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ARTICLE INFO ABSTRACT

Keywords: The imperative demand for sustainable and renewable energy solutions has precipitated profound scientific

Sﬂic’m‘ba_sefi materials investigations into photocatalysts designed for the processes of water splitting and hydrogen fuel generation. The

\P/IVa;er splitting abundance, low toxicity, high conductivity, and cost-effectiveness of silicon-based compounds make them
ydrogen

attractive candidates for hydrogen production, driving ongoing research and technological advancements.
Developing an effective synthesis method that is simple, economically feasible, and environmentally friendly is
crucial for the widespread implementation of silicon-based heterojunctions for sustainable hydrogen production.
Balancing the performance benefits with the economic and environmental considerations is a key challenge in
the development of these systems. The specific performance of each catalyst type can vary depending on the
synthesis method, surface modifications, catalyst loading, and reaction conditions. The confluence of high
crystallinity, reduced oxygen concentration, and calcination temperature within the silicon nanoparticle has
significantly contributed to its noteworthy hydrogen evolution rate. This review provides an up-to-date evalu-
ation of Si-based photocatalysts, summarizing recent developments, guiding future research directions, and
identifying areas that require further investigation. By combining theoretical insights and experimental findings,
this review offers a comprehensive understanding of Si-based photocatalysts for water splitting. Through a
comprehensive analysis, it aims to elucidate existing knowledge gaps and inspire future research directions to-
wards optimized photocatalytic performance and scalability, ultimately contributing to the realization of sus-
tainable hydrogen generation.
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A. Islam et al.
1. Introduction

The importance of hydrogen as a potential green energy source is
rising. Its importance stems from its ability to alleviate a variety of
environmental concerns and resource depletion associated with the
current reliance on fossil fuels. Additionally, hydrogen has significant
value as a chemical feedstock and finds applications in industries such as
petrochemicals and ammonia synthesis. Currently, the industrial pro-
duction of hydrogen primarily relies on three main processes: steam-
methane reforming, coal gasification, and water splitting. However,
the first two methods heavily rely on fossil fuels and result in substantial
CO,, emissions, contributing to climate change. In contrast, water split-
ting offers a promising and environmentally responsible approach to
hydrogen production. Water splitting involves the separation of water
molecules into hydrogen and oxygen using various methods. With water
being abundant on Earth, the utilization of water splitting as a method
for environmentally friendly hydrogen production becomes highly
desirable. Moreover, the renewable nature of hydrogen reinforces its
sustainability as a green energy alternative.

Silicon, as a semiconductor material, possesses several advantageous
properties that make it widely used in photovoltaic devices. The mate-
rial's broad light absorption across the solar spectrum, coupled with its
Earth-abundant and low charge carrier recombination rate, renders it
highly effective for solar energy conversion. Integration of p-n silicon
junctions with water splitting technology facilitates direct capture and
conversion of solar energy into hydrogen fuel. This approach exhibits
particular promise for decentralized power generation and storage due
to its suitability for small-scale solar-to-fuel devices [1]. The combina-
tion of solar energy capture and conversion with water splitting in a
single device can improve efficiency, reduce costs, and enhance the
practicality of solar-to-fuel technologies. Moreover, the use of silicon,
which is abundant and cost-effective compared to noble metals, makes
this integrated approach more commercially viable [2]. It opens up
possibilities for scaling up the production of solar-to-fuel devices and
facilitating their widespread adoption in various applications.

In silicon, at room temperature, all electrons reside in the valence
band, leaving the conduction band empty. This electronic configuration
renders silicon an insulator, as no free electrons are available to conduct
electricity. External energy sources, such as light or heat, can induce
electronic excitation within a material. Specifically, light can trigger the
promotion of electrons from the valence to the conduction band through
a process known as photoexcitation. Similarly, thermal energy can
facilitate the same transition via thermal excitation [3]. This absorption
of energy elevates the electrons to higher energy levels within the
conduction band, transforming them into free charge carriers capable of
movement within the silicon lattice. This movement constitutes elec-
trical conductivity, effectively transforming the once insulating silicon
into a semiconductor [3]. Silicon's ability to exhibit this behavior makes
it a crucial material in the field of electronics. It is widely used to create
semiconductors, such as computer chips, where the controlled move-
ment of electrons is essential for various electronic functions. Due to its
narrow band gap (around 1.12 eV for silicon), silicon exhibits excellent
optical absorption properties, particularly in the visible light spectrum
[4]. Many researchers have been working on designing and developing
architectures and materials that utilize silicon as a semiconductor in
photocatalytic systems [3,4]. This area of research holds promise for
advancing sustainable and clean energy production using silicon-based
photocatalytic systems for hydrogen fuel generation.

The ability to engineer the bandgap of semiconductor materials and
develop nanostructured photocatalysts has opened significant possibil-
ities for efficient solar-active materials. The successful conversion of
solar energy into hydrogen via photocatalytic water splitting is highly
dependent on the physicochemical properties and photocatalytic activ-
ity of the chosen photocatalyst material. This dependence arises from
the fact that these properties directly influence the material's ability to
absorb light, generate charge carriers, and facilitate the water-splitting
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reactions at its surface [5]. In addition to the design of efficient nano-
structured photocatalysts, the exploration of co-catalysts is another
important area of research in this field. Co-catalysts are materials that
can enhance the efficiency of photocatalytic reactions, thus improving
the overall performance of the system. Identifying cost-effective, stable,
and scalable co-catalysts is crucial for practical applications of solar-
driven water splitting [5]. The surface of silicon can be functionalized
with various co-catalyst nanoparticles, enhancing its catalytic activity
and efficiency in wastewater-splitting actions. Furthermore, nano-
structured silicon, including silicon nanowires, black silicon, silicon
nanosheets, and silicon carbide or nitride, along with their composite
heterojunctions, are considered highly promising materials for gener-
ating hydrogen through water splitting.

Bandgap engineering in semiconductor materials is a key factor in
achieving high-energy conversion efficiency in photocatalytic reactions.
By carefully tuning the bandgap of a semiconductor to match the solar
spectrum, more photons can be effectively absorbed, leading to
enhanced light utilization and higher energy conversion rates. Tech-
niques such as doping and the formation of multi-junction hetero-
structures have opened possibilities for tailoring the bandgaps of
semiconductor materials. Nanostructured semiconductor photocatalysts
have gained significant attention due to their improved light absorption
properties and the ability to facilitate solar-driven catalytic reactions.
These nanostructured materials offer enhanced surface area and unique
structural features, which enable better light absorption and efficient
catalytic reactions.

Limited activity on silicon surfaces creates opportunities for diverse
nanoparticles to bind, leading to enhanced photocatalysis and selective
product formation in water splitting [6]. Compared to bulk silicon,
nanoparticles exhibit enhanced reactivity and can generate hydrogen
more rapidly [6]. Various nanostructured forms of silicon, such as sili-
con nanowires, black silicon, silicon nanosheets, and silicon carbide or
nitride, have shown promise as materials for generating hydrogen
through water splitting. Composite heterojunctions, characterized by
the intimate integration of distinct nanostructured materials, stand out
as highly promising candidates for driving efficient solar-driven water
splitting.

To highlight recent developments, lingering issues, and potential
progress, a cutting-edge evaluation of the connection of diverse nano-
structured silicon photocatalysts is essential. To protect the environ-
ment, it is important to compare current, cutting-edge technologies.
There aren't many review papers available on this topic. Researchers
[7,8] have reported on a sustainable photocatalytic method for pro-
ducing hydrogen from water with an emphasis on photocatalytic
hydrogen generation employing homogeneous, heterogeneous, and
hybrid systems catalysts. Reviews on the Various treatment methods for
enhanced bio-hydrogen production have been published [9,10]. Some
attention has been paid to solid-state hydrogen storage and Green Fuels
production [11,12].

The potential of silicon carbide (SiC) for photoelectrochemical (PEC)
Hj production has undergone thorough investigation in recent years,
with significant progress being documented. This exploration has
focused on understanding and optimizing the various factors that in-
fluence SiC's performance in this application. These efforts aim to
harness the unique properties of SiC, such as its suitable bandgap,
excellent chemical stability, and high durability, for efficient sunlight-
to-hydrogen conversion [13,14]. An approach to produce high-
performance hydrogen by tuning band gap and surface functional
groups was highlighted by several researchers [15-19]. Recent research
has extensively explored the application of black-silicon-assisted
photovoltaic cells for achieving higher conversion efficiencies. These
studies have not only highlighted the opportunities afforded by the
nanotextured surface of black silicon in enhancing light trapping and
reducing reflectance, but also critically evaluated the challenges asso-
ciated with its fabrication processes [20,21]. Recently, Semiconductor
based nanomaterial photocatalysts are acquiring expanding perceptible
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for hydrogen production through water-splitting [22,23]. Consequently,
the exploration of nanostructured silicon photocatalysts for water
splitting has constituted a focal point of ongoing research endeavors.
Nevertheless, a limited review has been paid attention to wireless solar
green hydrogen production with nanostructured silicon photocatalysts.

A comprehensive overview of recent developments in silicon pho-
tocatalysts for water-splitting-driven hydrogen production is presented
in the review. This summary highlights the key advancements achieved
in this field, focusing on various strategies employed to enhance the
photocatalytic performance of silicon for efficient hydrogen generation.
The various types of nanostructured silicon materials, such as silicon
nanowires, black silicon, silicon nanosheets, and composite hetero-
junctions, and their performance as photocatalysts have been discussed.
Furthermore, the theoretical approaches used to understand and opti-
mize the properties and performances of these silicon photocatalysts
have been highlighted. It combines experimental findings, theoretical
insights, and general information to provide a holistic understanding of
the field and contribute to the progress in sustainable hydrogen pro-
duction through solar-driven water splitting.

2. Mechanistic understanding of silicon photocatalyst

Semiconductor-based photocatalysis has garnered significant
research interest due to its potential for clean and sustainable solar-
driven water splitting, a process that converts sunlight and water into
hydrogen fuel. Elucidating the intricate mechanisms governing this
water-to-fuel transformation is critical for optimizing photocatalyst
performance and unlocking its full potential. A significant obstacle in
the field of photoelectrochemical water splitting remains the attainment
of unassisted water splitting. This refers to a process where both the
hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER) occur spontaneously, without requiring an external electrical
bias. Thermodynamically, this process necessitates a minimum bandgap
potential of approximately 1.7-1.8 V to overcome the inherent water
molecule stability. Water splitting has a 1.23 V thermodynamic poten-
tial at 20 °C. The photocatalytic water-splitting mechanism [24] is
depicted in Fig. 1. The process entails the catalyst's excitation by the
absorption of light, wherein the absorbed light energy must be equiva-
lent to or surpass the band gap of the semiconductor material comprising

Excess kinetic
energy (electron)
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the catalyst. Upon excitation, an electron is promoted from the valence
to the conduction band of the semiconductor, creating a corresponding
hole in the vacated valence band. These photogenerated electron-hole
pairs serve as the driving force for the subsequent chemical reactions.
Following the absorption of light energy exceeding the band gap of the
semiconductor material, the excited catalyst undergoes the subsequent
liberation of charge carriers. The liberation process triggered by light
absorption in semiconductors leads to the dissociation of the initially
formed bound electron-hole pairs. This phenomenon results in the
generation of free electrons within the conduction band and holes within
the valence band, paving the way for their participation in subsequent
photocatalytic reactions. In instances where the excitation energy
significantly surpasses the band gap energy (Eg), the excess energy may
lead to the occupation of energy sub-bands. For excited holes, these sub-
bands are situated below the valence band maximum (VBM), while for
excited electrons, they are positioned above the conduction band min-
imum (CBM). According to Ahmed et al. [24], the following equations
can explain how the extra energy is distributed:

AE, = (hv—E))[1 +m, /my " €h)

AE, = (hv—E;) — AE, 2

The presented equations illuminate the energetic landscape of pho-
tocatalysis, unraveling the distribution and utilization of excess energy
within the semiconductor material. These equations, where m,* and my,*
represent the effective masses of electrons and holes, respectively, and
AE, and AEj signify the energy differences between photogenerated
carriers and their respective band edges, demystify the intricate work-
ings of photocatalysis, paving the way for breakthrough advancements.
The presented equations afford insights into the distribution and utili-
zation of excess energy within the semiconductor material during pho-
tocatalytic processes, thereby influencing the overall efficiency and
performance of the photocatalyst. Delving into the dynamics of charge
carriers and the intricacies of energy distribution within a semi-
conductor photocatalyst proves indispensable for garnering profound
insights into the underlying mechanisms governing its function. These
insights serve as invaluable guiding principles for meticulously opti-
mizing the design of such photocatalysts, ultimately leading to enhanced
efficiency in water-splitting applications. The possible mechanism of

Témperature of hot charge
reaches up to 4500K

citation of hot charge
es and conversion of
K.E. to heat by
on emission

Fig. 1. The mechanism of photocatalysis under light irradiation.
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silicon (Si)-initiated water splitting on the smallest unit of silicon, in-
dicates that the process does not follow the conventional pathway of
water splitting [25]. Hydrosilylation stands in contrast to conventional
hydrogenation reactions, as it hinges on a distinct mechanism. This
mechanism revolves around the fragmentation of Si—H bonds, followed
by the concurrent formation of Si-OH bonds, leading to the desired
product formation. This transformation signifies the replacement of a
hydrogen atom with a hydroxyl group on the silicon center. This
mechanistic process is elucidated in Fig. 2. As outlined in the investi-
gation conducted by Liu et al. [25], pristine Si nanowires predominantly
engage in the subsequent reactions attributable to the existence of Si—H
bonds:

Si(h*)+Si—H(e —) +H,0 Si— OH + Si+H, 3)

In this reaction, Si(h+) represents a positively charged silicon spe-
cies, Si-H(e-) represents an electron in a Si—H bond, and Si-OH, Si, and
H, are the resulting products [25]. Heterolytic cleavage of Si—H bonds
on the surface of the material, followed by the subsequent formation of
Si-OH bonds, constitutes a key activation pathway for Hy gas produc-
tion, leading to a significantly higher probability of Hy generation
compared to O, evolution.

It is important to consider the interactions between oxygen species
and the catalyst surface [25]. The process involves the formation of
hydroxyl (OH™) and superoxide (0?) radicals. The electron-deficient H
atoms on the Si surface are believed to act as electron acceptors, facili-
tating efficient charge separation by capturing electrons from photo-
generated electron-hole pairs. These strategies may include
electrochemical reduction, carbothermal reduction, self-templating
synthesis, and magnetiothermic reduction. These techniques enable
the synthesis of nanomaterials with desired properties and structures for
efficient photocatalytic water splitting.

A mechanistic understanding of silicon-based photocatalysts has
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been extensively explored due to their promising potential in facilitating
efficient solar-driven water splitting for sustainable hydrogen produc-
tion. The fundamental principle underlying semiconductor photo-
catalysis involves the absorption of photons with energy equal to or
exceeding the band gap (Eg) of the semiconductor, resulting in the
excitation of electrons from the valence band to the conduction band
and the simultaneous generation of holes. These photogenerated charge
carriers act as the primary agents driving redox reactions on the catalyst
surface. A critical requirement for unassisted water splitting is a mini-
mum bandgap potential of approximately 1.7-1.8 V, which is necessary
to overcome the inherent stability of water molecules, despite the
thermodynamic potential for water splitting being only 1.23 V at 20 °C.
Notably, silicon exhibits a unique mechanistic pathway distinct from
conventional semiconductor-mediated water splitting. This alternative
pathway involves the heterolytic cleavage of surface Si—H bonds and
their transformation into Si-OH species in the presence of water. This
process, often referred to as hydrosilylation, results in the generation of
molecular hydrogen while circumventing the traditional HER-OER
pathway. The photogenerated holes localized on the silicon surface
are thought to facilitate this bond cleavage, thereby enhancing hydrogen
evolution. Furthermore, the interaction between oxygen species and the
silicon surface contributes to efficient charge separation through the
formation of OH™ and O:" radicals, thereby suppressing recombination
losses. These findings underscore the need for tailoring nanostructured
Si-based photocatalysts through advanced synthesis techniques such as
carbothermal and magnetiothermic reduction to optimize their struc-
tural and electronic properties for enhanced catalytic activity.

