i/TiO, composites containing nanosilicon increase the efficiency of methylene
blue degradation under UV radiation due to improved elec-tron transfer and increased
surface area [77]. By the way, a larger number of examples reported in Table 1 demonstrate
efficiency under real or simulated sunlight. This makes silicon-oxide interfaces promising
candidates for real-world applications de-spite the performance being inferior to more
sophisticated materials, which will be dis-cussed below.

Recycled silicon solar cells could be a source of silicon for these heterostructures.
The application of recycled silicon solar cells is a charge transfer bridge in Z-schemes [78].
Recycling solar panel waste to create TiO, /Si photocatalytic carriers reduces en-vironmental
and economic costs, although high-temperature processing limits the scalability of such
systems [79]. Chemical methods for the production of silicon nanostructures from end-
of-life silicon solar cells are also relatively costly [80]. Thus, other applications, such as
construction, are more economically and environmentally sustainable [81].

Table 1. Photocatalytic properties of Si-based nanostructures.

Object of

Photocatalysts - Photocatalytic Parameters Light Source Source
Decomposition
Si/TiO, nanotube§ (500 nm . ~1.78 times higher kinetic constants
length, 80 nm diameter, Rhodamine B compared to TiO» nanotubes uv [82]
16 nm wall thickness) p 2
Sisubstrates with Ag Methyl Orange Rate constant 33.5 x 1073 min~! sunlight [83]
nanostructures
o . Rate constants 4.5 (UV) and 7.9 .
Si/SiC@C@TiO, Methylene Blue (visible) times higher than TiO UV, simulated solar [84]
Sulfonated mesoporous o eps .
silica/ZnO Methylene Blue 97.419% efficiency simulated solar [85]
Si/Ti ratios 5.6, 1.4, 0.7, complete
. Paraquat N o
SBA-16/TiO, herbicide decolorization under UV, 70% PQ uv [86]

reduction in 24 h by 1.4 ratio

Adsorption capacity 100.23 mg/g,
recyclable adsorbent

Photocatalyst doses: 10 mg (46.4%),
Cu-5i Nanoparticles Methylene Green 20 mg (81.7%), 30 mg (95.7%) sunlight [88]
degradation efficiency

Fe304/PDA/Si-Ca-Mg (FPS) ~ Methylene Blue sunlight [87]

30% TiO, ratio, 50 ppm initial dye
TiO, /RH-SBA-15 Methyl Orange concentration, 200 mg catalyst, 63% simulated solar [89]
higher efficiency than bare TiO,

40% (V(0.005)) and 29% (V(0.02))
V(0.005)-NSiT, V(0.02)-NSiT DMSO DMSO decomposition in 10 h under simulated solar [90]
visible light
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The mechanism of the photocatalytic reaction based on Si NWs/ZnO photocatalysts
is illustrated in Figure 4. Under the action of light, Si NWs absorb photons and generate
electron-hole pairs:

(1) SiNWs + hv—SiNWs (e, h')

A similar process occurs in ZnO:
(2) ZnO +hv—ZnO (e, h*)

Further interaction between Si NWs and ZnO leads to charge redistribution, in which
electrons remain in Si NWs and holes are transferred to ZnO:
(3) SiNWs (e—, h") + ZnO (e~, h*)—SiNWs (e™) + ZnO (h*)

The freed holes participate in oxidative reactions. Interaction with water molecules
leads to the formation of hydroxyl radicals, which have high reactivity:
4) H,O+h*—-OH + H*

The oxidation of organic pollutants, such as rhodamine B (RhB), leads to its decompo-
sition with the formation of carbon dioxide and water:
(5) RhB +h*—CO, + H,O

At the cathode, oxygen is reduced, accepting electrons and protons to form water
molecules:

6) O, +4e~ +4H*—2H,0

/ (©) RhB degradation

" Potential (V) vs RHE

A PE @ Electricity generation

e

SiNWs Zn0 SiNWs  ZnO RhB
4 H g
o
O BOGR o Clean water
saate”
W Rne ]’
RhB 2

Figure 4. Working mechanism of photocatalytic fuel cell based on the Si NWs/ZnO heterojunction
photoanode (Reprinted from [2] with permission from Elsevier).

This reaction scheme demonstrates how SiNWs/ZnO promote the photocatalytic
decomposition of organic compounds and participate in oxidation and reduction processes.
Charge transfer between materials helps reduce the likelihood of electron-hole pair recom-
bination, and the resulting active oxygen species participate in the oxidation of pollutants,
making this system an effective means of water purification [2].

Si/ZnO heterostructures are also promising, especially in the visible range. The addi-
tion of Si nanocrystals to ZnO nanostructures enhances photocatalytic activity by narrowing
the ZnO band gap (from 3.22 to 3.07 eV) and increasing light absorption, resulting in a 15%
increase in the degradation rate of methylene blue under white light [91,92]. When p-Si
and n-ZnO come into contact, a p-n junction is formed, which equalizes the Fermi levels,
leading to band bending and the creation of an internal electric field at the interface. This
field effectively separates the photogenerated electrons and holes, preventing their recom-
bination [93]. The ZnO/Cu,0O/Si heterostructure, synthesized by deposition and thermal
annealing, provides stepwise separation of energy bands. This led to a methylene blue
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degradation rate 15.3 times higher than that of pure silicon, and 5.7 and 3.4 times higher
than that of the binary systems ZnO/Si and CuyO/Si, respectively, with second-order
kinetics (R? = 0.98) [94]. SINWs/TiO, composites outperform pure TiO, in dye degrada-
tion, such as RB5, due to improved photon absorption at longer wavelengths, which is
associated with the effective utilization of wide-spectrum radiation. [95]. TiO,/SiNWs
heterostructures demonstrate improved photocatalytic properties in the decomposition of
organic dyes. To synthesize such systems, silicon nanowires were obtained by galvanic
displacement and then coated with TiO, nanoparticles by spraying [96]. Optimizing the
interaction between silicon and TiO, requires precise tuning of coating thickness and com-
position to balance electron and hole barriers [97]. Silicon increases the surface area of TiO;
and prevents the phase transition from anatase to rutile, thereby improving the stability
of the photocatalyst [96,98]. Nanoparticles of 15% Si-TiO, showed 98% degradation of
methyl orange in 40 min under UV light, outperforming commercial TiO, Degussa P25
(84% in the same time). Si content above 15% leads to a decrease in photocurrent (e.g., 25%
5i-TiO; has a photocurrent of only 12.9 nA), as excess Si can act as a recombination center
for electrons and holes [99]. Table 2 contains a summary of the recent advantages of photo-
catalytic NWRs based on Si in organic pollutants removal processes. As one can see, the
best performance of these materials corresponds with UV irradiation. However, the results
obtained for materials demonstrates potential of Si-based NWRs for photdegradation of
organic compounds.

Besides standard compounds used for testing the feasibility of pollutants” degrada-
tion, several silicon-based systems were used for real-world contaminants. Sulfur- and
nitrogen-doped silicon was used for efficient degradation of tetracycline [100]. Successful
employment of silica-TiO, composites for photo-degradation of water-soluble pharmaceu-
ticals [101] and pesticides [102,103] demonstrates the potential of the oxidized surface of
Si-nanosystems for this purpose.

Table 2. Summary of photocatalytic Si-based NWRs.

Si Nanowires

Description Dye Degraded Photocatalytic Parameters Light Source Source
Si nanowires combined . o .
with ZnFe,04/Ag,. Methyl Orange  Degradation rate: 19% in 90 min. uv [104]
Si nanowires coated . - o
with TiO, and MoS, Rhodamine B Degradation efficiency ~ 90% uv [105]
within 180 min.
nanosheets.
Si nanowires mixed with Degradation efficiency 50.9%
. . . Remoazol Black 5 after 150 min of continuous simulated solar [95]
TiO, microparticles.
580 nm.
Si nanowires modified Pd-modified SINWs:
with Au, Pt, Pd Methylene Blue  degradation rate of 97% after UV [9AY [106]
nanoparticles irradiation 200 min.
sllerr:a?}i;végszr(:ti ;138vir}? Degradation: Si-NWs-Cu-NPs
& CoO. Cu. A Methyl Orange (88.9%), Si-NWs (85.3%), simulated solar [107]
S AS Si-NWs-CoONPs (49.3%).
nanoparticles.
Si nanowires decorated 97% degradation efficiency with
with Ni-doped Zn0 ~ Viethylene Blue 5% Ni-ZnO/SiNWs uv [108]
Si nanowires 96% degradation efficiency with
(2.5-13.5 um) coated Methylene Blue 3.5 pm nanowire length; stable uv [96]

with TiO; nanoparticles

after 190 days.
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Table 2. Cont.
Slljllirr\i(;v:ig;s Dye Degraded Photocatalytic Parameters Light Source Source
Si nanowires (80-100 nm ~96% degradation in ~90 min .
diameter) Rose Bengal under light illumination. sunlight [109]
Si nanowires decorated 44% degradation under UV and
with Bi nanoparticles Methylene Blue 89% under solar irradiation in UV, sunlight [110]
p 120 min.
Si nanowire arrays
prepared by o .
metal-assisted chemical Rhodamine B 35. o de.gr.a dation agter 5 hoof simulated solar [111]
etching with varying irradiation for 20% H,O,
H,0O, concentrations.
. . 92% degradation at 10 min
?61!1? a&?ﬁﬁi&fﬁvﬁ Methylene Blue etching, 4:1:8 etchant ratio; 96% uv [112]
gra hene oxide y with H,O,; bare Si (16%),
stap : GO/bare Si (31%).
Quasi-total discoloration in
. . R . )
Si nanowires coated Rhodamine B 75 min; 67% for bare Si-NWs; sunlight [113]

with CeO; nanoparticles

involves e~, «OH, Oye—, h*
species.

(A)

Sip

The use of carbon nanotubes (CNTs) in the Si/CNTs composite prevents charge
carrier recombination, improving photocatalytic efficiency. However, after several cycles, a
decrease in activity is observed due to the formation of Si-OH, which limits the process’s
efficiency [114]. Complex heterostructures, such as Co3O4/S5i nanoarrays and epitaxial
NiO(111)/c-YSZ(001)/Si(001), improve catalytic performance through effective charge
separation and broadening of the absorption spectrum [115,116]. For example, SINWs
decorated with Co30, show increased activity due to reduced electron recombination,
although silicon is inferior to TiO; in terms of resistance to photocorrosion [117]. The
MoS, /TiO, /SiNWSs composite increases the photodegradation rate of rhodamine B by
60 times compared to TiO, /SiNWs, but hydrothermal treatment (180 °C, 24 h) can cause
structural changes that limit durability [105]. The Si/CuyO/CNT heterostructure, which
features carbon nanotubes connecting silicon pillars, achieves an 86% degradation of
methylene blue in 2 h under visible light, primarily due to the internal electric field and
increased surface area [39]. Figure 5 show a schematic representation of the formation
process of the S5i/Cuy,O/CNT heterostructure.