3. Approaches and advances of silicon photocatalyst synthesis

Si-based photocatalysts typically consist of silicon (Si) as the main
component and are modified with various functional groups or dopants

H* (mass transportation)
Oxidation ™= paduction
HO SiOH+H' HOHO W W
¥ NaF -
m} - e./ Sl surfac

charge separation

Fig. 2. The mechanistic approach of H, production over silicon photocatalyst.
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to enhance their photocatalytic activity. The morphological aspects of
Si, such as shape, size, geometry, and crystal phases, directly impact
photocatalytic activity [26]. These parameters can affect the availability
of surface-active sites, electron transport, and mass transfer within the
photocatalyst. Various morphologies of Si have been explored, including
microspheres, nanospheres, nanosheets, nanorods, nanotubes, and
nanowires. Each morphology offers unique properties and advantages
for photocatalytic applications. In addition to morphology, the presence
of impurities in Si-based photocatalysts also plays a significant role in
their design [27]. Impurities can have a notable impact on the optical
properties of silicon and can be deliberately introduced to modulate its
photocatalytic behavior. The incorporation of specific impurities can
alter the band structure, charge carrier dynamics, and surface properties
of Si, thereby enhancing its photocatalytic performance. It is worth
noting that the production of pure silicon from silica (silicon dioxide)
through reduction requires considerable time and energy. This phe-
nomenon is predominantly attributed to the elevated bonding energy
existing between silicon and oxygen atoms within silica [27]. Different
routes to produce silicon from silica [28,29] are shown in Fig. 3. How-
ever, advancements in synthesis techniques have enabled the fabrication
of Si-based photocatalysts with controlled impurity levels and improved
optical properties, making them suitable for photocatalytic applications.

The synthesis of silicon (Si) in the form of powder and crystals has
well-established procedures in the industry. Nevertheless, certain
innovative methodologies have been documented for the reduction of
silica (SiO2) to yield silicon (Si). One such approach is electrochemical
reduction, where silica is reduced to silicon through an electrochemical
process. This method offers advantages such as lower process tempera-
tures (less than 1000 °C) and the ability to carry out the reduction re-
action at the contact point with an electrode [30]. This enables a more
controlled and efficient reduction of silica to silicon.

Another method, carbothermal reduction, employs concentrated
solar energy or biomass-derived carbon sources to undergo reduction of
silica. This approach leverages the chemical reaction (Eq. (4)):

Carbothermal process:
Required energy: 15-25 kwh/kg
Single step, Direct route
Temerature-2200-3200 °C

LES
'\‘?’.y‘

=

ElectricArc
Fumace

CO, Lasar Process:

Heat source: CO; laser beam
Mixture: silica and carbon black
powder. Molar ratios of silica to
carbon black: 1:1 to 1:10.The
intensity of the laser beam and
Nz gas flow during the process is
critical to obtaining silicon

mirror

J laser beam _an,

cutiel
fiacuum pump)

araphize .
= trucibly B,

5
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4

Utilizing concentrated solar energy has the potential to serve as a
practical heat source for driving the carbothermal reduction process.
This approach involves concentrating the thermal energy from the sun,
which is then harnessed to generate the elevated temperatures required
for the decomposition of specific metal oxides [31]. Additionally, silica
from rice husks, a waste product, can be utilized for the carbothermal
reduction of silicon. For large-scale industrial production, carbothermal
reduction in electric arc furnaces (EAFs) has long been the dominant and
most economical method for extracting pure silicon from silica. This
well-established process has benefited from continuous research and
optimization over many years. However, recent advancements are
pushing the boundaries with innovative approaches like the ultrafast
carbothermal reduction using a CO; laser beam, pioneered by Maeng
et al. [28]. The study demonstrated that the carbothermal reduction
process could occur within seconds when the laser beam illuminated the
silica/carbon mixture. While the research by Maeng et al. [28]
demonstrated the significant influence of laser beam intensity and Na
gas flow on the ultrafast carbothermal reduction process, it's important
to consider its comparison to traditional methods. Conventional carbo-
thermal reduction typically relies on large-scale facilities to effectively
capture and utilize the high temperatures inherent to the process,
maximizing thermal efficiency. This large-scale approach also often
necessitates a stabilization step after initiating the reduction process to
ensure consistent operation. In contrast, the laser-driven approach offers
precise control over the localized area of reduction due to the focused
nature of the laser beam. This potentially opens avenues for smaller-
scale reactors and potentially avoids the need for a separate stabiliza-
tion step. However, further investigation is needed to determine if the
energy efficiency of the laser approach can match or surpass the well-
established traditional methods. Through a comparison and contrast
of the laser-driven approach with traditional carbothermal reduction, a
deeper understanding of the trade-offs and potential benefits of this
innovative technology is achieved. Approaches to silica reduction are

SiO, + C—Si+CO,

Magnetiothermic process :
Furnace temperature: 600-800°C
Hazardous product- Silane

Inert environment required
Conversion system: Closed reactor

Metallurgical process :
Furnace temperature: 2000°C
Silane conversion: 350°C
Silane to Silicon:1100°C
Direct after 1100°C = 1425°C

S o o .,‘}“ I3
7 ) e
Rl

Fig. 3. Different routes to produce silicon from silica.
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actively being explored by researchers, unlocking the potential for
cleaner and more efficient silicon synthesis methods.

The carbothermal reduction process offers several advantages over
the silicothermic process to produce silicon. By using carbon to reduce
magnesium oxide, a process known as carbothermal reduction produces
magnesium metal vapor and carbon monoxide gas at temperatures
higher than 1600 °C [32]. While the established large-scale carbo-
thermal reduction in arc furnaces proves efficient for metallurgical sil-
icon production, it might not be the optimal choice for localized or
small-scale extraction of silicon from silica. In such scenarios, a more
scalable and adaptable approach for synthesizing silicon nanostructures
(SiNSs) emerges in the form of combining ball milling of commercially
available sands with magnesium reduction. However, when there is an
excess magnesium-to-silica ratio in the reduction process, it often leads
to the formation of magnesium silicide (Mg,Si) instead of the desired
silicon product for the final chemical reduction [33]. The final chemical
reaction in this process involves the reduction of silicon dioxide (SiO5)
with magnesium to form silicon (Egs. (4-6)).

SiOs) + 2 Mg, —>2MgO ) + Sis) “)
2 Mg, + Sis)—>Mg,Sis Q)
Mg;Si(s) + 4HClaq = 2MgClyoq) + SiHa) ©

The process involves the reduction of silica to magnesium oxide, the
formation of magnesium silicide, and finally, the chemical reduction of
magnesium silicide to produce silicon. This process allows for the syn-
thesis of silicon with controlled nanostructures and has potential ap-
plications in photocatalytic applications. During the etching process of
silicon with hydrochloric acid (HCI), some of the magnesium silicide
produced can react with the acid, resulting in the formation of silane gas
(SiH4) and other hazardous byproducts. Silane is a pyrophoric gas,
meaning it can ignite spontaneously upon contact with air. When silane
reacts with air, it can cause tiny explosions on the surface of the acid,
even without any external ignition source [34]. This poses a significant
safety risk, and fatal industrial accidents resulting from the combustion
and detonation of leaked silane in the air have been reported. To ensure
safety, the silane gases discharged during the reaction with HCl are
diluted with an inert gas, such as nitrogen (N2). Diluting the silane gas
helps to inhibit its further reaction with oxygen in the air, preventing the
formation of silicon dioxide. This suppression of the reaction between
the hazardous byproducts and oxygen is crucial in preventing the for-
mation of silicon dioxide during the etching process. On the other hand,
when silicon dioxide (SiO2) reacts with hydrofluoric acid (HF), it forms
silanol bonds on the silicon dioxide surface. The fluorine species in the
HF solution then react with the silicon, resulting in the formation of
silicon tetrafluoride gas (SiF4), which is soluble in water and forms
hexafluorosilicic acid (H2SiFg) (Eq. (7).

8102 (s) + 6HF(aq)—>HQSiF6(aq> + Hzo (7)

This reaction helps in the removal of silicon dioxide during etching,
facilitating the desired process [35]. It is important to handle these re-
actions with appropriate safety measures to ensure the well-being of
personnel and prevent any potential hazards.

The electrical properties of metallurgical silicon, despite being a
commonly used material, deteriorate due to flaws and recombination
centers introduced by the material's impurity [36]. These defects and
recombination centers also cause a shortening of the carrier lifetime and
a decrease in conductivity. This makes metallurgical silicon less suitable
for electronic applications, and purification and refinement processes
are typically required to improve its electrical properties for further
utilization. Size reduction has shown promise in enhancing the elec-
tronic activity of metallurgical silicon. The transition from anisotropic to
isotropic etching of the nanoparticles, along with the effects of surface
properties and surface-to-volume ratio, contribute to the enhanced
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reactivity of smaller particles [37]. Furthermore, particle size reduction
has been shown to have a positive impact on the photocatalytic per-
formance of metallurgical silicon. Lv et al. [38] reported a significantly
increased Hy evolution rate in photocatalytic reactions when using
smaller metallurgical silicon particles. However, it should be noted that
severe degradation issues may arise simultaneously. A significant chal-
lenge associated with silicon, including metallurgical silicon, is its high
optical reflectance (~40 % in specific wavelength ranges). This poses
limitations in applications where high light absorption is crucial, such as
photocatalysis. To overcome this limitation, surface etching techniques
are employed to enhance the light absorption capabilities of silicon,
particularly within the desired optical spectrum.

The formation and growth of silicon nanoclusters (SiNCs) and their
transformation into nanocrystals or crystalline silicon are indeed
temperature-dependent processes. Different silicon-rich precursors and
experimental conditions can lead to variations in the specific tempera-
ture ranges and conditions involved in these processes. One example is
the conversion of silicon monoxide (SiO) during pyrolysis. The pyrolysis
of hydrogen silsesquioxane (HSQ) in the thermal disproportionation
method is believed to undergo dehydrogenation, crosslinking, and
decomposition stages [39], as shown in Fig. 4. These three stages
collectively describe the pyrolysis process of HSQ in the thermal
disproportionation method. By understanding and controlling these
stages, researchers can optimize the synthesis conditions and obtain
desired silicon-based materials with specific properties. Below 300 °C,
the silicon phase exists as a single, randomly bonded structure resem-
bling SiO, often denoted as “SiO-like.” As the temperature escalates from
400 °C to 800 °C, a remarkable transformation unfolds. Amorphous
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(non-crystalline) nanoclusters rich in silicon begin to nucleate and
progressively enlarge. This growth is attributed to the release of excess
silicon atoms within the material, facilitating the aggregation and coa-
lescence of these clusters. Finally, upon reaching a critical temperature
window between 800 °C and 900 °C, a dramatic shift occurs: the
amorphous silicon undergoes crystallization [40]. This phase transition
signifies the emergence of well-defined, ordered crystalline silicon
structures. For silicon-rich oxide films, researchers have proposed a two-
stage thermal disproportionation process to explain their behavior at
elevated temperatures. Once the temperature surpasses 500 °C, the first
stage commences. During this stage, precipitation of silicon from the
oxide matrix takes place. This initial precipitation event sets the stage
for the subsequent development and evolution of the distinct silicon
phase. In the second stage, at even higher temperatures, typically above
1000 °C, the excess silicon crystallizes [41]. These studies suggest that
amorphous materials require reaching a threshold temperature to
initiate crystallization. The growth of nanoclusters in this temperature
range primarily depends on temperature rather than the composition of
the material. The diffusion coefficient, which affects the growth kinetics,
is not significantly influenced by the composition. It is important to note
that the specific temperature ranges and conditions may vary depending
on the precursor, experimental setup, and other factors [42]. Under-
standing the temperature-dependent processes involved in the forma-
tion and transformation of silicon nanoclusters is crucial for controlling
their properties and tailoring them for various applications.

High surface area mesoporous crystalline silicon can be produced via
the bottom-up self-templating synthesis process based on SiCl4 reduc-
tion. To construct the mesoporous structure, this technique uses salt by-
products as pore templates. This self-templating technique was used by
Dai et al. [43] to successfully manufacture nanosized mesoporous
crystalline silicon powders. Mesoporous crystalline silicon (Si) powders
have been investigated for their exceptional activity in the HER, as
demonstrated by Dai et al. [43]. This remarkable performance can be
associated with the powders' unique structural characteristics, particu-
larly their extensive surface area. This large surface area promotes an
increase in the availability of reaction sites and facilitates mass trans-
port, ultimately leading to the observed enhanced HER activity.
Numerous techniques have been investigated for the fabrication of 2D Si
nanosheets (SiNSs). By using a Grignard reagent and polysilane as cat-
alysts in a chemical reaction, Okamoto et al. successfully produced
organosilicon nanosheets. The fabrication of SiNS structures with con-
strained dimensions is possible using this technique [44].

Several advantages are presented by 2D Si nanosheets as photo-
catalysts for the hydrogen evolution reaction (HER). Interaction with
reactant molecules is facilitated, and reaction kinetics are enhanced.
Efficient adsorption and participation of water molecules in the HER
process are enabled by the exposed surface. This allows for the tailoring
of electronic and catalytic properties to optimize HER performance.
However, a significant challenge is posed by the widespread production
of highly pure Si nanosheets. Processes that involve gas-phase growth
have purity or size distribution restrictions, as do methods that use metal
doping or methylamines. For instance, Joo et al. [45] successfully ach-
ieved the catalyst-free synthesis of freestanding silicon nanosheets
(SiNSs) through the chemical vapor deposition (CVD) of SiCls under
high-flux H2 reaction conditions. Despite producing SiNSs, this method
is less suited for manufacturing at a low cost due to its wide size dis-
tribution and production constraints in large quantities [45]. This
research emphasized to development of scalable and effective processes
for producing high-quality SiNSs and mesoporous crystalline silicon
materials for a variety of uses, including photocatalysis. The size of
SiNCs cannot be precisely controlled with electrochemical etching or
laser ablation, despite their simplicity and effectiveness. The etching
process of a silicon wafer involves selectively removing or modifying the
surface layer of the silicon material using chemical or physical methods.
Etching is commonly performed in the fabrication of various photo-
catalysts. There are different etching techniques used in silicon wafer
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processing are shown in Fig. 5A.

A groundbreaking investigative effort by Yang et al. [46] has intro-
duced a novel methodology for silicon surface etching. This innovative
approach leverages the synergistic combination of two powerful tools:
laser-induced terahertz emission spectroscopy (TES). By integrating
these techniques, the researchers unlock valuable insights into the
etching process, enabling precise control and optimization. By using
BHF etching, they removed the native oxide layer, creating a partial
negative charge on the fluorine-terminated surface. Further etching
transformed it into a fully hydrogen-terminated state (Fig. 5B). They
observed changes in THz emission and surface conditions based on
different Si doping types and concentrations The intriguing polarity-
dependent response of silicon (Si) surfaces to terahertz (THz) radia-
tion, along with associated variations with doping and etching, is
manifested. Specifically: In the case of n-type Si, a decrease in THz
emission is observed upon the reversal of applied polarity, indicating a
heightened interaction between the THz field and surface charges in this
configuration. For both n + —type Si and undoped Si, in contrast, an
increase in THz emission is observed after polarity reversal. This phe-
nomenon may be attributed to alterations in surface carrier dynamics or
changes in the optical properties of the near-surface region. In p-type Si,
initial polarity reversal results in an increase in THz emission, followed
by a subsequent decrease. This pattern indicates a complex interplay
between surface properties and the THz field. Moreover, the modulation
of THz emission polarity and the influence on the removal of the native
oxide layer during etching, as depicted in Fig. 5C, are significantly
affected by the etching time.

The specific nature of this dependence is presumed to arise from
changes in surface morphology, defect states, and carrier lifetimes due
to the etching process. These observations underscore the intricate
interplay among the electrical properties, doping, and surface charac-
teristics of Si, collectively influencing its interaction with THz radiation.
Further investigation into the underlying mechanisms driving these
polarity-dependent responses and the impact of etching protocols holds
promise for tailoring the THz emission properties of Si surfaces, poten-
tially advancing applications in sensing, imaging, and communication
technologies. The THz emission polarity and the removal of the native
oxide layer were also influenced by the etching time (Fig. 5C). This
process leads to the formation of a hydrogen (H)-terminated surface.
Interestingly, this transformation is accompanied by a polarity reversal
in the terahertz (THz) emission amplitude, shifting from positive to
negative. When a protective layer (PR) is present, the amplitude polarity
in protected areas stays positive. However, upon removing the PR, the
amplitude in the unetched area experiences a slight decrease. A notable
decrease in measurement values has been observed, potentially attrib-
utable to the lingering presence of water on the surface. This surface
water is hypothesized to introduce a systematic error into the mea-
surement process, thereby leading to the observed underestimation of
true values. Further investigation into the mechanisms by which resid-
ual water influences measurements and the implementation of suitable
mitigation strategies are crucial for ensuring accurate and reliable data
acquisition.

Each technique has its advantages and is selected based on the spe-
cific requirements of the fabrication process. It's important to note that
the etching process can be controlled by factors such as etchant
composition, temperature, time, and mask patterns used to protect
certain areas of the wafer. These factors determine the etch rate, selec-
tivity, and profile of the etched features. The use of laser ablation is
constrained by the need for complex equipment. Plasma synthesis is a
desirable alternative despite requiring specialist equipment since it de-
livers high yield and surface hydride termination. The high productivity
and practicality of solution-phase synthesis make it advantageous. The
probable inclusion of carbon impurities in the product has aroused some
concerns, though, and this needs to be taken care of. The synthesis of
SiNC can be accomplished using thermal disproportionation or pyrolysis
of silicon-rich oxides. The thermal disproportionation of silicon-rich
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Fig. 5. A. The different etching processes of a silicon wafer; B. The terahertz (THz) emission mechanism from a silicon (Si) surface with laser excitation and the
chemical process involved in BHF (Buffered Hydrofluoric Acid) etching. C. The THz emission waveforms on a low-doped n-type Si surface can be different before BHF
etching, in the F-terminated condition, and the H-terminated condition. D. LTEM (Low-energy Transmission Electron Microscopy) images of a silicon (Si) sample can
be obtained after applying a 2.5 mm interval line-space structure of photoresist on the surface and subsequent BHF etching. The Si sample is subjected to a 1 % dilute
BHF etching process for 300 s. Afterward, the photoresist is removed from the surface.

oxides combines size tunability, excellent production yields free of
carbon contamination, and clear processing techniques. The SiNCs
produced by this approach can be surface functionalized, and it has been
widely used to explore the chemical and physical characteristics of
SiNCs.

The development of silicon (Si)-based photocatalysts has been
actively pursued owing to their In recent advancements, various syn-
thesis approaches have been utilized to modify Si morphology, doping
levels, and surface chemistry to optimize photocatalytic performance. It
has been observed that the photocatalytic efficiency of Si is significantly
influenced by its structural attributes such as shape, size, and crystalline

phases. These factors determine the availability of active sites and the
behavior of charge carriers. Among the different fabrication routes, the
electrochemical and carbothermal reduction of silica have been exten-
sively investigated. In particular, the laser-driven carbothermal reduc-
tion process has shown potential for localized and ultrafast silicon
synthesis, although further studies are warranted to assess its scalability
and energy efficiency compared to conventional electric arc furnace-
based methods. Magnesium reduction methods, while effective in
generating silicon nanostructures, have been associated with hazardous
byproducts such as silane (SiHa), necessitating stringent safety protocols.
The etching processes, both chemical and physical, have also been
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explored to tailor surface properties and reduce reflectivity, thereby
enhancing light absorption—a critical parameter for photocatalysis.
Thermal disproportionation methods, especially those involving silicon-
rich oxides such as hydrogen silsesquioxane (HSQ), have been employed
to obtain nanocrystalline silicon with controlled size and minimal im-
purities. These bottom-up techniques are preferred for their tunability
and ability to avoid carbon contamination. While promising methods
such as plasma and solution-phase synthesis offer high yields and
tunability, concerns regarding contamination and complexity persist. It
is suggested that future research should focus on scalable, environ-
mentally benign, and controllable synthesis pathways to fabricate high-
performance Si photocatalysts suitable for diverse energy and environ-
mental applications.

4. Advances in nanostructured photocatalysts for hydrogen
production

Nanostructured photocatalysts have shown significant promise for
hydrogen production through photocatalytic water splitting. These
materials offer several advantages, including increased surface area,
improved light absorption, enhanced charge separation, and reduced
recombination rates, leading to enhanced photocatalytic activity. These
recent advances in nanostructured photocatalysts provide opportunities
for the development of efficient and sustainable hydrogen production
systems. These efforts concentrate on meticulously refining the design,
synthesis, and integration of photocatalytic materials, with the ultimate
goal of maximizing solar-to-hydrogen generation efficiencies and
paving the way for widespread implementation. The introduction of
lattice defects or dopants in small quantities can significantly modify the
material properties of Si photocatalysts. Even a tiny amount of dopant
can induce changes such as increased conductivity in insulating mate-
rials or the formation of recombination centers in perfect crystal struc-
tures. These alterations can enhance carrier transport properties and
improve the efficiency of charge separation and utilization. A recent
advance in nanostructured photocatalysts for hydrogen production has
been discussed in the subsequent sections.

4.1. Black silicon composite

Black silicon (bSi) has arisen as a prospective material for solar cells
owing to its enhanced capacity to efficiently absorb and harness infrared
light in comparison to conventional silicon solar cells. The process of
creating black silicon involves striking solar cells with lasers in the
presence of sulfur gas, which changes the texture of the cells' surface and
incorporates sulfur atoms into the silicon lattice [47]. This modification
gives the material its black appearance. One of the main advantages of
black silicon is its enhanced photon absorption and light-trapping
capabilities.

Black silicon has been reported to have high absorption capabilities
for photons, typically around 99 % [48]. Different studies may report
slightly different absorption percentages based on their experimental
setups and methodologies. The unique surface structure of black silicon,
which consists of randomly arranged silicon nanowires or nanopillars,
allows for enhanced light trapping and absorption. For solar cells to
convert sunlight into electricity with maximal efficiency, enhanced light
absorption within their active materials is paramount. This phenomenon
plays a pivotal role in maximizing the number of photons captured and
subsequently converted into charge carriers, contributing directly to the
overall power output of the device. By maximizing the number of pho-
tons captured and subsequently converted into electrical energy, this
improvement translates to a heightened overall power output of the
device. By achieving a high absorption rate, black silicon can potentially
capture a larger portion of the solar spectrum, including a broader range
of wavelengths. This expanded absorption range can be advantageous
for solar energy conversion, especially in situations where traditional
silicon solar cells may have limitations. It's worth noting that the actual
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absorption efficiencies of black silicon can vary depending on the spe-
cific fabrication techniques, surface textures, and other factors [49].

The surface of black silicon contains pillars with varying sizes and
spacings, creating a well-like structure. The fostering of multiple in-
teractions between incoming photons and the material is facilitated by
the unique micro- and nano-structured surface morphology of black
silicon, thereby enhancing the probability of photon trapping and ab-
sorption [50]. Two distinct mechanisms are effectively employed by this
intricate architecture: For Lightwave Guiding, the enhanced penetration
of higher-energy photons deeper into the material is facilitated by the
strategically designed wells within the black silicon structure, which
function as waveguides. This extended path length increases the likeli-
hood of these photons interacting with and being absorbed by the silicon
lattice. For the case of scattering and trapping, alterations in direction
and potentially energy of photons occur as they traverse and scatter
within the maze-like network of wells. Notably, these scattering events
selectively diminish the energy of departing photons, reducing the
likelihood of their escape back into the environment and contributing to
their confinement and subsequent absorption within the black silicon
structure. By synergistically combining these guiding and scattering
phenomena, the efficient harvesting and utilization of light energy is
passively facilitated by the unique surface features of black silicon,
thereby advancing the performance of photovoltaic devices and other
light-sensitive applications.

As a result, black silicon can effectively capture a broader range of
wavelengths and increase the overall optical absorption of the material
[50]. The refractive index of black silicon exhibits variation along the
height gradient of the pillars. This refractive index heterogeneity in-
duces multiple scattering of wavelengths possessing distinct wave pha-
ses, thereby augmenting the likelihood of absorption by the black silicon
material. The combination of well-like structures and refractive index
variations makes black silicon an efficient absorber of photons,
contributing to its improved light-trapping capabilities. By replacing
traditional silicon with black silicon, the optical absorption of the ma-
terial is significantly increased, reducing the amount of light reflection
(which can be as high as 40 % in silicon) and maximizing light collec-
tion. This enhancement in light absorption improves the photocatalytic
behavior of semiconductors like TiO,, leading to improved overall
performance in photocatalytic processes. Researchers have also
explored the use of black silicon composites, such as combining black
silicon substrates with gold (Au) particles. These composites have
exhibited diminished optical reflection across a wide wavelength spec-
trum, thereby amplifying light collection capabilities and enhancing the
photocatalytic performance of semiconductor materials, such as TiO,.

Garin et al. [51] focused on black silicon-induced junction photodi-
odes and investigated their performance in terms of external quantum
efficiency (EQE) and spectral response. They observed external quantum
efficiencies of conelike morphology above 130 % in black silicon-
induced junction photodiodes (Fig. 6A-6B). The enhanced EQE was
particularly evident at a wavelength of 200 nm, where the EQE values
reached up to 132 %. This suggests that black silicon can effectively
convert incident photons into charge carriers in the ultraviolet range.
Black silicon was found to enable broader responsiveness to a wider
range of light wavelengths (Fig. 6C). This characteristic expands the
potential applications of black silicon photodiodes to different parts of
the electromagnetic spectrum. The study conducted by Garin et al. [51]
suggested that due to the unique surface structure of black silicon, it can
create additional charge carriers through a process called impact ioni-
zation. Impact ionization occurs when high-energy photons generate
electron-hole pairs, and these pairs generate more carriers than the
number of photons absorbed (Fig. 6D). This phenomenon can poten-
tially lead to an effective efficiency exceeding 100 %. It's important to
note that the concept of efficiency exceeding 100 % is based on the idea
that impact ionization can generate additional carriers beyond the
number of photons absorbed. However, it's crucial to approach such
claims with caution and await further research and verification from the
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Fig. 6. A. 3D view of Black silicon. B. SEM image of black-Si nanotexture with conelike morphology; C. Black silicon enables broader responsiveness to a wider range
of light wavelengths, D. Generation additional charge carriers through an impact ionization process. E. Comparison plot of simulated reflectance of pristine Si and
B—Si. F. Generation of additional charge carriers through an impact ionization process. E. Comparison plot of simulated transmittance of pristine Si and B—Si.

scientific community.

Black silicon is characterized by its roughened surface with randomly
oriented nanoscale spikes or structures, which result in reduced trans-
mittance and reflectance of light [52]. Marthi et al. [53] used an effec-
tive medium approximation model to determine the optical constants of
black silicon. They found that black silicon exhibits significantly lower
reflectance compared to pristine silicon, while its transmittance is
consistently low across different thicknesses (Fig. 6E and Fig. 6F). These
optical properties indicate that black silicon absorbs a larger fraction of
incident light, making it advantageous for photocatalysis and hydrogen
production. The low transmittance allows for efficient utilization of a
broader range of the solar spectrum, leading to improved light absorp-
tion and enhanced photocatalytic activity. Additionally, the low
reflectance ensures that a higher percentage of incident light is absorbed
by black silicon, facilitating the generation of photoexcited electrons
necessary for the hydrogen evolution reaction. The combination of low
transmittance and low reflectance in black silicon maximizes light ab-
sorption and utilization, resulting in higher photocatalytic activity and
increased overall efficiency in converting solar energy into hydrogen.

The exceptional light management exhibited by black silicon arises
from the intricate synergy of its multiscale surface texture, as elucidated
by Ao et al. [54]. The intriguing textural landscape described features
both nano-sized blade-like structures and micro-sized modulated pores,
intricately intertwined to achieve efficient light trapping and absorption
across a broad spectrum. This synergistic combination of features war-
rants a closer scientific examination to unravel the underlying mecha-
nisms contributing to its remarkable performance. Specifically, the
textured surface facilitates the coupling of short-wavelength light,
enabling its effective capture and utilization within the material. In
addition, the modulated pores function as efficient scattering centers for
long-wavelength light, redirecting photons and increasing their path
length within the silicon, ultimately enhancing their probability of ab-
sorption. The practical significance of enhanced light harvesting in
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photocatalytic water splitting is convincingly exemplified by the work of
Ao et al. [54]. They observed a remarkable 45 % increase in photocur-
rent density achieved through the use of black pn-silicon coated with
TiO5 compared to a control sample. This observation merits a closer
scientific examination to illuminate the underlying mechanisms
responsible for such an impressive improvement. This significant
improvement can be directly attributed to the superior light absorption
capabilities of black silicon, highlighting its potential to boost the effi-
ciency of light-driven processes.

The exploration of the potential of controllably grown (Gai-xZnx)
(N1-xOx) nanorods on black silicon as anodes for water splitting has been
undertaken [55]. To realize this, the direct growth of (Gai-xZnx)(N1-xOx)
nanorods onto black silicon as anodes for water splitting was pursued, as
illustrated in Fig. 7A. The in-situ growth of black silicon and the
(Gai-xZnx)(N1-xOx) solid solution ensured a robust adhesion between
the two materials. The resultant black silicon/(Gai-xZnx)(N1-xOx) sam-
ples, when utilized as photoanodes in photoelectrochemical (PEC) water
splitting, manifested superior performance compared to photoanodes
based on single-crystal silicon (SC-Si)/(Gai-xZnx)(N1-xOx). The incor-
poration of black silicon in the photocatalyst structure improved the
efficiency of the photoelectrochemical water-splitting process. These
studies highlighted the potential of black silicon in enhancing light ab-
sorption and improving the performance of photocatalytic and photo-
electrochemical processes. The unique surface texture of black silicon
enables efficient light utilization and offers advantages in various ap-
plications, including water splitting for renewable energy production.
The development and optimization of black silicon-based materials
continue to be an active area of research to further enhance their
performance.

By decoupling the carrier generation in different junctions, re-
searchers can tailor the design parameters of each junction indepen-
dently to maximize their performance. This approach provides greater
freedom in optimizing the materials, bandgaps, and other parameters of
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Fig. 7. A. The synthesis of nanorods; B. The energy band diagram of InGaN tunnel junction nanowires on an n + —p Si substrate under illumination. C. Under 1.3 sun
of AM1.5G illumination, a stable photocurrent was observed for a duration of 3 h at an applied bias of 0.06 V versus the normal hydrogen electrode (NHE). This
indicates that the system maintained a consistent current output over time, demonstrating its stability [56]. D. The hydrogen generation efficiency was assessed by
measuring the amount of H, produced at different times under 1.3 sun of AM1.5G illumination and an applied voltage of 0.26 V versus NHE. The red dots in the
experimental data represent the measured amount of H; generated at various time points. The black curve represents the photocurrent, which serves as an indicator
of the electron flow during the photocatalytic process. The blue curve represents the theoretical amount of H; expected based on the photocurrent, assuming a 100 %
Faradaic efficiency. Faradaic efficiency refers to the extent to which the consumed electrons are used for the desired reaction, in this case, the production of H [56].
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

individual junctions, which can lead to improved overall device effi-
ciency. By overcoming the hurdle of equal carrier generation, Fan et al.
[56] lateral extraction scheme opens doors to designing and optimizing
multijunction photoelectrodes for maximum efficiency. This innovative
approach paves the way for significant advancements in multijunction
photoelectrode performance by offering greater design freedom for
carrier extraction. The vertical arrangement of the heterostructure, as
depicted in Fig. 7B through its energy band diagram, underscores the
tiny difference in energy levels where electrons can move between sil-
icon and gallium nitride. The small conduction band offset and heavy n-
doping allow excited electrons from the silicon to seamlessly flow into
the nanowires, where they either power hydrogen production directly or
recombine with partner holes. For even better performance and
longevity, consider layering a protective shield on the device. This shield
would blanket the exposed silicon surface and the critical junction with
indium gallium nitride, optimizing the efficiency of the underlying solar
cell wafers by minimizing degradation and maximizing light absorption.
Fan et al. [56] delved into the stability and degradation mechanisms of
the InGaN/Si photocathode, with a particular focus on the impact of the
onset potential shift and surface preparation conditions, as illustrated in
Fig. 7C and D. Rapid InGaN/Si photocathode degradation linked to
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onset potential shift, possibly due to GaN/Si interface SiNx layer
etching. Interface degradation via SiNx layer etching at the GaN/Si
heterojunction manifests as increased interfacial resistance and a posi-
tive shift in onset potential. Notably, preparing the silicon substrate
surface influences the formation and properties of the amorphous SiNx
layer, leading to variations in device stability, as evidenced by the
observed differences. The work of Fan et al. [56] introduces a promising
and flexible design approach for multijunction photoelectrodes, exem-
plified by the InGaN/Si tandem system. Further optimization through
protective layer implementation and a deeper understanding of degra-
dation mechanisms hold immense potential for enhancing the efficiency
and stability of these devices.