(B) A0 (C)
4V 7L
"‘ g !"‘ ;‘ Pulse
LPTCVD " 7 .4 Electrodeposition
) i ===

CNT-Sip Cu-CNT-Si,
Figure 5. Graphic illustration of each step for the preparation of suspended cuprous oxide (CuyO)
architecture. Reproduced from [39] distributed under the terms of the Creative Commons Attribution
License (CC BY).
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Z-scheme photocatalysts, such as 5i-SnO;-TiOx (1 < x < 2), use transparent SnO; as an
electron mediator, increasing the photocurrent by an order of magnitude and achieving
75% phenol decomposition without external bias, as well as 70% removal of total organic
carbon [118]. The SiNWs/ZnO heterostructure in photocatalytic fuel cells effectively de-
composes rthodamine B (with 93% efficiency) and generates electricity (current density
of 0.183 A/m?, power of 0.87 W/m?), maintaining stability over 20 cycles [2]. These
systems demonstrate the potential of silicon in developing sustainable and effective photo-
catalysts, although issues of photocorrosion and interface complexity necessitate further
optimization [104,119].

5. Machine Learning in the Optimization of Photocatalysts

Traditional methods for calculating redox potentials using Density Functional Theory
(DFT) are computationally complex, and their accuracy depends on the choice of functional,
particularly for excited states [120,121]. Machine learning (ML) enables calculations to
be accelerated, thereby reducing computational costs and enhancing accuracy [122]. A
combined approach that integrates DFT and ML provides accuracy comparable to experi-
mental data with fewer resources [122]. For example, Gaussian approximation potentials
(GAP) demonstrate high accuracy in modeling the thermal conductivity of crystalline and
amorphous silicon, surpassing empirical potentials and approaching DFT with a significant
reduction in computational costs [123,124]. ML is also effective in analyzing images of
electroluminescence and photoluminescence. Convolutional neural networks (CNNs) and
the YOLO (You Only Look Once) algorithm accurately detect defects, including cracks,
degradation, and contamination. Infrared thermography and ultraviolet fluorescence are
used to evaluate the performance of silicon photovoltaic modules [125]. Thus, ML is an
important tool to help in the interpretation of raw data.

The integration of ML with domain knowledge of photocatalysis opens up prospects
for the creation of rapid screening platforms for photocatalysts. Usually, the aim of these
studies is the design of novel compounds with desirable values of the bandgap and position
of the valence and conductive bands edges [126,127]. This approach addresses the issue of
data scarcity, enhances the reliability and interpretability of models, and contributes to the
development of effective materials for solar technologies [128]. For example, ML has been
successfully applied to the design of ABO; perovskite-based photocatalysts. The support
vector regression (SVR) algorithm, integrated with a radial basis function and a web service,
accurately predicts the specific surface area (SSA) by identifying key factors that influence
synthesis [129]. ML models, such as gradient boosting regression (GBR), effectively predict
the degradation of methylene blue (MB) based on Al and AgzPO4 content. GBR identified
optimal compositions with a minimum number of experiments, demonstrating that the
Ag3POy content has a more substantial influence on effectiveness than the Al content [130].

ML methodology for limited data proposed by Soltani et al. [131], includes four
stages: collecting a dataset of 31 articles (597 data points) on stanine and hydroxystanine
photocatalysts, creating descriptors (32 photocatalyst parameters and 1024-bit molecular
fingerprints of pollutants), selection of 16 key features, and training of Random Forest (RF)
and KNN models. RF showed high accuracy (R? = 0.943, MAE = 0.0918). SHAP analysis
highlighted the importance of dosage, pH, and irradiation time. The model was successfully
tested on CdSnO3 and a new contaminant (crystalline violet) [128]. Convolutional neural
networks for crystal graphs (CGCNN), combined with molecular fingerprints and artificial
neural networks, effectively predict the rate constants of photocatalytic degradation of
oxide photocatalysts and organic pollutants (R? = 0.746). The model using SHAP analysis
is scalable and applicable for optimizing wastewater treatment [132]. Random Forest
and ANN algorithms optimize the doping and morphology of photocatalysts to improve
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efficiency [133]. Zhou et al. [134] utilized PyMatGen to generate a library of 800 oxides,
accurately predicting band gaps and identifying CsYO, as a promising material for water
splitting [134]. ML also optimizes the production of atomic qubits based on phosphorus
donors in silicon [135] and creates regular nanopores in silicon using SVM, achieving an
accuracy of up to 98% and identifying key parameters such as HyO; volume [136].

For amorphous silicon (a-Si), widely used in photovoltaic devices, ML potentials
in the teacher-student approach provide DFT accuracy (~10 meV/atom) with a speedup
of 1000 times. Defect analysis (n = 3, n = 5) using SOAP, t-SNE, and clustering reveals
their energetics and structure, confirming agreement with experimental data [137]. The
Atomic Cluster Expansion (ACE) model accurately describes the Si-O system (Si, SiO;,
Si0), reproducing segregation and crystallization, which is important for semiconductors
and solar cells [138]. Highly efficient search for direct-bandgap silicon allotropes using
ML potentials and DFT revealed 47 structures, 22 of which are promising for photovoltaic
applications. The Si12-P1 structure, with a direct band gap of 1.69 eV, achieves a maximum
spectroscopic light extraction efficiency (SLME) of 32.28%, surpassing that of diamond
silicon [139].

The application of machine learning in the optimization of photocatalysts significantly
accelerates material design, reducing computational costs and improving prediction ac-
curacy compared to traditional DFT methods. Algorithms such as Random Forest, SVR,
CNN, and GBR demonstrate high effectiveness in predicting key properties of photocat-
alysts, including redox potentials, specific surface area, and degradation rate constants.
In summary, these methods successfully solved the limitation of DFT-based methods in
the number of atoms, which is essential for the simulations of realistic nanosystems and
surfaces with complex morphologies.

The integration of ML with domain knowledge and experimental data enables the
creation of scalable platforms for material screening, facilitating the development of innova-
tive solutions for solar energy and wastewater treatment. However, the limited availability
of datasets, which mainly comprise successful experiments, necessitates further model
improvement to enhance their generalizability and reliability in real-world conditions.
The key difficulty with building datasets suitable for ML requires the acceptance of a
standardized description of experimental conditions and results. In current situations,
the key experimental data for this type of dataset extracted manually, which limits size of
these datasets.

6. Silicon Doping to Enhance Photocatalytic Activity

Silicon doping significantly enhances the photocatalytic properties of semiconductors,
such as TiO;, ZnO, and hematite, by modifying their electronic structure and optical
characteristics. The introduction of Si into the material structure creates intermediate
states in the forbidden zone, reducing its width and increasing the density of electronic
states near the Fermi level, which promotes light absorption in the visible range [140].
For example, Si-doped TiO, demonstrates a reduction in the band gap width from 3.13 to
2.96 eV, which increases the efficiency of electron and hole separation, increases the surface
area, and provides 96% degradation of methyl orange and crystal violet under sunlight,
outperforming F-doped and undoped TiO, [141]. Studies confirm that Si doping enhances
photocatalytic activity by reducing charge carrier recombination centers and increasing the
density of hydroxyl groups on the surface [142-144].

However, the concentration of silicon must be carefully controlled. Insufficient doping
has a minimal effect on activity, while excessive Si content shields the active centers,
reducing the efficiency of photocatalysis, for example, in water purification [145]. To
enhance the effect, co-doping is used. Joint doping of TiO, with silicon and nickel creates a
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synergistic effect: isolated Ni 3d states form an acceptor level below the conduction band
edge, and the narrowing of the forbidden zone broadens the absorption spectrum [146,147].
N,Si-codoped TiO,, according to Z. Ai et al., decomposes salicylic acid under visible light
(A > 420 nm) with a rate constant of 11 x 1072-h~!, which is 5 times higher than that of pure
TiOy, due to the formation of Ti-O-5i bonds that improve charge transfer [148]. Theoretical
calculations indicate that Si mixes s-orbitals with Ti 3d-orbitals, altering the position of the
conduction band edge of TiO,, which in turn enhances the photocatalytic activity [149].

Doping hematite (x-Fe,O3) with silicon increases the proportion of active (110) faces
and creates oxygen vacancies, reducing the width of the forbidden zone and improving
photocatalytic properties [150]. Similarly, Si-doped polymeric carbon nitride (CNSi) exhibits
a hydrogen evolution rate of 2.24 mmol-g~!-h~1, nearly three times higher than that
of the undoped material, with a quantum yield of 7% at 420 nm [151]. Si doping also
affects the magnetic properties of materials due to the spin polarization of silicon 3p
orbitals and interactions with neighboring atoms, which may be helpful for multifunctional
photocatalysts [152]. For example, adding Gd*>* and Si** to NaYF, creates sub-energy
levels, extending light absorption into the UV-visible region [153].

Despite its advantages, Si doping has limitations. The high light absorption coefficient
of silicon can reduce the number of photons available to the active photocatalytic layer,
which decreases the generation of active oxygen species [154]. In addition, SiO;, which
is often used as an auxiliary material, does not have photocatalytic activity on its own.
Still, its mesoporous structure effectively immobilizes TiO, nanoparticles, controlling
their size and improving light scattering in the system [155,156]. A comparative analysis
reveals that Si doping is most effective in systems that require operation in the visible
spectrum. Still, additional modifications are necessary for the UV range, such as plasmonic
nanoparticles or visible-sensitive components [157]. The method for creating Ti-Si binary
oxides proposed by Masato Takeuchi and co-authors demonstrates significant potential
for improving photocatalytic properties through the interaction of Ti oxides with SiO,.
At the same time, high stability and selectivity make Ti-Si binary oxides a promising
material for controlling NOy emissions under UV illumination [157]. Thus, silicon doping
opens up broad possibilities for optimizing photocatalysts, but requires balancing the
concentration and considering the optical properties of the material. Table 3 presents a
summary of the recent advantages of Si-doping in photocatalytic lysis for the decomposition
of organic pollutants.

Table 3. Si-doped structures with quantitative characteristics of photocatalysis.