The study by Kan et al. [57] focused on the development of a highly
active photocatalyst for photoelectrochemical (PEC) applications. The
researchers aimed to improve both the electrochemical activity and
stability of the photocatalyst. The photocatalyst system they investi-
gated consisted of a titanium dioxide (TiO3) layer, an iridium oxide
(IrOx) layer, and a porous silicon (por—Si) skeleton. The first layer
(TiOy) captured light, and the second layer (IrOx) helped the light-driven
reaction happen faster. However, the porous silicon skeleton, although
advantageous for its large surface area and adherence to supported
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catalysts, was prone to photo-corrosion. To mitigate the photo-corrosion
issue, Hossen and Ismail, [58] deposited a thin layer of a-Fe,Os3 (alpha-
Fe;03) on the surface of the porous silicon to form a p-n junction. This
junction helped minimize the photo-corrosion of the porous silicon
skeleton, thereby increasing the stability of the photocatalyst. Several
inherent properties of black silicon endow it with high advantages as a
conductive substrate in photoelectrochemical (PEC) applications. Black
silicon's intricate structure of pores acts like a light trap, gobbling up
incoming photons and boosting the amount of visible light absorbed
within the material. This translates directly into a substantial improve-
ment in the overall efficiency of the photocatalytic process. The
increased specific surface area of black silicon, in comparison to flat
silicon substrates, equates to a greater number of reaction sites available
for the photocatalytic reaction. This abundance of reaction sites directly
contributes to higher catalytic activity, thereby augmenting the per-
formance of the system. The increased roughness associated with the
porous structure of black silicon facilitates improved adherence for
supported photocatalysts. The precise design of photocatalyst systems
often prioritizes the optimization of interfacial contact between the
substrate and the catalyst. This strategic approach fosters enhanced
separation of photogenerated electrons and holes, ultimately culmi-
nating in an amplified overall performance of the system. A closer sci-
entific examination reveals the underlying mechanisms driving this
synergistic effect. The unique combination of light trapping, high sur-
face area, and improved catalyst adherence offered by black silicon es-
tablishes it as a valuable material for advancing the efficiency and
performance of PEC applications.

Light absorption is significantly improved in bSi through the for-
mation of nanoscale surface features such as conical spikes, nanowires,
or pores, which are typically created via laser irradiation in a sulfur-rich
atmosphere. These structures have been reported to reduce reflectance
and enhance light trapping by facilitating multiple scattering and
guiding phenomena within the material. Consequently, photons are
more likely to be absorbed and converted into charge carriers, thereby
improving device performance. This enhanced light absorption, often
approaching 99 %, has been achieved by leveraging the gradient
refractive index along the height of the nanostructures, which increases
the optical path length of incoming photons. Particularly noteworthy is
the role of bSi in broadening the absorption spectrum to include infrared
and ultraviolet regions, allowing for improved spectral utilization. The
surface morphology has also been demonstrated to increase the proba-
bility of impact ionization, potentially leading to external quantum ef-
ficiencies exceeding 100 %, a phenomenon that warrants further
investigation and validation. While the advantages of black silicon are
compelling, it must be emphasized that issues related to surface stability
and degradation especially at heterojunction interfaces—must be
rigorously addressed.

4.2. Silicon nanosheets composite

The properties of 2D nanosheets make them highly advantageous for
various applications, including fast interfacial charge transfer and effi-
cient photocatalysis. The properties of nanosheets can be modified by
adjusting their thickness, incorporating heteroatoms, or subjecting them
to external stimuli such as electric fields, strain, or illumination. This
tunability allows for the engineering of 2D materials specifically for
hydrogen (Hy) production, among other applications. By reducing the
dimensions of semiconductors to ultrathin structures, the generated
charge carriers inside the material can efficiently migrate to the surface,
facilitating their participation in photoreactions. This rapid movement
of charge carriers reduces the chances of recombination within the
semiconductors, which can hinder overall photocatalytic efficiency
[59]. Furthermore, the ultrathin layered hollow structure of nanosheets
enhances the reaction contact area, leading to an increased surface area
available for catalytic reactions. This enlarged contact area provides
numerous catalytic sites, which can significantly enhance the efficiency
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of the desired chemical reactions.

The specific types of nanosheet silicon composites reported in the
literature (Fig. 8) can vary depending on several factors, including the
preparation procedure, precursor materials, and other influencing fac-
tors. The structure and properties of nanosheet silicon composites are
significantly influenced by the preparation procedure. It may involve
techniques like sol-gel synthesis, chemical vapor deposition, electrode-
position, or other specific methods tailored to the desired composite
structure. Additionally, precursor materials, such as silicon precursors,
carbon sources, metal precursors, or polymers, can be selected based on
the desired properties and compatibility with the nanosheet silicon
synthesis process. It is worth emphasizing that the specific types of
nanosheet silicon composites and their characteristics continue to
evolve as researchers explore new synthesis methods and investigate
various material combinations.

The combination of ball milling of commercial sands with magne-
sium reduction is a widely utilized technique in the manufacture of
silicon nanosheets (SiNSs). This technique, however, frequently pro-
duces SiNSs that are fragmented into tiny bits and stacked together,
which reduces their effectiveness in a variety of applications. Ryu et al.
[61] suggested an alternative synthesis method to get high-purity SiNSs
to solve this problem. They used a high-temperature molten salt, such as
NacCl, which accomplished two tasks at once: it induced SiNS exfoliation
and aided in the simultaneous chemical reduction of clays. With a rate of
486 mol Hj per hour per gram of Si, they were able to successfully
produce SiNSs that displayed excellent performance in photo-assisted
hydrogen production. This improved performance was attributable to
the SiNSs' huge specific surface area and distinctive shape. The re-
searchers also found that the rate of hydrogen evolution dramatically
enhanced to 723 mol Hj per hour per gram of Si under visible light (with
a wavelength of about 400 nm) by adding platinum nanoparticles (Pt
NPs) as a cocatalyst to the SiNSs. Adding platinum nanoparticles (Pt
NPs) as a co-catalyst significantly boosted its overall efficiency. Notably,
this increased rate was maintained for at least 26 h without noticeably
decreasing the catalyst activity, demonstrating the stability of the SiNSs
and Pt NPs as a photocatalytic system.

The presence of ultrathin nanosheets with a hierarchically porous
structure has been found to significantly enhance photocatalytic
hydrogen (Hj) production compared to catalysts with a hexagonal
nanorod structure. The randomly branched nanosheets offer a more
active surface area, which leads to increased light-harvesting efficiency
due to their shorter electron diffusion path. The hierarchically porous
structure of the nanosheets further contributes to improved light ab-
sorption by creating a trapping light structure. This structure enhances
the specific surface area of the catalyst and provides additional photo-
catalytic reaction sites. Consequently, the nanosheets exhibit enhanced
efficiency in the photocatalytic reaction, particularly under visible light
irradiation. Visible light excitation leads to the production of hydrogen
and hydroxyl radicals on the metals present in the catalyst, highlighting
the effectiveness of these ultrathin nanosheets in utilizing visible light
for the photocatalytic process [68]. Additionally, the larger roughness of
the nanosheets promotes good adhesion to supported catalysts. The
stronger bond between the materials, acts like a superhighway for
photogenerated electrons and holes, significantly accelerating their
separation and boosting the photocatalytic reaction [68]. Efficient
charge carrier separation helps prevent their recombination, allowing
them to participate in surface reactions more effectively and contribute
to the desired photocatalytic processes.

Siloxene, a two-dimensional silicon oxide material with a distinct
low-buckled structure, has gained significant attention due to its unique
properties. While siloxene offers a stable structure with low free energy,
it can also exist in an amorphous phase due to the random arrangement
of oxygen atoms. A recent study by Zhou et al. [69] successfully
addressed the challenge of synthesizing siloxene nanosheets by
employing a scalable topological exfoliation approach. In their study,
the researchers introduced amino modifications to the siloxene
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Fig. 8. The different types of nanosheet silicon composites reported by several authors [60-67].

nanosheets, which proved to be effective in carrier separation. The
amino-modified siloxene nanosheets exhibited several advantages,
including narrowing the bandgap of siloxene and possessing the superior
structure of two-dimensional material. These modifications enhanced
carrier separation, leading to a significant improvement in hydrogen
production efficiency. Under simulated sunlight, the amino-modified
siloxene nanosheets demonstrated a hydrogen production efficiency of
over 478 % higher than that of pure siloxene. This improvement can be
attributed to the unique electronic structure and suitable bandgap of the
amino-modified siloxene nanosheets. Additionally, the siloxene nano-
sheets exhibited the capability to generate both hydrogen and hydrogen
peroxide through a two-electron pathway under light irradiation,
without the need for additional cocatalysts or sacrificial agents.

Li et al. [63] found that metal-free siloxene hold immense potential
for efficient water splitting, a key technology for generating clean
hydrogen fuel. Remarkably, unlike numerous conventional photo-
catalysts, siloxene exhibits exceptional hydrogen generation through
photocatalytic activity without the need for additional cocatalysts or
sacrificial agents. Despite its inherent instability in water, siloxene itself
exhibits outstanding photocatalytic efficacy in the generation of
hydrogen. Under simulated sunlight conditions, siloxene nanosheets
were observed to yield an impressive 45.8 millimoles (mmol) of
hydrogen per gram within the first 6 h. This yield surpasses the theo-
retical maximum amount of hydrogen achievable through hydrolysis by
1.13 times and exceeds the amount generated in darkness by a
remarkable 6.76 times. Furthermore, the study revealed a maximum
rate of hydrogen generation, reaching a noteworthy 11.4 mol (mol) per
gram per hour. This exceptional result underscores the significant po-
tential of siloxene nanosheets as a promising semiconductor for water
splitting and hydrogen evolution. A critical factor contributing to the
remarkable photocatalytic properties of siloxene lies in its n-conjugated
electronic structure, analogous to graphene [70]. This specific electronic
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structure plays a crucial role in facilitating molecular charge-transfer
transitions, which are vital for photocatalytic reactions. Therefore, the
unique 7m-conjugated electronic structure of siloxene positions it as a
highly favorable candidate for photocatalytic reactions, particularly in
the context of hydrogen evolution.

The advantageous properties of two-dimensional (2D) silicon-based
nanosheets have been extensively exploited in recent photocatalytic
research due to their high surface-to-volume ratio, tunable electronic
characteristics, and enhanced charge carrier dynamics. These materials
have been demonstrated to promote efficient charge separation and
migration, which are critical for minimizing recombination losses and
maximizing photocatalytic hydrogen (Hz) evolution. It has been recog-
nized that ultrathin silicon nanosheets, owing to their high surface area
and reduced thickness, facilitate the rapid transport of photogenerated
charge carriers to active sites. Enhanced photocatalytic efficiency has
also been attributed to the introduction of hierarchical porosity, which
improves light absorption via internal reflection and increases the
availability of catalytic sites. Such morphological features have been
reported to significantly outperform traditional nanorod structures.
Silicon nanosheets synthesized through molten salt-assisted exfoliation
and chemical reduction, as suggested by Ryu et al., have shown superior
photocatalytic activity, especially when combined with noble metal
cocatalysts such as platinum. This synergy has resulted in a substantial
increase in hydrogen evolution rates under visible light, highlighting the
role of cocatalyst-induced charge separation enhancement. Recent ad-
vances in surface functionalization, such as amino-modification of
siloxene nanosheets, have been shown to effectively narrow the bandgap
and improve electron-hole separation, thus markedly boosting photo-
catalytic activity. Interestingly, metal-free siloxene nanosheets have also
demonstrated intrinsic photocatalytic activity without the requirement
for sacrificial agents or cocatalysts, attributed primarily to their n-con-
jugated electronic structure. Particular attention should be given to
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strategies that enhance structural stability in aqueous media while
preserving high photocatalytic efficacy under solar irradiation.

4.3. Silicon nanowire composite

Silicon nanowire (SINW) arrays have gained significant attention
due to several attractive features. SINW arrays offer a large semi-
conductor/electrolyte interfacial area, which is beneficial for diverse
applications for instance, photovoltaics, sensors, and energy storage
devices. The increased interfacial area allows for enhanced interaction
between the semiconductor and the surrounding environment [71].
Additionally, SINW arrays exhibit an enhanced light scattering effect,
which can be advantageous for photovoltaic applications. The scattering
of light within the nanowire array increases the optical path length,
leading to improved light absorption and overall device efficiency.
SiNWs also display efficient transport of charge carriers. The unique
one-dimensional structure of nanowires enables fast electron and hole
transport along the wire axis, reducing the recombination rate and
improving the overall device performance.

One of the significant advantages of SiNWs is their wider band gap
compared to bulk silicon. This is primarily attributed to the quantum
confinement effect, which occurs when the dimensions of the nanowire
approach the scale of the electron's wavelength. Both first principle
calculations and experimental results have confirmed the widening of
the band gap in SiNWs [72,178]. A transition from an indirect to a direct
band gap can be undergone by silicon nanowires (SiNWs) with di-
ameters in the nanometer range. The significance of this transition lies in
the heightened efficiency observed in light absorption and emission
processes in direct band-gap materials, rendering SINWs promising for
applications in optoelectronics. The performance of various SiNWs and
other silicon-based systems in the electro-catalytic generation of
hydrogen is presented in Table 1. In the study reported by Ning et al.
[72,178], ultralong porous SiNW arrays were synthesized using the
metal-assisted anodic etching (MAAE) method. The high hydrogen (Hy)
production rate observed in SiNWs is attributed to their large specific
surface area and intrinsic strain in the wire. These factors facilitate the
reaction between Si and water, leading to increased Hy generation. In a
study by Lu et al. [89], silicon nanowire (SiNW) arrays were co-doped
with TiOy on FTO substrate. This co-doping was achieved through a
two-step process. During hydrothermal growth, rutile TiOy nanowires
were formed on the FTO substrate. Subsequent treatment with H2S led
to the release of silicon (Si) from the conductive glass. This released Si
was then incorporated into the TiO, lattice, resulting in co-doped SiINW
arrays. This innovative doping technique presents an intriguing possi-
bility. By tailoring the co-doping parameters, the properties of the
resulting SINW arrays can potentially be customized, expanding their
applicability in the field of photocatalysis.

A recent study by Nguyen et al. [90] investigated the fabrication of
TiO2-coated silicon nanowire (SiNW) arrays using atomic layer depo-
sition (ALD) within a vacuum chamber. The researchers aimed to
investigate the solar water-splitting properties of these structures. The
core/shell nanowire arrays, where the core is made of Si and the shell is
made of TiO,, exhibited enhanced photocurrent compared to planar Si/
TiOg structures. The photocurrent was observed to be 2.5 times higher in
the core/shell nanowire arrays. The core/shell structure of Si/TiO,
nanowires provides an advantageous method for integrating the func-
tions of silicon and titanium dioxide [91]. Through a core/shell
configuration, the researchers strategically combined these materials,
leveraging their unique properties to synergistically enhance overall
performance. The synthesis of these asymmetric Si/TiO2 core/shell
nanowire structures typically involves a combination of fabrication
techniques. Silicon nanowires (SiNWs) serve as the foundation for a
common approach to creating high-performance photovoltaic devices.
Initially, these SiINWs are synthesized using established techniques such
as vapor-liquid-solid (VLS) or vapor-solid (VS) methods. Subsequently, a
conformal shell of titanium dioxide (TiOy) is selectively deposited onto
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one end of the SiNWs. This deposition can be achieved via various
techniques like atomic layer deposition (ALD), sol-gel deposition, or
chemical vapor deposition (CVD). The resulting asymmetric nano-
structure exhibits a key design feature: it facilitates the effective sepa-
ration of minority carriers within the semiconductors. Conversely, the
majority of carriers primarily recombine at the interface between the
SiNW and TiO shell. This selective manipulation of carrier dynamics,
characterized by separation and recombination, ultimately contributes
to the enhanced performance of the nanowire arrays in terms of solar
energy conversion. Furthermore, the design principle behind this dual-
bandgap configuration demonstrates the potential for broader applica-
bility beyond the specific combination of Si and TiO2. By strategically
coupling two visible-light absorbers with carefully balanced photoex-
cited carrier generation rates upon solar irradiation, one could poten-
tially achieve further improvements in overall solar energy conversion
efficiency.

The studies conducted by Liu et al. [92], Dong et al. [93], Lu et al.
[94], and Wang et al. highlight the development of various silicon-based
photocatalytic systems with enhanced performance. Liu et al. [92]
focused on the synthesis of Si/TiO core/shell nanowire arrays modified
with Au nanoparticles (SiINWs/TiO,@AuNPs). The SiNWs/TiO,@AuNPs
structure's photocatalytic activity was improved by adding oxygen va-
cancies to the TiO; shell. Similar findings were reported by Dong et al.
[93] providing additional support for the enhanced photocatalytic ac-
tivities of SiNWs/TiOy-based systems. Lu et al. [94] utilized vertically
aligned 1D SiNW arrays to create a Z-scheme photocatalytic device
decorated with well-dispersed Co30O4 nanoparticles. The Co304 nano-
particles were obtained through a simple calcination procedure. The
interfacial energetics analysis indicated that Co304 is a suitable material
for fabricating effective Z-scheme photocatalytic devices using SiINWs.
The SiINWs@Co304_9 3 M arrays demonstrated a significantly higher Hj
evolution rate compared to bare SiNW arrays, showcasing an improve-
ment of more than threefold. Drawing inspiration from previous
research, Wang et al. [26] designed a groundbreaking solar water-
splitting system. This innovative system, driven by the synergistic
interplay of silicon/hematite decorated gold nanoparticles, achieves a
remarkable efficiency of 6.0 % under AM 1.5G illumination, eliminating
the need for an external bias. While these studies demonstrate the su-
perior photocatalytic performance of silicon-based materials, it is
important to note that the catalysts were constructed on high-purity
silicon wafers. The use of high-purity silicon ensures better control
over the material properties and minimizes potential impurities that
could affect the photocatalytic performance. The protective layer would
act like a shield and minimize performance degradation over time,
leading to both higher efficiency and improved stability.

In a study by Hwang et al. [95], hierarchical Si/InGaN nanowire
arrays were investigated. Notably, these structures feature InGaN
nanowires, possessing diameters less than 100 nm, conformally grown
upon Si wire arrays. The InGaN alloy, exhibiting a band gap of
approximately 2.0 eV, presents a significant advantage for total water
splitting due to its alignment with the overpotential requirements of the
water oxidation reaction. Additionally, estimates by Moses et al. [96]
propose that the VBM of the InGaN alloy exhibits a linear increase in
energy with increasing indium composition. Based on these findings, it
has been hypothesized that an InGaN alloy with up to 50 % indium
composition could allow for spontaneous overall water splitting. The
CBM and VBM of the InGaN alloy both meet the energy requirements for
water splitting. InGaN nanowires exhibit increased minority carrier
diffusion lengths and excellent absorption coefficients for visible light
[97]. The ideal bandgap characteristics and energetic alignment of the
CBM and VBM in InGaN alloy nanowires, with the appropriate indium
composition, hold the potential for effective overall water splitting.
These discoveries pave the way for the development of efficient photo-
electrochemical systems for water splitting and related applications. The
unique properties of GaN and alloy nanowires, particularly InGaN, offer
opportunities for harnessing solar energy for sustainable hydrogen
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Table 1
shows the performance of different SINW and other silicon-based systems.
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Material Shape Preparation method of ~ Photovoltage

silicon nanostructures W)

Sweep
Rate
(mVs™ 1 )

Electrolyte

Significance of enhanced H, production

Ref

metal-catalyzed

P/SINW electroless etching

NWs 0.42 100

Deposition and

*-Si/Ti/NiP.
pn"-Si/Ti/NiP; calcination

NWs 0.41 50

The metal-catalyzed
electroless etching
method

MoS3 /SINW NWs +0.10

Etching and Atomic
Layer Deposition
process

TiO2/Pt/SiINW NWs 0.65 -

Si-NWs/Co-B NWs Electroless plating 0.87 10

Electrodeposition

NWs
procedure

SiW@MoS —0.2 2

Etching and layer

Ru/SiNW e
deposition

NWs - 0.18 5

metal-assisted
chemical etching
(MACE)

NbS,-Si NWs NWs 0.34 5

Atomic layer

MoS,/Si
0S2/Si deposition

NWs ~0.30 100

15

H,S04 + 0.5 M
K2S04

0.5 M H,S04

H,S04 + 0.5 M
K»S04

0.5 M H,SO4

Phosphate buffer
solution

1.0 m NaySOy4

0.5 M H,S04

0.5 HCIO4

0.5 M H,S0,4

This enhancement was attributed to the
combination of factors, including the
extremely high surface roughness of SiNWs, a
positive shift in the flat band potential (EFB),
and light-trapping enabled by the low
reflectance of SINWs.

The reasonable optical transparency and
electrocatalytic activity of the NiP, cocatalyst,
coupled with the intimate semiconductor/
cocatalyst interface, resulted in enhanced PEC
performance and durability.

The development of a bio-
photoelectrochemical cell for sustainable
hydrogen production using a MoS3-modified
Si nanowire photocathode and a microbially
catalyzed bioanode. The integration of these
components enables efficient utilization of
solar energy and improves hydrogen
production performance.

The SiNW arrays decorated with Pt
nanoparticles and passivated with the TiO,
layer demonstrate superior
photoelectrochemical performance compared
to planar Si, Pt/planar Si, and TiO,/Pt/planar
Si photoelectrodes. This indicates the
effectiveness of the SiNW architecture
combined with Pt decoration and TiO,
passivation in enhancing the overall
performance of the photoelectrode.

The enhanced PEC H; production of M-B
modified Si-NW arrays is attributed to the
excellent electrocatalytic properties of Ni—B
and Co—B catalysts in a neutral solution. The
uniformly distributed M-B NPs along the
sidewalls of each Si-NW in the array play a
crucial role in reducing the resistance at the
photocathode/electrolyte interface compared
to that of the bare Si-NW array. This reduced
resistance facilitates a higher photocurrent
response and faster H+ reduction, leading to
improved H2 production efficiency.

The lower efficiency of the Si-NW@MoS,
system is attributed to the poor
photoelectrochemical activity of the native Si-
NW electrode. To enhance efficiency, the
authors suggest introducing a thin n + -Si
layer on top of the nanowire to create a pn
junction, which would improve charge
separation within the silicon nanowire.
SiNWs modified with an appropriate content
of Ru nanoparticles hold promise as an
electrocatalyst for the hydrogen evolution
reaction (HER). The enhanced electrocatalytic
activity of Ru/SiNW-42.9 compared to pure
Ru particles highlights the potential of this
composite for HER applications.

The direct deposition of 2D-NbS, on Si NWs
improved the charge transfer characteristics
at the Si-NbS, interfaces, leading to an
enhanced turn-on potential. Specifically, the
turn-on potential shifted from 0.06 V to 0.34 V.
vs RHE, with a current density of —28 mA/
cm? at 0 V vs RHE. These results indicate that
the 2D-NbS; electrocatalyst synergistically
addresses the poor surface kinetics of Si,
resulting in improved solar water electrolysis
performance.

The photoactivity was significantly improved
in the Si NW array compared to the planar
surface, indicating that increasing the surface
area decreases the surface flux of electrons

Oh et al.
[74a]

Chen et al.

[74b]

Zang et al.
[73]

Li et al. [70]

Yang et al.
[74]

Tran et al.
[75]

Zhu et al. [76]

Gnanasekar
etal. [77]

Zhang et al.
[78]

(continued on next page)



A. Islam et al. Advances in Colloid and Interface Science 343 (2025) 103558

Table 1 (continued)

Material Shape Preparation method of ~ Photovoltage Sweep Electrolyte Significance of enhanced H, production Ref
silicon nanostructures W) Rate
(mVs’l)

and reduces the requirement for catalytic
activity on the surface.
Platinum facilitates fast hydrogen adsorption,
gold aids in the rapid migration of adsorbed Jiang et al.
hydrogen atoms, and silicon contributes to a [79]
high rate of hydrogen evolution.
The introduction of fluorine atoms affects the
electronic structure of the catalyst, resulting
in a strong proton-adsorption-dominated Shen et al.
property, which contributes to high [80]
electrochemical performance and excellent
stability.
The significant reduction in the activation
barrier of automatic dissociation on silicon
WS,/nano-Si s - nanostructures and the formation of a Ensafi et al.
etched Nano silicon Ball milling 0.045 5 0.5M of HySO4 complex comprising hydrogen (—H) and [81]
hydroxyl (-OH) components from the
nanostructured silicon.
The addition of carbon quantum dots (CQDs)
played a crucial role in preventing the
0.3 5 0.5M of HaSO4 aggregation of Rh nanoparticles, providing
anchor sites, and enhancing the rate of charge
transfer.
The PdCu/SBA-15-MWCNT-CPE exhibited a
small Tafel slope (45 mV dec™!), low onset
potential (~ — 150 mV), high current density
Nano silicon Chemical method 0.3 5 (—165.24 mA cm 2 at —360 mV), and
exchange current density (2.51 mA cm™2),
along with excellent durability for HER in
H,S04 solution.
Pt/PSiF exhibited an excellent HER activity
with a Tafel slope of 46.9 mV dec — 1, similar
to commercial Pt/C catalysts, suggesting that  Ensafi et al.
the inclusion of the exfoliated graphene oxide [84]
layer further improved the catalytic
performance.
The two-sided FexNil00-xOy/Si electrode
0.1 M KOH and cou?d e.nhance hydrogen pro.dl'xction,
NaOH achieving a maximum H; efficiency of 140 %.
FeyNij0xOy/Si - Electroplating 0.05 5 This efficiency includes both Faradaic Hy
electrolytes over . . . :
LiOH production (direct electrochemical reaction)
and non-Faradaic H; evolution through Si
corrosion (indirect reaction).
Increasing the thickness of the Pt layer beyond
3 nm showed minimal improvement in

a catalytic performance on CC/TiO2, while 8
Ca;lingfpf,loth/ - zizrgsictilsze(rALD) 0.03 1 11\41\;1121(8%[;1 or 0.5 nm. P.t on CC/TiC exhibi.ted .slightly better Gao et al. [86]
activity. However, considering cost

considerations further investigation of
catalyst stability needs to be performed.
TiSi materials with the space group P213, if
the (210) facet (corresponding to the
strongest XRD peak) is used, the barrier of
FeSi (1.58 eV) is not as low as other MSi,
suggesting that the (210) facet may not be
responsible for the observed electrochemical
properties. Additionally, although the barrier
for CoSi (210) is very low, the AG is not ideal.
The 13X zeolite/PANI-15 composite electrode
exhibited excellent catalytic performance, as
Novel 13x hydrothermal demonstrated by low overpotentials at 10 mA

Zeolite/ Nanocatalyst —0.274 2 0.5 M H,S04 cm 2 for HER and 20 mA cm ™2 for OER. These

method. . 8 . .
PANI results indicate the electrode's effectiveness in
facilitating the respective electrochemical
reactions.

Thermal evaporation

Pt-Au-SiNW NW:
st s oxide-assisted growth

0.17 5 0.5M of HySO4

Rh-graphene/

SINWs NWs Hydrothermal method  0.046 5 0.5 M HSO4

Electrolytic etching
method

Dang et al.

Rh-SiQD-GQD QD [82]

PdCussilica-
CNT system

Chiani et al.
[83]

Porous silicon- Electroless Ag
- 0.25 5 0.5M of H,SO.
Pt-Pd/Ru/Rh deposition OF H2oDe

Perez Bakovic
et al. [85]

RhSi Nanocatalyst solvothermal method 0.054 5 0.5 M HySO4

He et al. [87]

Vinodh et al.
[88]

production through water-splitting processes. NWs in a well-defined coaxial heterostructure as the photocathode. This

One application where the activity of MoS; has been explored is in study highlights the outstanding performance of the Si/InGaN nanowire
photocathode systems using silicon (Si) nanowire (NW) arrays as a array, with a maximum photocurrent density of 15 mA/cm? at 0 V vs.
model [98,99]. The design involves the integration of MoSy/TiO2/Si RHE, signifying its potential for efficient solar energy conversion. This
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exceptional performance surpasses typical single-component structures.
Furthermore, the system demonstrates noteworthy stability under the
specified operating conditions. Density functional theory (DFT) com-
putations have also contributed to our understanding of the photo-
catalytic properties of Si NWs, in addition to experimental studies. As
demonstrated by computational studies by Sk et al. [100], silicon
nanowires (SiNWs) harboring a co-adsorbed surface coverage of
hydrogen (H) and chlorine (Cl) exhibit promising potential as photo-
catalysts for solar-driven water splitting. This tandem surface modifi-
cation bestows upon the SiNWs concurrent reducing and oxidizing
capabilities, crucial for facilitating both hydrogen evolution and oxygen
evolution reactions during water splitting. Notably, the presence of Cl
atoms plays a pivotal role in suppressing electron-hole recombination, a
detrimental process that hinders photocatalytic efficiency. This sup-
pression is achieved through a strategic spatial separation of the HOMO
and LUMO distributions, effectively preventing detrimental recombi-
nation events.

The unique structural features of silicon nanowires (SiNWs) make
them highly promising for a wide range of applications, particularly in
photocatalysis and solar energy conversion. The increased surface area
offered by SiNW arrays enhances semiconductor/electrolyte in-
teractions, facilitating efficient charge carrier transport, which is critical
for photocatalytic processes. The one-dimensional architecture of SINWs
significantly reduces recombination losses by allowing rapid electron
and hole transport along the wire axis. Various modifications to SINW
structures, such as co-doping or the formation of core/shell nanowires,
have been demonstrated to enhance photocatalytic activity by tailoring
the material's electronic properties. These strategies promote efficient
charge separation, which is key to improving overall photocatalytic
performance. The integration of SINWs with other materials, such as
gold nanoparticles or cobalt oxide, has further been shown to boost
hydrogen evolution rates, confirming the potential of these composites
for hydrogen production. The hierarchical Si/InGaN nanowire arrays
suggest that combining materials with complementary electronic prop-
erties can lead to systems capable of achieving overall water splitting..
Future research should focus on improving the material durability and
enhancing the control over the electronic properties of SiNWs to further
advance their applicability in clean energy technologies.

4.4. Silicon carbide/nitride photocatalyst

Silicon carbide (SiC) has excellent physical and chemical properties
that make it attractive for various engineering applications. In recent
years, researchers have focused on enhancing the performance and
durability of SiC photocatalysts using unique SiC nanostructures. These
nanostructures, such as quantum dots, offer several advantages due to
their unique size-dependent properties [14]. SiC quantum dots, for
example, have a high surface-to-volume ratio, which increases the active
sites available for photocatalytic reactions. They can also exhibit size-
dependent optical properties, enabling control over the absorption and
emission of light. Silicon carbide (SiC) quantum dots exhibit properties
that render them highly promising candidates for applications like water
splitting, a process harnessing solar energy to convert water into
hydrogen fuel [14]. Since the pioneering explorations of water splitting
in 1990, researchers have embarked on a continuous quest to optimize
the performance and durability of SiC photocatalysts through diverse
engineering strategies. These strategies often involve the synthesis of SiC
nanostructures with controlled sizes, shapes, and compositions to opti-
mize their photocatalytic properties. The utilization of SiC nano-
structures, including quantum dots, in SiC photocatalysts has opened
new possibilities for improving their efficiency and longevity, expanding
their potential applications in areas such as solar energy conversion,
water purification, and environmental remediation.