Object of

Structure i Photocatalyst Parameters Light Source Source
Decomposition
Si-doped TiO, 5% Si-TiO, NTs showed much higher
nanotubes Methyl Orange photocatalytic activity uv [158]
. . 10% Si-doped TiO, nanotubes tripled MB
Si-doped TiO; Methylene Blue degradation efficiency compared to uv [159]
nanotubes .
undoped TiO;
10% Si-doped TiO, nanotubes showed
Si-doped TiO, ~9 times higher phenol degradation simulated
nanotubes Phenol under visible light compared to solar [160]
undoped TiO;.
TiO, /Si0; (Si-doped . - ) o
TiO, in PDMS Methylene Blue Degradation efficiency: 93.59% after uv [161]

microreactor)

90 min
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Table 3. Cont.
Structure Object (.)f. Photocatalyst Parameters Light Source Source
Decomposition
) . . Degradation efficiency: 95.81% for
T102-18102 (Sl-.d oped Rhodamine B 60 mg/L RhB over 3 cycles-High surface Uuv [162]
TiO, hybrid) . .
area from biochar/zeolite support
TiO,-510; (Si-doped Degradation efficiency: 92% after
TiO, monolith) Phenol 240 min with PMS uv [163]
CdS-BiVO, Degradation efficiency: 92% after 2 h
(Si-doped artificial Rhodamine B visible light irradiation (2.1 times higher sunlight [164]
leaf) than no-template BiVO,)

7. Conclusions and Outlooks

Silicon nanostructures demonstrate significant potential in photocatalytic applications
due to their low cost, availability, tunable bandgap, and ability to form effective heterostruc-
tures. Synthesis methods, such as metal-assisted chemical etching and hydrothermal
approaches, enable the creation of nanostructures with high surface areas and improved
optical properties. Heterostructures, such as Si/ZnO and Si/TiO;, significantly increase
photocatalytic activity through synergistic charge separation and broadening of the light
absorption spectrum. Doping semiconductors, such as TiO,, with silicon optimizes their
electronic structure, thereby increasing their efficiency in the visible range. Photocorrosion
and degradation of activity due to surface oxidation remain key limitations requiring the
development of protective coatings and co-catalysts. On the other hand, the silica-like
surface phase can be the source of additional optical transitions.

Overall, Si-based photocatalysts have high potential for addressing environmental
challenges, but their practical implementation requires further optimization of stability
and scalability. Future research on Si-based photocatalysts should focus on solving the
problem of photocorrosion by developing stable protective coatings, such as silicon nitride
or metal oxides, that retain high photocatalytic activity. Optimizing heterostructures,
including Z-scheme systems, will enhance charge separation efficiency and broaden the
light absorption spectrum. The integration of plasmonic nanoparticles and co-catalysts,
such as Pt or Pd, can further enhance catalytic properties. The current aim in this area is to
transition from systems that are efficient under UV radiation to systems that can utilize
sunlight with a similar level of efficiency. Another important challenge is the turning of
the objects of studies from molecules like methylene blue to the real world contaminants
(pharmaceuticals, personal care products etc.).

Particular attention should be paid to the development of environmentally friendly
and cost-effective synthesis methods, such as utilizing waste from the solar industry. Re-
search into silicon quantum dots and two-dimensional nanostructures such as silicene will
open up new possibilities for photocatalysis and photoelectrochemistry. Scaling up labora-
tory developments to industrial levels will require an interdisciplinary approach combining
nanoengineering and computational methods. Utilization of out-of-life solar cells and
perhaps computer chips for making Photocatalysts is another prospective direction.

The application of machine learning, including Random Forest algorithms and con-
volutional neural networks, accelerates the design of photocatalysts by helping with the
recognition and interpretation of raw data. On the other hand, the multiplicity of Si-based
systems with different macroscopic and microscopic morphologies, a long list of materials
for the formation of heterojunctions and their morphologies, makes the ML approach es-
sential for guided design of the efficient Si-based photocatalysts produced by environment-
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friendly techniques. The application of ML in this complex area requires the development
of standardized datasets of experimental conditions and results of the measurements.

Author Contributions: Conceptualization, A.S.S. and N.B.B.; methodology, D.I.B.; software, D.W.B.;
validation, TK.I,, D.W.B. and D.I.B.; formal analysis, N.B.B.; investigation, N.B.B.; resources, D.W.B.;
data curation, T.K.I.; writing—original draft preparation, N.B.B., A.S.S. and D.LB.; writing—review
and editing, D.W.B. and T.K.I; visualization, D.L.B.; supervision, A.S.S.; project administration,
ASS.; funding acquisition, A.S.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This study is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (grant Ne AP23486943 “Creation of photocatalytic systems
based on metallurgical silicon for purification of the aquatic environment from organic pollutants”).

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Yang, Y.; Li, X,; Zhou, C.; Xiong, W.; Zeng, G.; Huang, D.; Zhang, C.; Wang, W.; Song, B.; Tang, X; et al. Recent advances in
application of graphitic carbon nitride-based catalysts for degrading organic contaminants in water through advanced oxidation
processes beyond photocatalysis: A critical review. Water Res. 2020, 184, 116200. [CrossRef]

He, S.; Xie, D.; Wang, B.; Zhu, M.; Hu, S. Photocatalytic fuel cell based on integrated silicon nanowire arrays/zinc oxide
heterojunction anode for simultaneous wastewater treatment and electricity production. J. Colloid Interface Sci. 2023, 650,
1993-2002. [CrossRef] [PubMed]

Liu, C.; Zhang, M.; Gao, H.; Kong, L.; Fan, S.; Wang, L.; Shao, H.; Long, M.; Guo, X. Cyclic coupling of photocatalysis and
adsorption for completely safe removal of N-nitrosamines in water. Water Res. 2022, 209, 117904. [CrossRef]

Rani, E.; Talebi, P.; Cao, W.; Huttula, M.; Singh, H. Harnessing photo/electro-catalytic activity viz nano-junctions in ternary
nanocomposites for clean energy. Nanoscale 2020, 12, 23461-23479. [CrossRef]

Li, Y; Dong, H.; Li, L.; Tang, L.; Tian, R,; Li, R.; Chen, J.; Xie, Q.; Jin, Z.; Xiao, ].; et al. Recent advances in waste water treatment
through transition metal sulfides-based advanced oxidation processes. Water Res. 2021, 192, 116850. [CrossRef]

Claro, EM.T,; Bidoia, E.D.; de Moraes, P.B. A high-performance doped photocatalysts for inactivation of total coliforms in
superficial waters using different sources of radiation. J. Environ. Manag. 2016, 177, 264-270. [CrossRef]

Pestana, C.J.; Santos, A.A.; Capelo-Neto, J.; Melo, VM.; Reis, K.C.; Oliveira, S.; Rogers, R.; Pacheco, A.B.; Hui, J.; Skillen, N.C,;
et al. Suppressing cyanobacterial dominance by UV-LED TiO,-photocatalysis in a drinking water reservoir: A mesocosm study.
Water Res. 2022, 226, 119299. [CrossRef]

Yang, D.; Youden, B.; Yu, N.; Carrier, A.J.; Jiang, R.; Servos, M.R.; Oakes, K.D.; Zhang, X. Surface-Enhanced Raman Spectroscopy
for the Detection of Reactive Oxygen Species. ACS Nano 2025, 19, 2013-2028. [CrossRef] [PubMed]

Jammaer, J.; Aprile, C.; Verbruggen, S.W.; Lenaerts, S.; Pescarmona, P.P.; Martens, ].A. A Non-Aqueous Synthesis of TiO, /SiO,
Composites in Supercritical CO, for the Photodegradation of Pollutants. ChemSusChem 2011, 4, 1457-1463. [CrossRef] [PubMed]
Xiao, G.; Huang, A.; Su, H.; Tan, T. The activity of acrylic-silicon/nano-TiO, films for the visible-light degradation of formaldehyde
and NO,. Build. Environ. 2013, 65, 215-221. [CrossRef]

Lanjwani, M.E; Tuzen, M.; Khuhawar, M.Y,; Saleh, T.A. Trends in photocatalytic degradation of organic dye pollutants using
nanoparticles: A review. Inorg. Chem. Commun. 2023, 159, 111613. [CrossRef]

Jin, R; Wu, Z; Liu, Y.; Jiang, B.; Wang, H. Photocatalytic reduction of NO with NHj using Si-doped TiO, prepared by
hydrothermal method. J. Hazard. Mater. 2009, 161, 42—48. [CrossRef] [PubMed]

Yu, ].; Hao, X.; Mu, L.; Shi, W.; She, G. Photoelectrocatalytic Utilization of CO,: A Big Show of Si-based Photoelectrodes. Chem. A
Eur. J. 2024, 30, €202303552. [CrossRef]

Tuan, N.; Thu, V;; Trung, D.; Tu, N.; Tran, M.; Duong, P; Anh, T.; Hong, N.; Loan, P.; Tam, T.; et al. On the origin of
photoluminescence enhancement of Si nanocrystals on silica glass template and Si/SiO, superlattice. Phys. B Condens. Matter
2023, 662, 414970. [CrossRef]

Putwa, S.; Curtis, 1.S.; Dasog, M. Nanostructured silicon photocatalysts for solar-driven fuel production. iScience 2023, 26, 106317.
[CrossRef]

Wang, K.; He, T. Plasmon photocatalytic CO, reduction reactions over Au particles on various substrates. Nanoscale 2023, 15,
12398-12405. [CrossRef]


https://doi.org/10.1016/j.watres.2020.116200
https://doi.org/10.1016/j.jcis.2023.07.161
https://www.ncbi.nlm.nih.gov/pubmed/37531666
https://doi.org/10.1016/j.watres.2021.117904
https://doi.org/10.1039/D0NR05782G
https://doi.org/10.1016/j.watres.2021.116850
https://doi.org/10.1016/j.jenvman.2016.04.033
https://doi.org/10.1016/j.watres.2022.119299
https://doi.org/10.1021/acsnano.4c15509
https://www.ncbi.nlm.nih.gov/pubmed/39772468
https://doi.org/10.1002/cssc.201100059
https://www.ncbi.nlm.nih.gov/pubmed/21598408
https://doi.org/10.1016/j.buildenv.2013.04.014
https://doi.org/10.1016/j.inoche.2023.111613
https://doi.org/10.1016/j.jhazmat.2008.03.041
https://www.ncbi.nlm.nih.gov/pubmed/18440132
https://doi.org/10.1002/chem.202303552
https://doi.org/10.1016/j.physb.2023.414970
https://doi.org/10.1016/j.isci.2023.106317
https://doi.org/10.1039/D3NR02543H

Nanomaterials 2025, 15, 1514 17 of 23

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mendoza-Diaz, M.-I.; Lecestre, A.; Salvagnac, L.; Bounor, B.; Pech, D.; Djafari-Rouhani, M.; Esteve, A.; Rossi, C. High surface area
TiO, photocatalyst for H, production through silicon micromachining. Appl. Surf. Sci. 2022, 588, 152919. [CrossRef]