The SiC-graphene nano heterojunction combines silicon carbide
(SiC) and graphene materials in a heterostructure arrangement. The
close interfacial contacts between SiC and graphene facilitate improved
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charge separation and transfer [101]. The formation of Schottky-
junction interfaces within the nano heterojunction enables effective
charge separation, resulting in increased photoactivity for water split-
ting. The SiC-graphene nano heterojunction holds the potential for uti-
lizing light energy to drive the water-splitting reaction and generate
hydrogen as a sustainable and clean energy source. Similarly, the CNTs/
SiC nanowire nano heterostructures involve the combination of carbon
nanotubes (CNTs) and SiC nanowires [102]. Precipitation techniques
are employed to fabricate these nano-heterostructures, resulting in the
formation of straight silicon carbide (SiC) nanowires and intricately
curved carbon nanotubes (CNTs). Coaxial core-shell nanotubes
(C@SiCNTs) are constructed by uniformly coating the CNTs with SiC
nanoshells through an in-situ vapor-solid reaction, as reported in [103].
This judicious configuration, characterized by a coaxial core-shell
structure, fosters the formation of tightly coupled Schottky junctions
at the interface between the CNTs and SiC. This, in turn, enhances both
interfacial coupling and charge separation within the nano-
heterostructures. The improved charge separation translates to a sig-
nificant amplification in photocatalytic performance, particularly
evident in the efficient generation of hydrogen (H) from pure water.
The investigations by Jian et al. [104] highlighted the potential of these
designed nano heterostructures to enhance the effectiveness and per-
formance of photocatalytic processes. Tailored nano heterostructures
show promise for solar and water-splitting applications due to improved
charge separation and photoactivity. They provide a pathway for
developing efficient and long-lasting photocatalytic systems for clean
energy generation and open up new avenues for research in this field.

The fabrication of a highly promising photocathode was achieved by
Kato et al. [105] through the meticulous epitaxial growth of p-type 3C-
SiC on 4H-SiC using chemical vapor deposition (CVD). This strategic
approach yielded a photocathode with exceptional characteristics,
paving the way for advancements in solar-to-hydrogen conversion
technologies. This photocathode exhibited potential for efficient water
reduction, and its performance was further enhanced by the application
of Pt nanoparticles. An initial solar-to-hydrogen (STH) conversion effi-
ciency of 0.52 % was achieved. This initial value serves as a baseline for
subsequent optimization efforts. Furthermore, the strategic incorpora-
tion of a Pt-coated 3C-SiC p-n junction photocathode led to a
commendable increase in STH efficiency, reaching 0.72 %. This signif-
icant improvement warrants a closer scientific examination to elucidate
the underlying mechanisms responsible for the enhanced performance.
These findings underscore the potential efficacy of p-type 3C-SiC in
facilitating efficient water reduction processes. While n-type 3C-SiC
exhibits promising characteristics for various applications, its utiliza-
tion as a photoanode for the photoelectrochemical (PEC) water oxida-
tion process presents distinct challenges. This discrepancy arises from
the inherently different characteristics of the oxidation and reduction
reactions involved. Considerable promise for various applications is
exhibited by n-type 3C-SiC. However, substantial hindrances are
encountered in its utilization as a photoanode for photoelectrochemical
(PEC) water oxidation. These hindrances emanate from elevated energy
barriers, posing significant challenges to the attainment of efficient and
sustainable water splitting. A closer scientific examination is necessi-
tated to illuminate the fundamental limitations and pave the way for
potential solutions.

To overcome these challenges, researchers are actively exploring
various strategies. One approach is the development of novel materials
that can enhance the water oxidation kinetics and improve the charge
transfer processes at the photoanode surface. This involves the design
and synthesis of materials with tailored electronic band structures and
catalytic properties to facilitate the water oxidation reaction. Nano
structuring techniques are also being investigated to create high-surface-
area photoanodes, which can increase the active sites for water oxida-
tion. By increasing the surface area, more photoelectrons can participate
in the water oxidation reaction, improving the overall efficiency. In
addition, nano structuring surface modifications and functionalization
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methods are being explored to enhance the catalytic activity and sta-
bility of n-type 3C-SiC photoanodes [14]. These modifications can
include the deposition of co-catalysts, surface coatings, or doping with
specific elements to enhance charge transfer and catalytic properties.
Addressing the limitations in the water oxidation process is crucial for
advancing the field of PEC water splitting. By improving the perfor-
mance of n-type 3C-SiC photoanodes, researchers aim to achieve effi-
cient and scalable hydrogen production from renewable sources.
Continued research and development efforts in this area hold promise
for unlocking the full potential of PEC water splitting as a clean and
sustainable method for hydrogen generation.

One approach is to coat the photoanodes with protective layers or
nanoparticles. For example, promising strategies have been demon-
strated in scientific studies aimed at enhancing the photo-
electrochemical (PEC) performance and stability of n-type 3C-silicon
carbide (SiC) photoanodes for water oxidation. The work by Song et al.
[106] exemplified that the application of Pt nanoparticles onto n-type
3C-SiC photoanodes substantially augments their PEC performance and
provides protection against photo corrosion. This nanoparticle coating
functions as a protective layer, averting the degradation of the photo-
anode surface and ensuring its stability during extended operational
periods. The balanced integration of efficient oxygen evolution reaction
(OER) cocatalysts onto 3C-SiC emerges as a promising strategy for
amplifying water oxidation performance and ameliorating the stability
of photoanodes. This synergistic approach warrants a closer scientific
examination to shed light on the underlying mechanisms driving its
effectiveness. Investigations conducted by Jian et al. [107] meticulously
explored the impact of various oxygen evolution reaction (OER) co-
catalysts on the water oxidation performance of 3C-SiC. Their findings
revealed a significant enhancement in performance upon the deposition
of diverse cocatalysts, including nickel oxide, iron oxyhydroxide
(FeOOH), and nickel-iron oxyhydroxide (Ni:FeOOH). This study war-
rants a closer scientific examination to illuminate the underlying
mechanisms responsible for this observed improvement. These co-
catalysts facilitate the OER process and ameliorate charge transfer ki-
netics, ultimately resulting in heightened PEC performance.
Notwithstanding these advancements, the achieved photocurrent den-
sity (Jph) with modified 3C-SiC photoanodes remains circumscribed. As
reported by Jian et al. [107], an impressive peak photocurrent density
(Jph) of approximately 1.1 mA cm™2 was observed under AM 1.5G
illumination with an intensity of 100 mW cm 2 This remarkable
achievement was attained at a potential of 1.23 V versus the reversible
hydrogen electrode (VRHE). This underscores the imperative for further
research and development to optimize 3C-SiC photoanodes for efficient
and sustainable water splitting. Further research and development ef-
forts are needed to enhance the efficiency of 3C-SiC photoanodes and
approach their theoretical performance limits. Another factor that can
limit the performance of 3C-SiC photoanodes is the smoothness of the as-
grown planar surface. The smooth surface can result in the reflection of a
portion of the incident sunlight, leading to reduced light absorption and
photoconversion efficiency [108]. Improving the light-harvesting effi-
ciency by addressing surface smoothness is crucial for enhancing the
performance of 3C-SiC photoanodes in PEC water splitting. Researchers
are exploring surface engineering techniques, such as nano-structuring
or surface texturing, to increase light absorption and enhance the
overall efficiency of 3C-SiC photoanodes.

The investigation into the influence of noble metal nanoparticles on
hydrogen (Hy) production from a 3C-SiC film was conducted by He et al.
[109]. An enhancement in photocurrent for a Si-based photocathode
coated with 3C-SiC was observed under specific conditions of metal
nanoparticle deposition in their study. The observed augmentation was
meticulously ascribed to plasmonic effects, well-recognized for their
remarkable ability to bolster light absorption and the generation of
charge carriers. In a separate study, a photocathode utilizing an n-type
3C-SiC/p-type Si heterojunction was employed by Han et al. [110]. The
formation of an efficient heterojunction solar cell on a silicon (Si)
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substrate was facilitated by harnessing the intrinsic properties of 3C-SiC,
including its high electron affinity (4.0 eV) and band gap (2.3 eV). This
configuration effectively suppressed minority carrier injection from the
Si substrate, ultimately resulting in heightened device performance. The
photocatalytic properties of GeC/SiC hetero-bilayer for hydrogen (Hs)
generation through water splitting were investigated by Islam et al.
[111] utilizing density functional theory. Highlighted the potential of
GeC/SiC structures for Hy fuel generation. Further studies to engineer
the intrinsic content of the GeC/SiC vdW-HBL to enhance its photo-
catalytic and photo-absorption properties. Suggested exploring optical
and electronic properties of the vdW-HBL in response to changes in
stacking patterns or the incorporation of biaxial strain as important
strategies for enhancing its photocatalytic activities.

Scientists investigated how adding a tiny amount of nitrogen to a
material called silicon carbide could make it better at producing
hydrogen fuel from sunlight [112]. Simulations indicated that the per-
formance of 3C-SiC could be improved through N-doping in comparison
to other SiC-based photocatalysts for Hy generation. Experimental
validation substantiated the simulations, with N-doped 3C-SiC demon-
strating a remarkable Hy production rate of 205.3 pL/g-h. This
achievement signifies a substantial enhancement when contrasted with
undoped SiC-Ar (120.1 pL/ ¢ and outperforms other frequently studied
SiC-based photocatalysts. Incorporating nitrogen into SiC results in the
introduction of various parameters that improve photocatalytic activity.
First, the adjustment of the bandgap and carbon surface enhances the
light absorption ability of the material, allowing for increased utilization
of solar energy. Second, the efficient separation of photo-excited carriers
at the interface plays a crucial role in preventing recombination and
maximizing the utilization of generated charge carriers. This separation
is facilitated by the presence of the N-dopant. Furthermore, the presence
of hole traps, defects, and grain size can contribute to the chemical ac-
tivities of the photocatalyst, leading to enhanced performance. Lastly,
the enhanced photocatalytic performance of N-doped 3C-SiC is further
attributed to the heightened light absorption induced by the presence of
carbon, emanating from the phase transformation process during N-
doping. In a broader perspective, analogous enhancements are observed
within other classes of photocatalysts. (Oxy)nitrides, comprising pho-
tocatalysts incorporating transition metals such as Ti*, Nb>", and Ta®",
similarly exhibit improved performance upon the inclusion of nitrogen.
This incorporation results in the hybridization of N 2p and O 2p orbitals,
notably pronounced in the valence band. Due to the greater contribution
of N 2p orbitals, the overall bandgap narrows compared to pure oxides.
This reduction in bandgap positions (oxy)nitrides as highly promising
candidates for high-performance photoanodes, capable of efficiently
harvesting a broader spectrum of solar light.

The incorporation of SiC nanostructures, including quantum dots
and heterojunctions, has been investigated extensively to enhance their
photocatalytic performance. SiC quantum dots exhibit a high surface-to-
volume ratio, which increases active sites for photocatalytic reactions,
enabling better light absorption and more efficient energy conversion.
The combination of SiC with materials like graphene and carbon
nanotubes (CNTs) in nano-heterostructures has been shown to improve
charge separation and transfer, thereby enhancing photocatalytic ac-
tivity. The formation of Schottky-junction interfaces in SiC-based het-
erostructures has facilitated increased photoactivity, particularly for
water splitting reactions. The creation of well-structured SiC/graphene
and CNT/SiC nanowires has demonstrated efficient hydrogen genera-
tion. The integration of Pt nanoparticles onto SiC photocathodes has
been proven to further enhance the solar-to-hydrogen conversion effi-
ciency, supporting the use of SiC in solar-driven water reduction pro-
cesses. The N-doped 3C-SiC material exhibited a remarkable increase in
hydrogen production rate, which was attributed to modifications in its
electronic structure and light absorption properties. The introduction of
nitrogen reduces the bandgap of SiC, enhancing its ability to capture a
broader spectrum of sunlight and improving charge carrier separation.
This doping technique, along with other strategies like the deposition of
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cocatalysts or the fabrication of protective layers, holds the potential to
optimize the photocatalytic performance of SiC. Further studies are
necessary to refine these materials and address challenges related to
their scalability and long-term stability in real-world applications.

4.5. Heterostructure silicon photocatalyst

Doping plays a crucial role in modifying the properties of semi-
conductor photocatalysts and enhancing their photocatalytic activity.
By introducing dopant atoms into the semiconductor lattice, various
characteristics of the material can be altered, including carrier concen-
tration, electrical transport properties, and surface states. This modifi-
cation facilitates augmented light harvesting, optimized charge
separation, and expedited charge transfer dynamics, collectively
culminating in an elevation of photocatalytic activity [113]. Co-doping,
which involves the simultaneous introduction of multiple dopant ele-
ments, can result in synergistic effects that further enhance photo-
catalytic activity. For example, co-doping can lead to improved
electrical conductivity and activity for specific reactions like the oxygen-
evolution reaction (OER). The combined presence of multiple dopants
can create unique electronic and catalytic properties that are not
achievable with single doping elements alone. In the context of silicon
(Si), its particles exhibit a band gap that can vary from 1.1 to 5.4 eV
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depending on their sizes. This study proposes a promising strategy for
harnessing a broader range of the solar spectrum, suggesting that
coupling silicon (Si) particles with wide-bandgap semiconductors, like
titanium dioxide (TiO3), can lead to increased absorption in the visible
light region. This broader absorption range allows for better utilization
of solar energy and higher efficiency in photocatalysis. A summary of Si
photocatalysts for hydrogen production is shown in Table 2.

The solar-to-hydrogen conversion ratio of heterostructure photo-
catalysts can vary depending on several factors. Heterostructure pho-
tocatalysts are composed of different materials that are combined at the
nanoscale to create a composite with enhanced photocatalytic proper-
ties for hydrogen production from solar energy (Fig. 9). It is important to
note that the performance of heterostructure photocatalysts can vary
depending on the specific combination of materials, synthesis methods,
fabrication techniques, and optimization strategies used. By carefully
selecting and engineering the doping elements and coupling different
semiconductors, researchers can tailor the properties of photocatalysts
to optimize their performance for Hy production. Strategies that
enhance light absorption, charge separation, and overall efficiency in
photocatalytic systems are of great importance in facilitating sustainable
Hjy energy conversion.

Doping TiO, with Si has emerged as a promising method for
enhancing the photoactivity and performance of these widely used

nm)

Table 2
Summary of Si-based heterojunction photocatalysts for hydrogen production.
Feedstock Synthesis method Cocatalyst Light source Solvent H, generation rate Ref
(umolh~t g1
Metallurgical grade Si Ball milling - 300 W Xe lamp with 420 Water and methanol 1003.3 pmol-g*-h ! Lv et al. [38]
Pt nm cutoff filter
Rice husk-based silicon Magnetiothermic reaction MgO Visible light Water 3200 pmol-g1h7? Islam et al.
[114]
SiC - graphitic Visible light water 180.2 pmol-g 1-h ! Wang et al.
carbon [26]
Si powder Cryo-exfoliation - 300 W Xe lamp with 400 Water and methanol 54.8 pmol-g~1h ™! Wang et al.
nm cutoff filter [64]
Si nanowire arrays, etching—lithiation approach - Visible light Water and lithium 6.0 pmol-g~1h~? Ma et al. [115]
Silicon Nanosheets exfoliation procedure of Si - Visible light Water and 54.8 pmoleh-leg-1, Wang et al.
methanol10% [64]
CaSiy Topochemical - Not available Water ~8988 pmol-g~1h! Ma et al. [116]
Si Precipitation method TiO,/SiO4 uv water-ethanol 212 pmol~g’1-h’1 Serafin et al.
mixtures [117]
Si/ Solid phase reaction CNTs Visible water 648 pmol-g~*-h~! Teo et al. [118]
Diamond-wire sawing Metal-assisted chemical Ag 300 W Xe lamp with 400 Water and methanol 157.43 pmol-g~*h ! Lietal [119]
silicon waste etching nm cutoff filter
Rice husk-derived silicon Solid phase reaction CNT Visible light water 815 pmol-g '-h~! Islam et al.
[120]
Montmorillonite clay Mg reduction - 300 W Xe lamp with 400 Water and methanol 723 pmol-g~*-h ! Ryu et al., [61]
Pt nm cutoff filter
Rice husk-derived silicon Solid phase reaction MgO Visible light water 714 pmol-g~*h~! Islam et al. [67]
Talc clay Mg reduction - 300 W Xe lamp with 400 Water and methanol 1031.62 pmol-g~*h ™! Jang et al.
Pt nm cutoff filter [121]
SiO, magnesiothermic reduction MgO LED Distilled water and 4437 pmol h-1 g - 1 Curtis et al.
methanol [122]
MCM-41 (mesoporous Mg reduction - 300 W Xe lamp with 400 Water and tri- 604.7 pmol-g~*-h~! Sun et al.,
Si0,) nm cutoff filter ethanolamine [123]
SiCl4 Reduction - 300-W Xe lamp as the Water and methanol 882 pmol-g~1-h! Dai et al. [43]
light source.
Mesoporous SiO, Mg reduction - 300 W Xe lamp with 420 Water and methanol 1785 pmol-g~*-h ! Song et al.
nm cutoff filter [124]
CaSiy Precipitation - light water 8988 ymol h™! g1 Ma et al. [116]
Stober SiO, nanoparticles Mg reduction - White LED (400-800 nm)  Water and methanol 4437 pmol h-1g -1 Curtis et al.
[122]
Mg reduction - under visible light water 1785 ypmol h-1 g -1 Song et al.
Magnesiothermic [124]
reduction,
SiCly NaK reduction - 300 W Xe lamp Water and methanol 882.4 ymolh-1g-1 Dai et al. [43]
Natural clay Solid phase reaction and - ultraviolet (UV) water/methanol 723pmol Hy perhperg  Ryuetal. [61]
precipitation Si
Natural clay Solid phase reaction and pt ultraviolet (UV) water/methanol 1031 pmol h-1 g -1 Jang et al.
precipitation [121]
Si, SiO,, BO3 and P05 Sputtering - 500 W Xe lamp (310-750  Water and methanol ~1600 pmol h-1 g -1 Sugimoto et al.

[125]
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Fig. 9. The change of solar to hydrogen conversion ratio for different heterostructure photocatalysts [56,97,126-131].

photocatalysts [132]. Doping Si into the TiOs lattice has been found to
have several beneficial effects on photocatalytic application. One of the
key advantages of Si doping is its ability to increase the electron con-
centration and surface hydroxyl concentration of TiO,. This increased
electron concentration promotes more efficient charge transfer and
separation, leading to improved photoactivity. Additionally, the higher
surface hydroxyl concentration enhances the adsorption and activation
of reactant molecules, further enhancing the photocatalytic perfor-
mance. Si doping also influences the surface wettability of TiO,, which
can impact its photocatalytic properties. Si-doped TiO, surfaces have
been shown to exhibit improved hydrophilicity, allowing for better
interaction with water and reactant molecules [133]. This increased
surface wettability enhances the accessibility of reactants to the pho-
tocatalyst's active sites, resulting in improved photocatalytic activity.
The electronic band structure and electron mobility of TiOy can be
adjusted by Si doping, as supported by theoretical calculations.
Intriguingly, the integration of silicon (Si) atoms into the titanium di-
oxide (TiO2) lattice alters its intrinsic electronic structure, specifically
shifting energy levels and adjusting band edges. This tailored bandgap
engineering enables more efficient utilization of visible light for pho-
tocatalytic applications. Furthermore, Si doping acts as a dopant,
enhancing the mobility of photogenerated electrons within the TiO,
lattice. This translates to improved transport of charge carriers and a
significant reduction in recombination losses, ultimately leading to su-
perior photocatalytic performance.

Multiple scientific studies have examined the effect of silicon (Si)
doping on the photocatalytic and photoelectrochemical (PEC) properties
of titanium dioxide (TiOg). Su et al. [134] prepared Si-doped TiOy
nanotube arrays, demonstrating improved PEC performance and high-
lighting the potential of Si doping in this domain. The independent
studies by Jin et al. [135] and Zhang et al. [136] not only confirm the
positive impact of Si doping on TiO, photocatalytic activity but also
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highlight its potential for practical applications in environmental
remediation and pollutant degradation. The observed enhancements in
NO reduction efficiency and charge separation open exciting avenues for
developing advanced photocatalysts with improved performance. Sun
etal. [137] achieved an improved visible light PEC response through the
creation of Si-doped TiO» thin films. Dong et al. [138] fabricated Ti-Si-O
nanotubes, exhibiting superior PEC activity compared to undoped TiOs.
Collectively, these studies emphasize the significant potential of Si
doping in enhancing the photocatalytic and PEC performance of TiOy-
based materials. The synergistic effect of the unique one-dimensional
(1D) TiO2 nanotube structure and moderate Si doping demonstrates
promising applications in improving the PEC performance of TiO5-based
photoanodes. The incorporation of Si atoms into the TiOy nanotube
structure enhances light absorption, charge carrier transport, and sur-
face reactions, leading to improved PEC efficiency.

A notable contribution to the field of photoelectrochemical (PEC)
water splitting was presented by Zhang et al. [139] through the intro-
duction of a novel hydrothermal method. This method facilitated the
successful growth of an oriented, co-doped nitrogen (N)/silicon (Si)
single-crystalline rutile TiO5 nanorod (NR) film directly onto a trans-
parent conductive FTO substrate. The successful co-doping of N and Si
into TiO, represents a significant advancement in the field of photo-
catalysis. This augmentation resulted in a remarkable solar-to-hydrogen
(STH) conversion efficiency of 1.1 %, representing the highest reported
value for PEC cells utilizing TiO» at the time. While both N and Si doping
individually improve photocatalytic activity, the co-doping strategy
achieved a synergistic effect, exceeding the combined benefits of single
doping. This synergy likely arises from the interplay between the
modified bandgap structure, enhanced charge mobility, and optimized
surface properties induced by both dopants. Co-doping effectively nar-
rowed the bandgap of TiO,, enabling the absorption of a broader spec-
trum of solar light and consequently enhancing light utilization. Co-
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doping induced modifications in the surface properties of TiO,, poten-
tially improving the adsorption of water molecules and promoting Hy
evolution reactions. Firstly, the codoping allowed for the absorption of
visible light by introducing N2p states within the “forbidden gap” of
TiO5. Normally, TiO5 can only absorb ultraviolet (UV) light, but the
codoping expanded its light absorption range to include visible light,
which significantly increased the available solar spectrum for energy
conversion.

Further contributing to the observed performance enhancement by
Zhang et al. [139] was the unique electronic structure induced by Si co-
doping. The introduction of Si%s-p states within the TiO, lattice stra-
tegically localized them at the tail of the conduction band. These states
played a crucial role in augmenting carrier mobility, a vital parameter
for efficient charge transport in photoelectrochemical (PEC) systems.
Enhanced carrier mobility translates to improved separation and utili-
zation of photogenerated electron-hole pairs, ultimately leading to a
potentiated overall PEC performance. The experimental observations
were supported by rigorous theoretical calculations involving density-
functional theory (DFT) and first-principles approaches. These compu-
tational simulations provided valuable insights into the modifications of
the electronic structure and their subsequent impact on carrier transport
behavior. These theoretical calculations confirmed that codoping TiOy
with N and Si was more effective in improving the photoelectrochemical
performance compared to mono-doping with either element alone
[140]. The synergistic effects of N/Si codoping resulted in enhanced
light absorption, improved carrier mobility, and ultimately, higher
solar-to-hydrogen efficiency in PEC water splitting systems based on
TiOs.

To create the unique structure known as CNTs@Co@NC/D-SiOo,
Wang et al. [141] coated Co nanoparticles with N-doped carbon,
encased them in carbon nanotubes and then embedded them in flawed
silica. Increased photoelectric response and electrocatalytic activity
resulted from this structure's improvement of the compatibility between
the semiconductor and electrocatalyst interfaces. Si QDs have been
researched for their potential to improve the efficiency of solar cells
sensitive to quantum dots. According to Li et al. [142], Si QDs were used
to modify TiOs, which led to better visible light photoelectrochemical
performance by raising the quantum yield and broadening TiOy's light
absorption spectrum. Wide bandgap semiconductors' capacity to in-
crease photoactivity has been intensively researched concerning noble
metal nanostructures like Au, Ag, or Pt. On nanoporous Si with a high Au
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catalyst content and appropriate photocurrents, Oh et al. [143] observed
improved catalysis. Zhao et al. [144] examined nanoporous Si with a
buried Pt nanoparticle layer and found that the hydrogen evolution re-
action (HER) overpotential had significantly increased. However,
following research by Aguiar et al. demonstrated a decline in perfor-
mance after just 100 h of use, highlighting the difficulties with stability
over longer time frames.

Recognizing the limitations of p-Si in photoelectrochemical
hydrogen evolution (PEC-HER), Zhang et al. [145] devised a captivating
solution. Their design involved a unique 3D p-Si/NiCoSe photocathode,
offering a synergistic amalgamation of the light-harvesting prowess of
the Si NP core and the optically transparent and electrocatalytically
active NiCoSe shell. In a separate study conducted by Jin et al. [146],
integrated photocathodes constructed with CoPS deposited on n*-p-p*
silicon micro pyramids exhibited promising outcomes. These structures
generated strong photocurrents and achieved efficient solar-driven
hydrogen generation using Earth-abundant materials. However, chal-
lenges persist in controlling the formation of silica nanostructures and
ensuring compatibility between the semiconductor and catalyst in-
terfaces. Further research efforts concentrated on the optimization of
synthesis techniques and interface engineering are deemed crucial for
addressing these limitations.

Incorporating silicon into low-dimensional carbon materials to syn-
thesize photocatalysts for water splitting is an interesting approach that
has been explored in recent years (Fig. 10). By incorporating silicon into
these carbon materials, researchers aim to further enhance their prop-
erties and improve their performance as photocatalysts for water split-
ting. Silicon can contribute to the photocatalytic activity in several
ways. First, silicon can modify the electronic structure of carbon mate-
rials, influencing their bandgap and absorption properties. This alter-
ation has the potential to improve the absorption of light, which are
crucial step in efficient water splitting. Silicon atoms act as tiny scaf-
folds, providing new platforms for chemical reactions to occur on the
carbon surface, promoting the adsorption and activation of water mol-
ecules. The reaction kinetics can be expedited, leading to an enhance-
ment in the overall efficiency of the photocatalyst.

Studies by Huang et al. [147] and Meng et al. [148] focused on the
synthesis of composites using silicon nanowires (SiNWs) and rGO.
Huang et al. fabricated SiNWs/rGO composites, which exhibited a
significantly higher short-circuit photocurrent density compared to
pristine SiNWs and planar Si/rGO composites. Utilizing an

Graphitic
Carbon Nitride
Graphene Quantum
Dots / Sheets

Fig. 10. The low dimensional carbon materials supported silicon photocatalyst for water splitting.
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electrochemical technique, graphene oxide (GO) was directly reduced
onto silicon nanowires (SiNWs) by Meng et al. [148], resulting in the
successful synthesis of a SiNWs/rGO composite. This composite man-
ifested a notable enhancement in photoelectrochemical performance,
characterized by a significantly higher photocurrent density compared
to bare SiNWs and a positive shift in the onset potential under illumi-
nation. The efficient charge transfer from the photoexcited SINWs to the
reduced GO (rGO), which functions as a superior conductor, is promoted
by the highly interconnected network of SiNWs and rGO. This, in turn,
minimizes charge trapping and recombination within the SiNWs,
thereby boosting the overall photoelectrochemical activity. This
augmentation further improves charge transfer efficiency and, conse-
quently, the overall photoelectrochemical performance.

Kim et al. [149] investigated the utilization of graphene as a barrier
layer to establish an electrical junction within vertically aligned silicon
nanowire (SiNW) arrays. This approach aimed to modulate the overall
catalytic performance. By coating SiNWs with graphene, they were able
to create SINW-graphene heterostructures that showed high sensitivity
in molecular sensing applications. The presence of graphene prevented
the bundling of SiNWs, allowing them to stand separately on the Si
wafer. This arrangement facilitated improved electrical junction for-
mation and enhanced performance in molecular sensing. Carbon-based
nanomaterials, including graphene, have also shown promise in pho-
toanode applications. For example, graphene-covered n-Si has been
shown to enhance the stability of photoanodes in reactions such as
ferrocene and bromine oxidation, as well as hydrogen reduction. While
these reactions are more energetically and kinetically favorable than the
oxygen evolution reaction (OER), they serve as examples of graphene's
ability to improve the stability and performance of photoanodes [150].
Additionally, carbon nanotube (CNT)-graphene complexes, graphene,
and graphene oxide have been investigated as electrocatalysts for the
oxygen reduction reaction. CNTs have been employed to promote
charge separation when combined with wide-gap semiconductor pho-
tocatalysts, further enhancing their photocatalytic activity.

The application of polymer-supported graphene to enhance the
photocatalytic hydrogen evolution reaction was investigated by Xu et al.
[151]. The study revealed that graphene plays a dual role, functioning as
both an electron acceptor and a site for hydrogen evolution. This dual
functionality facilitates the separation of photo-induced charge carriers,
ultimately promoting increased efficiency in hydrogen production. In a
distinct study conducted by Bae et al. [152], graphene layers were
effectively deposited onto GaN nanowires (GaN NWs) to act as a pro-
tective layer and enhance electron transfer for water splitting. The
resulting graphene-coated GaN NWs (Gr/GaN NWs) demonstrated a
remarkable improvement in solar-to-hydrogen (STH) efficiency, sur-
passing the performance of bare GaN NWs by 67 %. The graphene layer
acted as a thin-film protective barrier, providing superior stability to the
GaN NWs and resulting in improved performance for photo-
electrochemical (PEC) water splitting. These findings highlight the po-
tential of graphene as both a catalytically active component and a
protective layer in semiconductor-based PEC water-splitting systems.
Incorporating graphene can enhance the stability of composite catalysts
and improve the efficiency of photocatalytic hydrogen production.
However, further research is still needed to fully explore and understand
the complete potential of graphene-based composite catalysts in this
application.

Huang et al. [147] produced reduced graphene oxide (rGO) via a
solvothermal technique and spin-coated it onto silicon nanowires
(SiNWs) to enhance Hj; generation. Because of its straightforward
transfer, chemical stability, and oxidation resistance, chemical vapor
deposition (CVD)-grown graphene is preferred. Sim et al. (2015)
developed N-doped graphene quantum sheets as cocatalysts on SiNWs
via chemical vapor deposition, which resulted in noticeably increased
photocatalytic hydrogen production activity. Fellahi et al. [153]
increased the photoelectrochemical (PEC) activity on SiNWs by
reducing graphene oxide (GO) with UV irradiation and using it as an
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effective co-catalyst. However, the techniques for manufacturing rGO on
SiNWs entail time-consuming preparation procedures, the waste of re-
sources and energy, and the application of potentially hazardous ma-
terials that could damage the environment. Meng et al. [148] however,
revealed an eco-friendly and less complicated electrochemical technique
to directly convert graphene oxide (GO) onto SiNWs. With a consider-
ably larger photocurrent density compared to bare SiNWs and a favor-
able shift in the onset potential under illumination, the resulting SINWs/
rGO photocathode demonstrated better PEC performance. These im-
provements are attributed to the heightened electrical conductivity of
reduced graphene oxide (rGO) and the enhanced separation of photo-
generated charge carriers.