Jeon, E.H.; Yang, S.; Kim, Y.; Kim, N.; Shin, H.-].; Baik, J.; Kim, H.S.; Lee, H. Comparative study of photocatalytic activities of
hydrothermally grown ZnO nanorod on Si(001) wafer and FTO glass substrates. Nanoscale Res. Lett. 2015, 10, 361. [CrossRef]
Karpyna, V.; Myroniuk, L.; Bykov, O.; Myroniuk, D.; Kolomys, O.; Strelchuk, V.; Petrosian, L.; Ievtushenko, A. Structure, Optical
and Photocatalytic Properties of ZnO Nanostructures Grown on Ag-Coated Si Substrates. Acta Phys. Pol. A 2022, 142, 644-650.
[CrossRef]

Kumari, S.; Raturi, S.; Kulshrestha, S.; Chauhan, K.; Dhingra, S.; Andrés, K.; Thu, K.; Khargotra, R.; Singh, T. A comprehensive
review on various techniques used for synthesizing nanoparticles. J. Mater. Res. Technol. 2023, 27, 1739-1763. [CrossRef]

Allad, L.; Kaci, S.; Benfadel, K.; Allam, D.; Ouerk, A.; Boukezzata, A.; Torki, C.; Anas, S.; Talbi, L.; Ouadah, Y.; et al. Optical and
Photoelectrocatalytic Properties of PbS Loaded Si Based Photocathode. Silicon 2022, 14, 7991-8000. [CrossRef]

Lee, M.; Kim, T.; Jang, W.; Lee, S.; So, J.-P; Jang, G.; Choi, S.; Kim, S.; Bae, J.; Kim, T.; et al. Nontypical Wulff-Shape Silicon
Nanosheets with High Catalytic Activity. |. Am. Chem. Soc. 2023, 145, 22620-22632. [CrossRef] [PubMed]

Ghosh, R.; Giri, PK. Efficient visible light photocatalysis and tunable photoluminescence from orientation controlled mesoporous
Si nanowires. RSC Adv. 2016, 6, 35365-35377. [CrossRef]

Liu, D.; Ma, |.; Long, R.; Gao, C.; Xiong, Y. Silicon nanostructures for solar-driven catalytic applications. Nano Today 2017, 17,
96-116. [CrossRef]

Barrera, C.; Ajay, P.; Mallavarapu, A.; Hrdy, M.; Sreenivasan, S.V. Metal Assisted Chemical Etch of Polycrystalline Silicon. ]. Micro
Nano-Manuf. 2022, 10, 021002. [CrossRef]

Xi, Y.Y;; Hsu, Y.F; Chan, W.K. Hydrothermal Synthesis of Nanostructures. Recent Patents Nanotechnol. 2007, 1, 121-128. [CrossRef]
Ghosh, R.; Giri, PK. Silicon nanowire heterostructures for advanced energy and environmental applications: A review. Nanotech-
nology 2016, 28, 012001. [CrossRef]

Barghout, N.; Kashyout, A.E.-H.B.; Ibrahim, M.A.M.; El Nemr, A. Novel Synthesis of SiC-5iO, Nanotubes from Cinachyrella sp.
and Its Improvement of the Corrosion Resistance of Low Carbon Steel in 3.5% NaCl Water Solution. J. Mater. Eng. Perform. 2023,
32, 10857-10876. [CrossRef]

Wan, H.; Ma, W.; Zhou, K_; Cao, Y.; Liu, X.; Ma, R. Advanced silicon nanostructures derived from natural silicate minerals for
energy storage and conversion. Green Energy Environ. 2022, 7, 205-220. [CrossRef]

Dong, Z.; Cai, Y.; Zhang, K.; Chu, Z.; Han, S.; Li, Z. Electrochemical reduction induced self-doping of oxygen vacancies into
Ti-Si—O nanotubes as efficient photoanode for boosted photoelectrochemical water splitting. Int. J. Hydrogen Energy 2021, 46,
3554-3564. [CrossRef]

Lee, S.-C.; Hur, J.-M.; Seo, C.-S. Silicon powder production by electrochemical reduction of SiO; in molten LiCl-LiyO. J. Ind. Eng.
Chem. 2008, 14, 651-654. [CrossRef]

Li, Y,; Zhou, R; Yu, M;; Tian, Y,; Lin, Y.; Pan, FE. Controllable Growth of Silver Crystallites on the Rear Ag—Si Contact Interface of
TOPCon Solar Cells Through an Electrochemical Reduction Reaction Triggered by Laser-Enhanced Contact Optimization. Sol.
RRL 2025, 9, 2500233. [CrossRef]

Ohshita, J.; Hino, K.; Iwawaki, T.; Kunai, A. Electrochemical reduction of alkoxychlorosilanes for Si-Si bond formation. J. Elec-
troanal. Chem. 2009, 625, 138-143. [CrossRef]

Coy, E.; Siuzdak, K.; Pavlenko, M.; Zateski, K.; Graniel, O.; Ziétek, M.; Balme, S.; Miele, P.; Weber, M.; Bechelany, M.; et al.
Enhancing photocatalytic performance and solar absorption by schottky nanodiodes heterojunctions in mechanically resilient
palladium coated TiO, /Si nanopillars by atomic layer deposition. Chem. Eng. J. 2020, 392, 123702. [CrossRef]

Blagoev, B.S.; Georgieva, B.; Starbova, K.; Starbov, N.; Avramova, I.; Buchkov, K.; Tzvetkov, P; Stoykov, R.; Terziyska, P.; Delibaltov,
D.; et al. A Novel Approach to Obtaining Metal Oxide HAR Nanostructures by Electrospinning and ALD. Materials 2023, 16, 7489.
[CrossRef] [PubMed]

Gudovskikh, A.; Uvarov, A.; Morozov, I.; Baranov, A.; Kudryashov, D.; Nikitina, E.; Kleider, J. n-GaP/p-Si Heterojunction Solar
Cells Fabricated by PE-ALD. In Physica Status Solidi C: Current Topics in Solid State Physics; Wiley: Weinheim, Germany, 2017;
Volume 14.

Maina, ].W.; Merenda, A.; Weber, M.; Pringle, ]. M.; Bechelany, M.; Hyde, L.; Dumée, L.F. Atomic layer deposition of transition
metal films and nanostructures for electronic and catalytic applications. Crit. Rev. Solid State Mater. Sci. 2020, 46, 468-489.
[CrossRef]

Ziegler, M.; Yiiksel, S.; Goerke, S.; Weber, K.; Cialla-May, D.; Popp, J.; Pollok, K.; Wang, D.; Langenhorst, F; Hiibner, U.;
et al. Growth of Hierarchically 3D Silver-Silica Hybrid Nanostructures by Metastable State Assisted Atomic Layer Deposition
(MS-ALD). Adv. Mater. Technol. 2017, 2, 1700015. [CrossRef]

Sun, Y.; Chen, R.; Oh, J.; Yoo, B.; Lee, H. Novel synthesis of dual-suspended architectures between Si-pillars for enhanced
photocatalytic performance. RSC Adv. 2017, 7, 2880-2883. [CrossRef]


https://doi.org/10.1016/j.apsusc.2022.152919
https://doi.org/10.1186/s11671-015-1063-4
https://doi.org/10.12693/APhysPolA.142.644
https://doi.org/10.1016/j.jmrt.2023.09.291
https://doi.org/10.1007/s12633-021-01567-6
https://doi.org/10.1021/jacs.3c07768
https://www.ncbi.nlm.nih.gov/pubmed/37799086
https://doi.org/10.1039/C6RA05339D
https://doi.org/10.1016/j.nantod.2017.10.013
https://doi.org/10.1115/1.4055401
https://doi.org/10.2174/187221007780859591
https://doi.org/10.1088/0957-4484/28/1/012001
https://doi.org/10.1007/s11665-023-08663-1
https://doi.org/10.1016/j.gee.2021.04.001
https://doi.org/10.1016/j.ijhydene.2020.10.197
https://doi.org/10.1016/j.jiec.2008.04.010
https://doi.org/10.1002/solr.202500233
https://doi.org/10.1016/j.jelechem.2008.10.022
https://doi.org/10.1016/j.cej.2019.123702
https://doi.org/10.3390/ma16237489
https://www.ncbi.nlm.nih.gov/pubmed/38068233
https://doi.org/10.1080/10408436.2020.1819200
https://doi.org/10.1002/admt.201700015
https://doi.org/10.1039/C6RA25464K

Nanomaterials 2025, 15, 1514 18 of 23

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Liu, J.; Bai, Y,; Chen, P.,; Cui, N.; Yin, H. Reaction synthesis of TiSi, and Ti5Si3 by ball-milling and shock loading and their
photocatalytic activities. . Alloys Compd. 2013, 555, 375-380. [CrossRef]

Abdallah, B.; Kakhia, M.; Zetoun, W. HRTEM study of ZnS Nanowires Films Deposited by Thermal Evaporation. ]. Nanostruct.
2020, 10, 713-722. [CrossRef]

Deng, T.; Li, M.; Wang, Y.; Liu, Z. Development of solid-state nanopore fabrication technologies. Sci. Bull. 2015, 60, 304-319.
[CrossRef]

Tang, F; Li, L.; Chen, D. Mesoporous Silica Nanoparticles: Synthesis, Biocompatibility and Drug Delivery. Adv. Mater. 2012, 24,
1504-1534. [CrossRef] [PubMed]

Curtis, 1.S.; Wills, R.J.; Dasog, M. Photocatalytic hydrogen generation using mesoporous silicon nanoparticles: Influence of
magnesiothermic reduction conditions and nanoparticle aging on the catalytic activity. Nanoscale 2021, 13, 2685-2692. [CrossRef]
[PubMed]

Cai, R;; Wang, Y.; Wang, J.; Zhang, J.; Yu, C.; Qin, Y,; Cui, J.; Zhang, Y.; Tiwary, C.S.; Wu, Y. Accelerated hydrogen production
on atomically thin silicon nanosheets photocatalyst with unique surface adsorption chemistry. Int. J. Hydrogen Energy 2023, 51,
929-935. [CrossRef]

Feng, Y.; Zhao, S.; Liang, P; Xia, Z.; Peng, H. Application of Silicon Nanowires. Curr. Nanosci. 2025, 21, 373-384. [CrossRef]

Lv, P; Xu, C.; Peng, B. Design of a Silicon Photocatalyst for High-Efficiency Photocatalytic Water Splitting. ACS Omega 2020, 5,
6358-6365. [CrossRef]

Brik, A.; Naama, S.; Hadjersi, T.; Benamar, M.E.A.; Bouanik, S.; Manseri, A. Photodegradation of methylene blue under UV and
visible light irradiation by Er,O3-coated silicon nanowires as photocatalyst. React. Kinet. Catal. Lett. 2020, 131, 525-536. [CrossRef]
Islam, A.; Teo, S.H.; Awual, R.; Taufig-Yap, Y.H. Assessment of clean H; energy production from water using novel silicon
photocatalyst. J. Clean. Prod. 2020, 244, 118805. [CrossRef]

Tong, W.; Yin, Q.; Fang, D.; Zeng, T.; Yij, ]. Silicon Quantum Dots: Chemical, Physical Synthesis, and Applications in Fluorescence
Detection, Solar Cell, Photocatalyst, and Composite. Curr. Nanosci. 2022, 18, 182-202. [CrossRef]

Qu, Y,; Xue, T.; Zhong, X,; Lin, Y.; Liao, L.; Choi, J.; Duan, X. Heterointegration of Pt/Si/ Ag Nanowire Photodiodes and Their
Photocatalytic Properties. Adv. Funct. Mater. 2010, 20, 3005-3011. [CrossRef]

Cheng, C.; Zhang, W.; Chen, X,; Peng, S.; Li, Y. Strategies for improving photoelectrochemical water splitting performance of
Si-based electrodes. Energy Sci. Eng. 2022, 10, 1526-1543. [CrossRef]

Amdouni, S.; Cherifi, Y.; Coffinier, Y.; Addad, A.; Zaibi, M.A.; Oueslati, M.; Boukherroub, R. Gold nanoparticles coated silicon
nanowires for efficient catalytic and photocatalytic applications. Mater. Sci. Semicond. Process. 2018, 75, 206-213. [CrossRef]
Kamel, L.; Anbia, M. Preparation and evaluation of nanoporous-pyramids structured silicon powder as an effective photocatalyst
for degradation of methyl red. Int. J. Environ. Sci. Technol. 2017, 16, 2101-2108. [CrossRef]

Chen, X.; Lee, C.-S.; Meng, X.; Zhang, W. Diameter- and Shape-Controlled ZnS/Si Nanocables and Si Nanotubes for SERS and
Photocatalytic Applications. J. Nanomater. 2011, 2011, 1-8. [CrossRef]

Huang, Z.; Zhong, P.; Wang, C.; Zhang, X.; Zhang, C. Silicon Nanowires/Reduced Graphene Oxide Composites for Enhanced
Photoelectrochemical Properties. ACS Appl. Mater. Interfaces 2013, 5, 1961-1966. [CrossRef]

Zhong, X.; Wang, G.; Papandrea, B.; Li, M.; Xu, Y,; Chen, Y.; Chen, C.-Y.; Zhou, H.; Xue, T; Li, Y.; et al. Reduced graphene
oxide/silicon nanowire heterostructures with enhanced photoactivity and superior photoelectrochemical stability. Narno Res.
2015, 8, 2850-2858. [CrossRef]

Han, T.; Privitera, S.; Milazzo, R.; Bongiorno, C.; Di Franco, S.; La Via, F; Song, X.; Shi, Y.; Lanza, M.; Lombardo, S. Photo-
electrochemical water splitting in silicon based photocathodes enhanced by plasmonic/catalytic nanostructures. Mater. Sci. Eng.
B 2017, 225, 128-133. [CrossRef]

Chen, Y,; Teng, C.; Li, F; Tang, Z.; Xu, L.; Zhang, L.; Huang, Q.; Zhu, ].; Yuan, W. Mechanochemical synthesis of self-circulating
Z-scheme AgCl/SiC photocatalyst from retired PV silicon: pH stability, reusability and broad applicability. Appl. Surf. Sci. 2024,
672,160733. [CrossRef]

Zhang, Y.; Hu, Y.; Zeng, H.; Zhong, L.; Liu, K.; Cao, H.; Li, W,; Yan, H. Silicon carbide recovered from photovoltaic industry waste
as photocatalysts for hydrogen production. J. Hazard. Mater. 2017, 329, 22-29. [CrossRef]

Yang, J.; Yang, Y.; Zeng, X.; Yuan, W. Mechanism of Water Splitting to Hydrogen by Silicon Carbide Nanoparticles. Sci. Adv. Mater.
2013, 5, 155-159. [CrossRef]

Zhou, C; Zhang, G.; Guo, P; Ye, C.; Chen, Z.; Ma, Z.; Zhang, M.; Li, ]. Enhancing photoelectrochemical CO, reduction with
silicon photonic crystals. Front. Chem. 2023, 11, 1326349. [CrossRef] [PubMed]

Zhu, Y.-L; Yuan, J.-H.; Song, Y.-Q.; Wang, S.; Xue, K.-H.; Xu, M.; Cheng, X.-M.; Miao, X.-S. Two-dimensional silicon chalcogenides
with high carrier mobility for photocatalytic water splitting. . Mater. Sci. 2019, 54, 11485-11496. [CrossRef]

Mahmood, I.; Ahmad, I.; Zhao, T.-K. Photodegradation of Melamine Using Magnetic Silicon Quantum Dots. Mater. Sci. 2021, 27,
127-132. [CrossRef]


https://doi.org/10.1016/j.jallcom.2012.12.100
https://doi.org/10.22052/JNS.2020.04.004
https://doi.org/10.1007/s11434-014-0705-8
https://doi.org/10.1002/adma.201104763
https://www.ncbi.nlm.nih.gov/pubmed/22378538
https://doi.org/10.1039/D0NR07463B
https://www.ncbi.nlm.nih.gov/pubmed/33496714
https://doi.org/10.1016/j.ijhydene.2023.09.064
https://doi.org/10.2174/0115734137295190240321042642
https://doi.org/10.1021/acsomega.9b03755
https://doi.org/10.1007/s11144-020-01862-0
https://doi.org/10.1016/j.jclepro.2019.118805
https://doi.org/10.2174/1573413717666210412152255
https://doi.org/10.1002/adfm.201000857
https://doi.org/10.1002/ese3.1087
https://doi.org/10.1016/j.mssp.2017.11.036
https://doi.org/10.1007/s13762-017-1630-6
https://doi.org/10.1155/2011/830157
https://doi.org/10.1021/am3027458
https://doi.org/10.1007/s12274-015-0790-2
https://doi.org/10.1016/j.mseb.2017.08.022
https://doi.org/10.1016/j.apsusc.2024.160733
https://doi.org/10.1016/j.jhazmat.2017.01.023
https://doi.org/10.1166/sam.2013.1441
https://doi.org/10.3389/fchem.2023.1326349
https://www.ncbi.nlm.nih.gov/pubmed/38169620
https://doi.org/10.1007/s10853-019-03699-y
https://doi.org/10.5755/j02.ms.22688

Nanomaterials 2025, 15, 1514 19 of 23

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Peng, K.-Q.; Wang, X,; Li, L.; Hu, Y,; Lee, S.-T. Silicon nanowires for advanced energy conversion and storage. Nano Today 2013, 8,
75-97. [CrossRef]

Jia, L.; Wang, C.; Liu, H.; Wu, K; Chen, R. Fabrication and visible-light photocatalytic activity of Si-a-Fe;O3/In,S3 composites.
J. Solid State Chem. 2022, 314, 123410. [CrossRef]

Ghosh, R.; Ghosh, J.; Das, R.; Mawlong, L.P.; Paul, K.K.; Giri, P. Multifunctional Ag nanoparticle decorated Si nanowires for
sensing, photocatalysis and light emission applications. . Colloid Interface Sci. 2018, 532, 464—473. [CrossRef]

Xia, Z.; Zhou, X.; Li, J.; Qu, Y. Protection strategy for improved catalytic stability of silicon photoanodes for water oxidation. Sci.
Bull. 2015, 60, 1395-1402. [CrossRef]

Su, R; Zhu, Y,; Gao, B.; Li, Q. Progress on mechanism and efficacy of heterogeneous photocatalysis coupled oxidant activation as
an advanced oxidation process for water decontamination. Water Res. 2024, 251, 121119. [CrossRef]

Li, D.; Yuranova, T.; Albers, P; Kiwi, J. Accelerated photobleaching of Orange II on novel (H5FeW1204010H20)/silica structured
fabrics. Water Research. 2004, 38, 3541-3550. [CrossRef]

Ahuja, P; Ujjain, S.; Kanojia, R.; Attri, P. Transition Metal Oxides and Their Composites for Photocatalytic Dye Degradation.
J. Compos. Sci. 2021, 5, 82. [CrossRef]

Sun, E.; Bai, X.; Chang, Y.; Li, Q.; Hui, X.; Li, Y.; Wang, Y. Preparation of PMMA Electrospun Fibers Bearing Porphyrin Pendants
and Photocatalytic Degradation of Organic Dyes. Molecules 2022, 27, 8132. [CrossRef]

Sun, N.; Si, X.; He, L.; Zhang, J.; Sun, Y. Strategies for enhancing the photocatalytic activity of semiconductors. Int. . Hydrogen
Energy 2024, 58, 1249-1265. [CrossRef]

Atyaoui, M.; Ezzaouia, H. Hybrid system of polypyrrole conducting polymer and silicon nanowires for application on azoic dye
photodegradation. J. Solid State Electrochem. 2025, 29, 3787-3796. [CrossRef]

Dvorsky, R.; Svoboda, L.; Sollova, K.; Trojkov4, J.; Bednat, J.; Kostura, B.; Matysek, D.; Pomiklova, M. Synthesis of Core-shell
Nanoparticles Si-ZnS by Reactive Deposition of Photocatalytic ZnS Layer on the Surface of Carrier Si Nanoparticles in Aerosol
Microdrops. Procedia Soc. Behav. Sci. 2015, 195, 2122-2129. [CrossRef]

Zhu, W.; Han, D.; Niu, L.; Wu, T.; Guan, H. Z-scheme Si/MgTiO3 porous heterostructures: Noble metal and sacrificial agent free
photocatalytic hydrogen evolution. Int. . Hydrogen Enerqy 2016, 41, 14713-14720. [CrossRef]

Yu, X.; Jiajun, L.; Xianglin, Y.; Feng, Z.; Yongjun, L.; Junbo, L. Preparation of graphdiyne-doped TiO,/SiO, composite for
enhanced photocatalytic activity. J. Nanoparticle Res. 2020, 22, 1-10. [CrossRef]

Yuan, W.; Chen, Y,; Tang, Z.; Teng, C.; Zhang, L.; Huang, Q. Direct recycle waste silicon wafer as the charge transfer bridge to
assemble a Z-scheme heterojunction for enhanced photocatalytic performance. J. Photochem. Photobiol. A Chem. 2024, 452, 115582.
[CrossRef]

Huang, Q.; Yuan, W.; Ke, Q.; Guo, Y.; Wang, L.; Wang, C. A TiO, /Si carrier derived from photovoltaic solid waste to assemble
Ag3POy/Co3(POy4), /TiO; /Si heterostructure for enhancing visible-light photocatalytic activity. J. Environ. Chem. Eng. 2023,
11, 109696. [CrossRef]

Deng, R.; Dias, PR.; Lunardi, M.M.; Ji, J. A sustainable chemical process to recycle end-of-life silicon solar cells. Green Chem. 2021,
23,10157-10167. [CrossRef]

Wolf, A.T.; Stammer, A. Chemical Recycling of Silicones—Current State of Play (Building and Construction Focus). Polymers 2024,
16, 2220. [CrossRef]

Liu, Y;; Zhang, X.; Quan, B.; Ji, G.; Zhang, H. Preparation of Si/TiO, Heterojunction Nanotube Arrays via Electrodeposition and
Their Enhanced Photocatalytic Activity. Nanosci. Nanotechnol. Lett. 2015, 7, 840-845. [CrossRef]

Sakir, M.; Onses, M.S. Solid substrates decorated with Ag nanostructures for the catalytic degradation of methyl orange. Results
Phys. 2019, 12, 1133-1141. [CrossRef]

Liu, M.-P; Su, T.; Sun, L.; Du, H.-B. Facile preparation of yolk—shell structured Si/SiC@C@TiO, nanocomposites as highly efficient
photocatalysts for degrading organic dye in wastewater. RSC Adv. 2015, 6, 4063-4069. [CrossRef]

Ulfa, M.; Aziza, H.; Sholeha, N.A. In-situ sulfonated mesoporous silica as ZnO nanomaterial support for enhanced dyes
photodegradation. Results Eng. 2025, 26, 104381. [CrossRef]

Vanichvattanadecha, C.; Jaroenworaluck, A.; Henpraserttae, P.; Wimuktiwan, P.; Manpetch, P.; Singhapong, W. Ordered
mesoporous silica (SBA-16) supporting titania (TiO,) nanoparticles for photodegradation of paraquat (PQ) herbicide. J. Porous
Mater. 2021, 28, 1137-1153. [CrossRef]

Chen, P; Cao, Z.-F.; Wang, S.; Zhong, H. In situ nano-silicate functionalized magnetic composites by (poly)dopamine to improve
MB removal. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 552, 89-97. [CrossRef]

Fazal, Y.;; Ali, I; Chen, J.; Pan, Y,; Bukhari, S.N.U.S,; Liu, X.; Shah, A.A.; Shen, Z. Photothermal Hyperthermia and Photodegrada-
tion Studies of Cu-Si Nanoparticles Synthesized by Laser Ablation in Liquid Media. Nano 2024, 2450089. [CrossRef]

Liou, T.-H.; Wang, S.-Y. Utilizing rice husk for sustainable production of mesoporous titania nanocomposites with highly
adsorption and photocatalysis. Biomass Bioenergy 2025, 199, 107950. [CrossRef]


https://doi.org/10.1016/j.nantod.2012.12.009
https://doi.org/10.1016/j.jssc.2022.123410
https://doi.org/10.1016/j.jcis.2018.07.123
https://doi.org/10.1007/s11434-015-0857-1
https://doi.org/10.1016/j.watres.2024.121119
https://doi.org/10.1016/j.watres.2004.05.005
https://doi.org/10.3390/jcs5030082
https://doi.org/10.3390/molecules27238132
https://doi.org/10.1016/j.ijhydene.2024.01.319
https://doi.org/10.1007/s10008-025-06246-9
https://doi.org/10.1016/j.sbspro.2015.06.254
https://doi.org/10.1016/j.ijhydene.2016.06.118
https://doi.org/10.1007/s11051-020-05097-x
https://doi.org/10.1016/j.jphotochem.2024.115582
https://doi.org/10.1016/j.jece.2023.109696
https://doi.org/10.1039/D1GC02263F
https://doi.org/10.3390/polym16152220
https://doi.org/10.1166/nnl.2015.2040
https://doi.org/10.1016/j.rinp.2018.12.084
https://doi.org/10.1039/C5RA24643A
https://doi.org/10.1016/j.rineng.2025.104381
https://doi.org/10.1007/s10934-021-01065-5
https://doi.org/10.1016/j.colsurfa.2018.05.027
https://doi.org/10.1142/S1793292024500899
https://doi.org/10.1016/j.biombioe.2025.107950

Nanomaterials 2025, 15, 1514 20 of 23

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Mase, A.; Sugita, T.; Mori, M.; Iwamoto, S.; Tokutome, T.; Katayama, K.; Itabashi, H. Study of vanadium-modified N/Si co-doped
TiO; in aqueous solution and its photocatalytic activity. Chem. Eng. J. 2013, 225, 440—446. [CrossRef]

Zhang, Y.; Ratchford, D.C.; Anthony, R.J.; Yeom, J. ZnO nanowire and silicon nanocrystal heterostructures for photocatalytic
applications. In Proceedings of the 2017 IEEE 17th International Conference on Nanotechnology (IEEE-NANO), Pittsburgh, PA,
USA, 25-28 July 2017; pp. 873-876.

Zhang, Y.; Mandal, R.; Ratchford, D.C.; Anthony, R.; Yeom, J. Si Nanocrystals/ZnO Nanowires Hybrid Structures as Immobilized
Photocatalysts for Photodegradation. Nanomaterials 2020, 10, 491. [CrossRef]

Hoa, N.T.; Van Cuong, V.; Lam, N.D. Mechanism of the photocatalytic activity of p-Si(100)/n-ZnO nanorods heterojunction.
Mater. Chem. Phys. 2018, 204, 397-402. [CrossRef]

Hsiao, P-H.; Li, T.-C.; Chen, C.-Y. ZnO/CuyO/Si Nanowire Arrays as Ternary Heterostructure-Based Photocatalysts with
Enhanced Photodegradation Performances. Nanoscale Res. Lett. 2019, 14, 244. [CrossRef] [PubMed]

Chen, C.-Y;; Chen, A.-H. Photocatalytic Si nanowires/TiO, microparticles with extended absorption edge up to 700 nm. J. Phys. D
Appl. Phys. 2012, 45, 365304. [CrossRef]

Ramachandran, K.; Ziad, R.; Columbus, S.; Daoudi, K.; Hammouche, J.; El Khakani, M.A.; Chidambaram, S.; Gaidi, M. TiO, /Si
nanowires hybrid system for efficient photocatalytic degradation of organic dye. J. Mater. Sci. Mater. Electron. 2021, 33, 9194-9203.
[CrossRef]

Yao, X.; Chen, L.; Liu, M,; Feng, D.; Wang, C.; Lu, F; Wang, W.; Wang, X; Cheng, Y.; Liu, H.; et al. Rational design of Si/TiO,
heterojunction photocatalysts: Transfer matrix method. Appl. Catal. B Environ. 2018, 221, 70-76. [CrossRef]

Hong, T.; Hui-Xiang, W.; Wei-Mei, S.; Yao, X. Microwave-Assisted Solvothermal Synthesis of In-Si Co-Modified TiO, Photocata-
lysts with Enhanced Photocatalytic Activity. Acta Phys. Chim. Sin. 2014, 30, 1543-1549. [CrossRef]

Bui, D.-N.; Kang, S.-Z.; Li, X.; Mu, J. Effect of Si doping on the photocatalytic activity and photoelectrochemical property of TiO,
nanoparticles. Catal. Commun. 2011, 13, 14-17. [CrossRef]

Wang, Y.-F; Li, Z,; Jiang, M.; Yu, X.; Xu, L. “Two-in-one” sulfur and nitrogen co-doped fluorescent silicon nanoparticles:
Simultaneous as the fluorescent probe and photocatalyst for in-situ real time visual monitoring and degradation of tetracycline
antibiotics. Sci. Total. Environ. 2022, 846, 157470. [CrossRef]

Gusmao, C.d.A.; Palharim, PH.; Ramos, B.; Teixeira, A.C.S.C. Enhancing the visible-light photoactivity of silica-supported TiO,
for the photocatalytic treatment of pharmaceuticals in water. Environ. Sci. Pollut. Res. 2021, 29, 42215-42230. [CrossRef]
Kalidhasan, S.; Lee, H.-Y. Preparation of TiO,-deposited silica-based catalysts for photocatalytic decomposition of chloro-pesticide
to environmentally less toxic species. Chemosphere 2022, 290, 133300. [CrossRef]

AbuKhadra, M.R.; Mohamed, A.S.; El-Sherbeeny, A.M.; Elmeligy, M.A. Enhanced photocatalytic degradation of acephate pesticide
over MCM-41/Co30,4 nanocomposite synthesized from rice husk silica gel and Peach leaves. J. Hazard. Mater. 2020, 389, 122129.
[CrossRef]

Li, X.; Shi, C.; Feng, Z.; He, J.; Zhang, R.; Yang, Z.; Pan, P; Li, H.; Feng, D.; Zheng, L. Construction of Si nanowires/ZnFe;O4/Ag
photocatalysts with enhanced photocatalytic activity under visible light and magnetic field. J. Alloys Compd. 2023, 946, 169467.
[CrossRef]

Hamdi, A.; Boussekey, L.; Roussel, P.; Addad, A.; Ezzaouia, H.; Boukherroub, R.; Coffinier, Y. Hydrothermal preparation of
MoS, /TiO, /Si nanowires composite with enhanced photocatalytic performance under visible light. Mater. Des. 2016, 109,
634-643. [CrossRef]

Brahiti, N.; Hadjersi, T.; Menari, H.; Amirouche, S.; El Kechai, O. Enhanced photocatalytic degradation of methylene blue by
metal-modified silicon nanowires. Mater. Res. Bull. 2015, 62, 30-36. [CrossRef]

Cortez, O.A.C.; Bueno, ].d.J.P.; Mexicano, Y.C.; L6pez, M.L.M.; Rodriguez, C.H.; Pérez, A X.M.; Alejandre, D.C.; Lépez, C.M.;
Robles, M.R.G.; Oza, G.; et al. CoO, Cu, and Ag Nanoparticles on Silicon Nanowires with Photocatalytic Activity for the
Degradation of Dyes. Sustainability 2022, 14, 13361. [CrossRef]

Hammouche, J.; Daoudi, K.; Columbus, S.; Ziad, R.; Ramachandran, K.; Gaidi, M. Structural and morphological optimization
of Ni doped ZnO decorated silicon nanowires for photocatalytic degradation of methylene blue. Inorg. Chem. Commun. 2021,
131, 108763. [CrossRef]

Ameen, S.; Park, D.-R.; Shin, H.S. Silicon nanowires arrays for visible light driven photocatalytic degradation of rose bengal dye.
J. Mater. Sci. Mater. Electron. 2016, 27, 10460-10467. [CrossRef]

Naffeti, M.; Zaibi, M.A.; Nefzi, C.; Garcia-Arias, A.V.; Chtourou, R.; Postigo, P.A. Highly efficient photodegradation of methylene
blue by a composite photocatalyst of bismuth nanoparticles on silicon nanowires. Environ. Technol. Innov. 2023, 30, 103133.
[CrossRef]

Liu, Y; Ji, G.; Wang, |.; Liang, X.; Zuo, Z.; Shi, Y. Fabrication and photocatalytic properties of silicon nanowires by metal-assisted
chemical etching: Effect of HyO, concentration. Nanoscale Res. Lett. 2012, 7, 663. [CrossRef]

Gaidi, M.; Daoudi, K.; Columbus, S.; Hajjaji, A.; El Khakani, M.A.; Bessais, B. Enhanced photocatalytic activities of silicon
nanowires/graphene oxide nanocomposite: Effect of etching parameters. J. Environ. Sci. 2021, 101, 123-134. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cej.2013.03.101
https://doi.org/10.3390/nano10030491
https://doi.org/10.1016/j.matchemphys.2017.10.070
https://doi.org/10.1186/s11671-019-3093-9
https://www.ncbi.nlm.nih.gov/pubmed/31338679
https://doi.org/10.1088/0022-3727/45/36/365304
https://doi.org/10.1007/s10854-021-07214-5
https://doi.org/10.1016/j.apcatb.2017.08.087
https://doi.org/10.3866/PKU.WHXB201406161
https://doi.org/10.1016/j.catcom.2011.06.016
https://doi.org/10.1016/j.scitotenv.2022.157470
https://doi.org/10.1007/s11356-021-16718-w
https://doi.org/10.1016/j.chemosphere.2021.133300
https://doi.org/10.1016/j.jhazmat.2020.122129
https://doi.org/10.1016/j.jallcom.2023.169467
https://doi.org/10.1016/j.matdes.2016.07.098
https://doi.org/10.1016/j.materresbull.2014.11.007
https://doi.org/10.3390/su142013361
https://doi.org/10.1016/j.inoche.2021.108763
https://doi.org/10.1007/s10854-016-5135-8
https://doi.org/10.1016/j.eti.2023.103133
https://doi.org/10.1186/1556-276X-7-663
https://doi.org/10.1016/j.jes.2020.08.010
https://www.ncbi.nlm.nih.gov/pubmed/33334508

Nanomaterials 2025, 15, 1514 21 of 23

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Derkaoui, K.; Hadjersi, T.; Boukhouidem, K.; Bouanik, S.; Naama, S.; Khen, A.; Manseri, A.; Benharrat, L.; Kechouane, M.; Trari,
M. Facile CeO, nanoparticles deposition on Si-nanowires: Application to the rhodamine B photodegradation under visible light.
React. Kinet. Catal. Lett. 2023, 136, 1657-1672. [CrossRef]

Teo, S.H.; Islam, A.; Taufig-Yap, Y.H.; Awual, R. Introducing the novel composite photocatalysts to boost the performance of
hydrogen (Hj) production. J. Clean. Prod. 2021, 313, 127909. [CrossRef]

Molaei, R.; Bayati, M.R.; Alipour, H.M.; Nori, S.; Narayan, J. Enhanced photocatalytic efficiency in zirconia buffered n-NiO/p-NiO
single crystalline heterostructures by nanosecond laser treatment. J. Appl. Phys. 2013, 113, 233708. [CrossRef]

Yao, L.; He, X.; Ly, J.; Xu, G.; Bao, Z.; Cui, J.; Yu, D.; Wu, Y. Efficient degradation of ciprofloxacin by CozO,/Si nanoarrays
heterojunction activated peroxymonosulfate under simulated sunlight: Performance and mechanism. J. Environ. Chem. Eng. 2022,
10, 107397. [CrossRef]

Lu, K-Q.; Lin, X,; Tang, Z.-R.; Xu, Y.-J. Silicon nanowires@Co0304 arrays film with Z-scheme band alignment for hydrogen
evolution. Catal. Today 2019, 335, 294-299. [CrossRef]

Gu, J.; Yu, H,; Quan, X.; Chen, S.; Niu, J. Utilizing transparent and conductive SnO, as electron mediator to enhance the
photocatalytic performance of Z-scheme Si-SnO2-TiOx. Front. Environ. Sci. Eng. 2020, 14, 72. [CrossRef]

Ali, S.; Razzaq, A.; Kim, H.; In, S.-I. Activity, selectivity, and stability of earth-abundant CuO/Cu,O/ CuV-based photocatalysts
toward CO, reduction. Chem. Eng. J. 2022, 429, 131579. [CrossRef]

Abadi, A.G.; AlSaidi, M.S.; AL Shibli, W.K. DFT-Driven Approaches to Optimizing Small Bandgap Doping Structures: A Brief
Review. |. Inorg. Organomet. Polym. Mater. 2025, 35, 6130-6146. [CrossRef]

Abdullah, B.J. Size effect of band gap in semiconductor nanocrystals and nanostructures from density functional theory within
HSEQ6. Mater. Sci. Semicond. Process. 2022, 137, 106214. [CrossRef]

Fehér, PP; Madarész, A.; Stirling, A. Prediction of Redox Power for Photocatalysts: Synergistic Combination of DFT and Machine
Learning. J. Chem. Theory Comput. 2023, 19, 4125-4135. [CrossRef]

Deringer, V.L.; Bernstein, N.; Bartok, A.P.; Cliffe, M.].; Kerber, R.N.; Marbella, L.E.; Grey, C.P,; Elliott, S.R.; Csanyi, G. Realistic
Atomistic Structure of Amorphous Silicon from Machine-Learning-Driven Molecular Dynamics. J. Phys. Chem. Lett. 2018, 9,
2879-2885. [CrossRef]

Qian, X,; Peng, S.; Li, X.; Wei, Y,; Yang, R. Thermal conductivity modeling using machine learning potentials: Application to
crystalline and amorphous silicon. Mater. Today Phys. 2019, 10, 100140. [CrossRef]

Buratti, Y.; Javier, G.M.; Abdullah-Vetter, Z.; Dwivedi, P.; Hameiri, Z. Machine learning for advanced characterisation of silicon
photovoltaics: A comprehensive review of techniques and applications. Renew. Sustain. Energy Rev. 2024, 202, 114617. [CrossRef]
Mai, H,; Le, T.C.; Chen, D.; Winkler, D.A.; Caruso, R.A. Machine Learning for Electrocatalyst and Photocatalyst Design and
Discovery. Chem. Rev. 2022, 122, 13478-13515. [CrossRef] [PubMed]

Ge, L,; Ke, Y;; Li, X. Machine learning integrated photocatalysis: Progress and challenges. Chem. Commun. 2023, 59, 5795-5806.
[CrossRef] [PubMed]

Masood, H.; Toe, C.Y.; Teoh, W.Y.; Sethu, V.; Amal, R. Machine Learning for Accelerated Discovery of Solar Photocatalysts. ACS
Catal. 2019, 9, 11774-11787. [CrossRef]

Zhai, X.; Chen, M. Accelerated Design for Perovskite-Oxide-Based Photocatalysts Using Machine Learning Techniques. Materials
2024, 17, 3026. [CrossRef]

Mai, H.; Li, X,; Le, T.C.; Russo, S.P,; Winkler, D.A.; Chen, D.; Caruso, R.A. Rapid Design of Efficient Mn3O,4-Based Photocatalysts
by Machine Learning and Density Functional Theory Calculations. Adv. Energy Sustain. Res. 2025, 6, 2400397. [CrossRef]
Soltani, A.; Djani, F; Abdesslam, Y. Machine learning predictive model to estimate the photo-degradation performance of
stannates and hydroxystannates photocatalysts on a variety of waterborne contaminants. Comput. Theor. Chem. 2024, 1244, 115003.
[CrossRef]

Jiang, Z.; Hu, J.; Tong, M.; Samia, A.C.; Zhang, H.; Yu, X. A Novel Machine Learning Model to Predict the Photo-Degradation
Performance of Different Photocatalysts on a Variety of Water Contaminants. Catalysts 2021, 11, 1107. [CrossRef]

Ali, M.; Hossen, A.; Aziz, A.A. Progress in prediction of photocatalytic CO, reduction using machine learning approach: A mini
review. Next Mater. 2025, 8, 100522. [CrossRef]

Zhou, P; Wang, M.; Tang, E; Ling, L.; Yu, H.; Chen, X. Machine learning accelerates the screening of efficient metal-oxide catalysts
for photocatalytic water splitting. Mater. Res. Bull. 2024, 179, 112956. [CrossRef]

Tranter, A.D.; Kranz, L.; Sutherland, S.; Keizer, ].G.; Gorman, S.K.; Buchler, B.C.; Simmons, M.Y. Machine Learning-Assisted
Precision Manufacturing of Atom Qubits in Silicon. ACS Nano 2024, 18, 19489-19497. [CrossRef]

Chen, Y.; Chen, Y,; Long, J.; Shi, D.; Chen, X.; Hou, M.; Gao, J.; Liu, H.; He, Y.; Fan, B.; et al. Achieving a sub-10 nm nanopore
array in silicon by metal-assisted chemical etching and machine learning. Int. J. Extreme Manuf. 2021, 3, 035104. [CrossRef]
Morrow, ].D.; Ugwumadu, C.; Drabold, D.A.; Elliott, S.R.; Goodwin, A.L.; Deringer, V.L. Understanding Defects in Amorphous
Silicon with Million-Atom Simulations and Machine Learning. Angew. Chem. Int. Ed. Engl. 2024, 63, €202403842. [CrossRef]


https://doi.org/10.1007/s11144-023-02427-7
https://doi.org/10.1016/j.jclepro.2021.127909
https://doi.org/10.1063/1.4811540
https://doi.org/10.1016/j.jece.2022.107397
https://doi.org/10.1016/j.cattod.2018.11.058
https://doi.org/10.1007/s11783-020-1251-z
https://doi.org/10.1016/j.cej.2021.131579
https://doi.org/10.1007/s10904-025-03688-6
https://doi.org/10.1016/j.mssp.2021.106214
https://doi.org/10.1021/acs.jctc.3c00286
https://doi.org/10.1021/acs.jpclett.8b00902
https://doi.org/10.1016/j.mtphys.2019.100140
https://doi.org/10.1016/j.rser.2024.114617
https://doi.org/10.1021/acs.chemrev.2c00061
https://www.ncbi.nlm.nih.gov/pubmed/35862246
https://doi.org/10.1039/D3CC00989K
https://www.ncbi.nlm.nih.gov/pubmed/37093605
https://doi.org/10.1021/acscatal.9b02531
https://doi.org/10.3390/ma17123026
https://doi.org/10.1002/aesr.202400397
https://doi.org/10.1016/j.comptc.2024.115003
https://doi.org/10.3390/catal11091107
https://doi.org/10.1016/j.nxmate.2025.100522
https://doi.org/10.1016/j.materresbull.2024.112956
https://doi.org/10.1021/acsnano.4c00080
https://doi.org/10.1088/2631-7990/abff6a
https://doi.org/10.1002/anie.202403842

Nanomaterials 2025, 15, 1514 22 of 23

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Erhard, L.C.; Rohrer, J.; Albe, K.; Deringer, V.L. Modelling atomic and nanoscale structure in the silicon-oxygen system through
active machine learning. Nat. Commun. 2024, 15, 1927. [CrossRef]

Wang, R.; Yu, H.; Zhong, Y.; Xiang, H. Identifying Direct Bandgap Silicon Structures with High-Throughput Search and Machine
Learning Methods. J. Phys. Chem. C 2024, 128, 12677-12685. [CrossRef]

Jenisha, J.; Raj, A. Photocatalytic treatment of N-Nitrosomorpholine by undoped TiO,-ZnO & Si-doped TiO,-ZnO nanocatalyst.
Indian |. Chem. Technol. 2024, 31, 240-247. [CrossRef]

Shivaraju, H.; Sparsha, M.; Yashas, S.; Sonu, K.; Harini, R.; Jenkins, D. Preparation of supporting photocatalysts for water
treatment using natural sunlight as an alternative driving energy. In Materials Today-Proceedings; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 3936-3944.

Dong, Z.; Ding, D.; Li, T.; Ning, C. High-efficiency photoelectrochemical water splitting with heterojunction photoanode of
InyO3-x nanorods/black Ti-Si—O nanotubes. Int. |. Hydrogen Energy 2019, 44, 17611-17621. [CrossRef]

Ma, N.; Quan, X.; Zhang, Y.; Chen, S.; Zhao, H. Integration of separation and photocatalysis using an inorganic membrane
modified with Si-doped TiO, for water purification. J. Membr. Sci. 2009, 335, 58—67. [CrossRef]

Vohra, M.S.; Lee, J.; Choi, W. Enhanced photocatalytic degradation of tetramethylammonium on silica-loaded titania. J. Appl.
Electrochem. 2005, 35, 757-763. [CrossRef]

Wu, Z,; Liu, H.; Dai, D.; Liu, C. Preparation of silicon-doped TiO; fiber and supported TiO, and comparison study of their
photocatalytic activity. J. Sol-Gel Sci. Technol. 2017, 83, 243-251. [CrossRef]

Li, T.; Ding, D. Ni/Si-Codoped TiO, Nanostructure Photoanode for Enhanced Photoelectrochemical Water Splitting. Materials
2019, 12, 4102. [CrossRef] [PubMed]

Li, T; Ding, D. Photoelectrochemical water splitting with black Ni/Si-doped TiO; nanostructures. Int. |. Hydrogen Energy 2020, 45,
20983-20992. [CrossRef]

Ai, Z.; Gao, Z.; Su, K,; Ho, W.; Zhang, L. Aerosol flow synthesis of N, Si-codoped TiO, hollow microspheres with enhanced
visible-light driven photocatalytic performance. Catal. Commun. 2012, 29, 189-193. [CrossRef]

Chen, C.; Wei, Y; Yuan, G.; Liu, Q.; Lu, R;; Huang, X.; Cao, Y.; Zhu, P. Synergistic Effect of Si Doping and Heat Treatments
Enhances the Photoelectrochemical Water Oxidation Performance of TiO, Nanorod Arrays. Adv. Funct. Mater. 2017, 27, 1701575.
[CrossRef]

Tong, M.; Sun, D.; Zhang, R.; Liu, H.; Chen, R. Preparation of Si—«-Fe;O3/CdS composites with enhanced visible-light photocat-
alytic activity for p-nitrophenol degradation. J. Alloys Compd. 2021, 862, 158271. [CrossRef]

Liang, Z.; Ba, G.; Li, H.; Du, N.; Hou, W. Facile synthesis of silicon-doped polymeric carbon nitride with enhanced photocatalytic
performance. J. Alloys Compd. 2020, 815, 152488. [CrossRef]

Wen, J; Li, N,; Lin, P,; Han, Y.; Chen, G.; Bai, L.; Guo, S.; Wu, H.; He, W.; Zhang, J. Electronic, magnetic and photocatalytic
properties of Si doping in g-ZnO monolayer with point defects. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114913.
[CrossRef]

Mavengere, S.; Kim, J.-S. UV-visible light photocatalytic properties of NaYF4:(Gd, Si)/TiO, composites. Appl. Surf. Sci. 2018, 444,
491-496. [CrossRef]

Singh, J.; Jadhav, S.; Avasthi, S.; Sen, P. Designing Photocatalytic Nanostructured Antibacterial Surfaces: Why Is Black Silica Better
than Black Silicon? ACS Appl. Mater. Interfaces 2020, 12, 20202-20213. [CrossRef]

Convertino, A.; Maiolo, L.; Scuderi, V.; Di Mauro, A.; Scuderi, M.; Nicotra, G.; Impellizzeri, G.; Fortunato, G.; Privitera, V. A forest
of 5iO; nanowires covered by a TiO; thin film for an efficient photocatalytic water treatment. RSC Adv. 2016, 6, 91121-91126.
[CrossRef]

Olejnik, T.; Pasieczna-Patkowska, S.; Lesiuk, A.; Ryczkowski, J. Phenol and methylene blue photodegradation over Ti/SBA-15
materials under uv light. PJCT 2016, 18, 30-38. [CrossRef]

Takeuchi, M.; Matsuoka, M.; Yamashita, H.; Anpo, M. Preparation of Ti-Si binary oxide thin film photocatalysts by the application
of an ionized cluster beam method. J. Synchrotron Radiat. 2001, 8, 643-644. [CrossRef] [PubMed]

Xiao, J.; Pan, Z.; Zhang, B.; Liu, G.; Zhang, H.; Song, X.; Hu, G.; Xiao, C.; Wei, Z.; Zheng, Y. The research of photocatalytic activity
on Si doped TiO, nanotubes. Mater. Lett. 2017, 188, 66—68. [CrossRef]

Van Viet, P; Huy, T.H.; You, S.-].; Van Hieu, L.; Thi, C.M. Hydrothermal synthesis, characterization, and photocatalytic activity of
silicon doped TiO, nanotubes. Superlattices Microstruct. 2018, 123, 447—-455. [CrossRef]

Van Viet, P.; Huy, T.H.; Sang, T.T.; Nguyet, H.M.; Thi, C.M. One-pot hydrothermal synthesis of Si doped TiO; nanotubes from
commercial material sources for visible light-driven photocatalytic activity. Mater. Res. Express 2019, 6, 055006. [CrossRef]
Rafajilovi¢, M.R.; Radulovi¢, K; Pergal, M.V,; Blanusa, J.; Raji¢, V.; Cvjeti¢anin, N.; Vasiljevi¢-Radovi¢, D. Si/Pyrex glass and
poly(dimethylsiloxane)-based microfluidic devices with integrated heating elements for TiO, nanoparticle synthesis. J. Sci. Adv.
Mater. Devices 2025, 10, 100877. [CrossRef]

Ounas, A.; Baha, A.A.; Izghri, Z.; Idouhli, R; Tabit, K.; Yaacoubi, A.; Abouelfida, A.; Bacaoui, A. Biochar/Zeolite-Supported TiO,
Nanocatalyst for the Photodegradation of Organic Pollutants in Aqueous Media. Chem. Afr. 2025, 8, 3139-3150. [CrossRef]


https://doi.org/10.1038/s41467-024-45840-9
https://doi.org/10.1021/acs.jpcc.4c02967
https://doi.org/10.56042/ijct.v31i2.3359
https://doi.org/10.1016/j.ijhydene.2019.05.165
https://doi.org/10.1016/j.memsci.2009.02.040
https://doi.org/10.1007/s10800-005-1365-9
https://doi.org/10.1007/s10971-017-4439-3
https://doi.org/10.3390/ma12244102
https://www.ncbi.nlm.nih.gov/pubmed/31817973
https://doi.org/10.1016/j.ijhydene.2020.05.182
https://doi.org/10.1016/j.catcom.2012.10.015
https://doi.org/10.1002/adfm.201701575
https://doi.org/10.1016/j.jallcom.2020.158271
https://doi.org/10.1016/j.jallcom.2019.152488
https://doi.org/10.1016/j.physe.2021.114913
https://doi.org/10.1016/j.apsusc.2018.03.027
https://doi.org/10.1021/acsami.0c02854
https://doi.org/10.1039/C6RA15986A
https://doi.org/10.1515/pjct-2016-0045
https://doi.org/10.1107/S0909049500012656
https://www.ncbi.nlm.nih.gov/pubmed/11512880
https://doi.org/10.1016/j.matlet.2016.10.097
https://doi.org/10.1016/j.spmi.2018.09.035
https://doi.org/10.1088/2053-1591/aad8a0
https://doi.org/10.1016/j.jsamd.2025.100877
https://doi.org/10.1007/s42250-025-01260-w

Nanomaterials 2025, 15, 1514 23 of 23

163. Ho, T.-N. Enhanced Photocatalytic Activation of Peroxymonosulfate Using Ag-TiO,/SiO; Monolith for Phenol Degradation.
Catal. Surv. Asia 2025, 29, 185-193. [CrossRef]

164. Yang, R.; Zhu, R; Fan, Y.; Hu, L.; Chen, B. Construction of an artificial inorganic leaf CdS-BiVO, Z-scheme and its enhancement
activities for pollutant degradation and hydrogen evolution. Catal. Sci. Technol. 2019, 9, 2426-2437. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10563-025-09448-3
https://doi.org/10.1039/C9CY00475K

	Introduction 
	Synthesis and Modification of Si-Based Nanostructures 
	Protective Coatings, Nanostructures, and Specialized Applications of Silicon in Photocatalysis 
	Silicon-Based Heterostructures for Photocatalysis 
	Machine Learning in the Optimization of Photocatalysts 
	Silicon Doping to Enhance Photocatalytic Activity 
	Conclusions and Outlooks 
	References