The doping of silicon (Si) into various semiconductors, such as tita-
nium dioxide (TiO2), has demonstrated significant improvements in
photocatalytic and photoelectrochemical (PEC) activities. Si doping has
been shown to increase electron concentration and surface hydroxyl
concentration, which in turn promotes more efficient charge transfer
and separation, ultimately improving photocatalytic activity. Addi-
tionally, Si doping influences the electronic structure of TiO2, shifting
energy levels and adjusting band edges, thereby expanding the mate-
rial's ability to absorb visible light. The incorporation of Si atoms into
the TiO2 lattice results in enhanced mobility of photogenerated elec-
trons, reducing recombination losses and leading to superior photo-
catalytic performance. Furthermore, co-doping, such as the
simultaneous introduction of nitrogen (N) and silicon (Si) into TiO2, has
been demonstrated to induce synergistic effects that extend the mate-
rial's light absorption capabilities into the visible spectrum, significantly
enhancing its solar-to-hydrogen (STH) conversion efficiency. Co-doping
has been found to narrow the bandgap, enhance carrier mobility, and
optimize surface properties, further improving PEC performance. The
integration of Si into low-dimensional carbon materials, such as gra-
phene and silicon nanowires (SiNWs), has been explored to enhance
photoelectrochemical performance by improving light absorption and
charge transfer efficiency. Despite these promising developments,
challenges related to material stability and the optimization of synthesis
methods remain, highlighting the need for further research to fully
exploit the potential of Si-doped photocatalysts in sustainable energy
conversion.

4.6. Metal-organic framework with silicon

By controlling the potent interaction between metal ions and ligands,
conductive MOFs can be made. Conductive MOFs enable better elec-
trocatalytic performance by providing effective mass transport and
simple access to active sites. Silicon-containing organic compounds,
such as organosilanes or organosilicates, can serve as ligands in the
synthesis of silicon-based MOFs (Fig. 11). These compounds contain
both organic groups and silicon atoms, allowing for the integration of
silicon into the MOF framework. The presence of silicon in the ligands
can introduce additional functionalities and properties to the resulting
MOF material. The synthesis of silicon-based MOFs typically involves
the reaction between metal ions or clusters and silicon-containing li-
gands. These ligands can be designed to possess specific functional
groups that can coordinate with the metal centers, leading to the for-
mation of the desired MOF structure.

A polymer based on methyl viologen was employed as a redox
mediator to promote effective electron transport to the electrode [166].
However, it led to a reduction in the driving force needed to activate a
catalyst for Hy evolution [167]. A perylene-diamide derivative-modified
nanostructured pSi photocathode (PDI') was used in the tandem PEC
system. A one-electron reduced shuttle is created when the PDI’, a very
electron-deficient excited state, mediates an electron transfer. By suc-
cessfully activating the Hy evolution catalyst, this process enables
effective hydrogen synthesis. The construction of TiOCrIll metal-oxo
clusters on the silica surface of MCM-41, a mesoporous silica material,
was reported by Zhao et al. [168]. This arrangement produces visible-
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Fig. 11. Different Silicon-containing organic compounds to synthesize the silicon-based MOFs [138,154-165].

range absorption-exhibiting hetero-binuclear metal-to-metal charge-
transfer chromophores. The ability to capture visible light energy,
which is essential for solar energy conversion applications, is a benefit of
these chromophores.

A landmark achievement in the field of water splitting has been the
recent development of a cobalt-phosphate (Co-Pi) catalyst. This
remarkable feat draws inspiration from the oxygen-evolving complex
(OEC) found within Photosystem II (PSII) of natural photosynthesis
[169]. The newly developed Co-Pi catalyst effectively captures the key
elements and functionalities of this biological marvel, paving the way
for advancements in artificial photosynthesis technologies. When a
widely available metal (cobalt) is oxidized in phosphate-buffered solu-
tions at neutral pH, the Co-Pi catalyst self-assembles similarly to the OEC
in PSIL. In both freshwater and seawater at room temperature, this Co-Pi
catalyst exhibits high activity. It is a promising catalyst for water split-
ting since it activates water by proton-coupled electron transfer and has
self-healing qualities. A novel method for fabricating Co304/TiO5/Si
nanorod (NR) catalysts was presented by Tang et al. [170], utilizing
metal-organic frameworks (MOFs) as templates. The inherent advan-
tages of MOFs, including their large specific surface area and porous
channel structure, were leveraged in this approach to simultaneously
enhance the optical response of Co304 and augment surface water
oxidation kinetics. The resulting photoanode, derived from MOFs and
composed of Co304/TiO2/Si NR, exhibited a synergistic effect arising
from the combination of Co304, titanium dioxide (TiO2), and silicon
nanorods (Si NR). This synergism manifested as a significant increase in
photocurrent density and photoconversion efficiency when utilized in
alkaline electrolytes. Consequently, the photoanode facilitated more
effective water splitting for solar energy conversion.

A recent study by Prabu et al. [1721] meticulously investigated the
impact of nickel (Ni) doping on the performance of NixMo;_/ZIF-
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67@SiOy yolk-shell catalysts for formic acid dehydrogenation. A
gradual enhancement in catalytic performance was observed with
increasing Ni content. Among the assessed catalysts, the Niyp gMog o/ZIF-
67@Si0; yolk-shell exhibited the most exceptional catalytic efficiency.
It demonstrated a remarkable turnover frequency (TOF) of approxi-
mately 183 h™! at 25 °C, indicative of a rapid catalytic reaction with
complete conversion of formic acid. This catalyst further manifested a
hydrogen selectivity of nearly 100 %, with no measurable CO produc-
tion, ensuring the generation of clean hydrogen. Even after undergoing
10 reaction cycles, an impressive 99 % of its initial activity was retained,
highlighting its long-term stability and durability. Understanding the
impact of Ni doping on NixMo; _x/ZIF-67 @SiO5 catalysts for formic acid
dehydrogenation holds significant scientific value. By optimizing the Ni
content and exploiting the synergistic effects, researchers can develop
highly efficient and robust catalysts for this clean and sustainable
hydrogen production pathway.

Ball et al. [172] leveraged the computational power of density
functional theory (DFT) calculations to meticulously predict the cata-
lytic activity of a specific triazine framework named SiPF-Bpy-CTF for
the hydrogen evolution reaction (HER). As depicted in Fig. 12, the
presented study commenced with a meticulous investigation into the
electronic properties of pristine Bpy-CTF. A band gap of 1.93 eV is
demonstrated by this material, thereby prompting additional scientific
inquiry. To scrutinize the possibility of reducing the band gap, a
meticulous strategy involving co-doping and substitution was applied to
the Bpy-CTF framework. The implementation of this multifaceted
approach encompassed the co-doping of Bpy-CTF with Si and P atoms,
succeeded by the deliberate substitution of hydrogen atoms located on
the bipyridine (Bpy) ligands at the P-site with F atoms. This systematic
modification warrants a closer scientific examination to illuminate its
impact on the electronic properties of Bpy-CTF. This manipulation
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Photocatalytic
Reaction

Fig. 12. Triazine framework (SiPF-BpyCTF) for the hydrogen evolution reaction (HER). B. A reaction cell used on tests of copper-iron plasmonic photocatalysts for
hydrogen production from ammonia at Syzygy Plasmonics in Houston [173]. C. Different shape of the plasmonic nanoparticle D. Shape-dependent activity of the

plasmonic nanoparticle [174].

successfully engineered the SiPF-Bpy-CTF triazine framework, exhibit-
ing a remarkably narrow band gap of merely 7 eV. The present study,
through meticulous energetic analysis, identified both the nitrogen
atoms within the triazine moiety and the Si-site as advantageous
adsorption sites for atomic hydrogen. Predicting the HER activity of
SiPF-Bpy-CTF through DFT calculations represents a significant step
forward in identifying promising materials for sustainable hydrogen
production. By guiding further experimental studies and material opti-
mization, this computational approach can accelerate the development
of efficient and cost-effective HER catalysts, contributing to the reali-
zation of a clean and sustainable energy future. To validate the results
and confirm the actual catalytic performance of SiPF-Bpy-CTF, experi-
mental investigations are still required. Experimental studies may pro-
vide crucial evidence and insights into the actual catalytic activity and
suitability of SiPF-Bpy-CTF for the hydrogen evolution reaction.

The study by Railey et al. [175] focused on the Si@ZIF-8 core-shell
structure for electrochemical hydrogen production. The Si@ZIF-8 refers
to silicon nanoparticles (NPs) encapsulated within a ZIF-8 (zeolitic
imidazolate framework-8) shell. This core-shell structure offers several
advantages for hydrogen production. According to the study, the
Si@ZIF-8 electrode exhibited a high capacity of 830 mAhg™! when
operated at a current density of 200 milliamps per gram (200 mAg ™).
This high capacity is attributed to the presence of uniformly distributed
silicon nanoparticles within the carbon matrix. The silicon nanoparticles
play a crucial role in facilitating efficient electrochemical hydrogen
production. One notable aspect highlighted in the study is the remark-
able stability of the Si@C electrode over extended cycling. The carbon
coating surrounding the silicon nanoparticles is considered responsible
for this stability. The soft nature of the carbon coating helps to mitigate
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the large volumetric changes that occur during the alloying and de-
alloying processes of silicon. This mitigation of volumetric changes
contributes to the electrode's stability. The uniformly distributed silicon
nanoparticles within the carbon matrix, along with the protective car-
bon coating, contributed to the high stability of the electrode.

Very recently, researchers have investigated the integration of non-
noble metal nanoparticles with semiconductor materials to enhance
plasmonic effects specifically for hydrogen production. The integration
of non-noble metal nanoparticles with semiconductor materials for
enhanced plasmonic effects is an exciting development in the field. The
generation of hot carriers by plasmonic particles and their utilization in
driving chemical reactions through hybrid antenna reactors shows
immense promise for unlocking more efficient hydrogen production.
The study by Yuan et al. [173], where gram-scale quantities of hydrogen
gas were produced from ammonia using copper-iron nanoparticles
under LED illumination (Fig. 12B), highlights the comparable effi-
ciencies and reactivities of these particles with copper-ruthenium. This
demonstrates that non-noble metal nanoparticles can exhibit similar
performance to noble metals in plasmonic photocatalysis. The research
by Yuan et al. [173] emphasized the significance of nanoparticle
morphology in plasmonic photocatalysis. It has been scientifically
established that the geometry of plasmonic nanoparticles critically in-
fluences their efficacy. Each distinct shape fosters unique plasmonic
characteristics, leading to enhanced light absorption and scattering. This
phenomenon can be attributed to the interaction of light with the
localized surface plasmons, and collective oscillations of the conduction
electrons induced by the incident light. The specific shape dictates the
resonance frequency, intensity, and spatial distribution of these plas-
mons, ultimately determining the overall light-matter interaction
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(Fig. 12C-D). The study revealed that nanocrystals with more cuspate
shapes exhibited greater reactivity rates and lower activation barriers,
resulting in improved efficiency for hot electron-driven reactions. These
findings further emphasize the importance of optimizing the shape and
morphology of plasmonic materials for efficient photocatalytic
hydrogen production. By tailoring the morphology to specifically
enhance reaction rates and reduce activation barriers, researchers can
improve the overall performance and energy conversion efficiency of
plasmonic photocatalytic systems. The integration of plasmonic mate-
rials with semiconductor photocatalysts, the generation of hot carriers,
and the optimization of nanoparticle morphology all contribute to
enhancing the efficiency of photocatalytic hydrogen production. These
advancements may provide promising avenues for developing more
efficient and sustainable methods of hydrogen generation, which is
crucial for photocatalytic hydrogen production.

Biosilicification is indeed the process of polymerizing biologically
available monomeric silicic acid into insoluble silica in various organ-
isms such as protists, diatoms, sponges, mollusks, and higher plants. The
ability to create silica-based nanostructures encapsulating biomolecules
opens possibilities for Hy production through photocatalysis [175]. The
cellular and metabolic processes related to biosilicification are regulated
by silicon transporters that facilitate the uptake of silicic acid from the
surrounding aqueous environment. Silicic acid is then transformed and
condensed into amorphous silica within membrane-bound deposition
vesicles. This transformation is mediated by a variety of proteins [176].
These proteins play a crucial role in the formation and deposition of
silica structures. It is worth noting that similar mechanisms may govern
biosilicification in other organisms that engage in silicification. While
the specific proteins and processes involved may vary, the general
principles of cellular intake, transformation, and deposition of silicic
acid are likely to be present. Recent studies have shown that proteins
from diverse functional groups can interact with silica, leading to the
formation of protein/silica composite shells. This opens up possibilities
for unlimited functionalization of silica-based materials, including the
integration of optical elements with specific waveguide properties for
photocatalysis applications [177].

It is worth noting that the incorporation of silicon into MOFs is a
relatively recent area of research, and the development of silicon-based
MOFs is still in its early stages. However, the unique properties of sili-
con, combined with the tunability and porosity of MOFs, offer exciting
opportunities for the design of new materials with enhanced function-
alities. Continued research in this field may lead to the discovery of
novel silicon-based MOFs and expand their potential in silicon-based
catalysts and accelerate the transition to a hydrogen-based economy.

Silicon, as a key element in catalytic applications, when integrated
into MOFs, can introduce additional functionalities that are critical for
electrocatalysis and photocatalysis. The use of silicon-containing li-
gands, such as organosilanes or organosilicates, in MOF synthesis allows
for the creation of structures that benefit from both the tunability of
MOFs and the advantageous properties of silicon. These silicon-based
MOFs have been shown to improve electrocatalytic performance by
mass facilitating effective transport and enhancing access to active sites,
which are essential for water splitting reactions. The fabrication of
nanostructured catalysts, such as Co304,/Ti02/Si nanorods, using MOFs
as templates, has further highlighted the synergy between silicon and
other components in optimizing the optical response and enhancing
reaction kinetics for solar energy conversion. While silicon-based MOFs
are still in the early stages of research, their potential to drive ad-
vancements in renewable energy production is significant. The explo-
ration of such materials could lead to breakthroughs in photocatalysis.

5. Conclusion and perspectives
Silicon nanosheets, nanowires, silicon carbide, heterojunctions, and

metal-organic framework (MOF) silicon catalysts are among the various
silicon-based materials that have been investigated for their potential in
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hydrogen production through photocatalysis. When comparing these
silicon-based catalysts for hydrogen production, various factors should
be considered, including their catalytic activity, stability, cost-
effectiveness, and scalability. The specific performance of each cata-
lyst type can vary depending on the synthesis method, surface modifi-
cations, catalyst loading, and reaction conditions. Controlling the purity
of the synthesized materials is therefore important to ensure high con-
version efficiencies. Several key factors contributed to the impressive
hydrogen generation (4437 pmol h™! g 1) of Si achieved by these silicon
nanoparticles. It is important to note that this achievement represents
the highest reported value thus far, demonstrating the potential of sili-
con nanoparticles as highly efficient catalysts for hydrogen production.
To achieve optimally performing Si-photocatalysts, it is indeed impor-
tant to balance the factors of crystallinity, oxidation, and particle sin-
tering. Although maximizing crystallinity in silicon nanoparticles
undoubtedly enhances their catalytic activity for hydrogen evolution,
other significant factors play equally crucial roles. Minimizing oxidation
and reducing grain boundaries resulting from particle sintering are
equally vital aspects for achieving optimal performance. To address this
issue, it is recommended to take care in storing the Si nanoparticles
(NPs) to minimize oxidation. This could involve storing them in a
controlled environment, such as in an inert gas atmosphere or a vacuum,
to prevent exposure to oxygen and moisture, which are the primary
causes of oxidation. Developing approaches for surface protection be-
comes crucial to enhance the longevity of Si nanoparticles (Si NPs)
utilized in photocatalytic experiments. These approaches could involve
the use of protective coatings or surface modifications to create a barrier
between the NPs and the surrounding environment, thereby reducing
oxidation and enhancing the stability of the NPs over time. By incor-
porating optimal heterojunctions and employing surface protection
mechanisms such as Si/polymer hybrids, the stability, charge carrier
separation, and overall performance of photocatalysts can be enhanced.
However, implementing all-solid-state heterojunctions or Z-scheme
systems can be technically challenging and requires the development of
suitable materials and device architectures. To further increase the
effectiveness of solar-to-fuel transformation, techniques such as plasmon
composites can be employed. Plasmon composites can expand the op-
tical absorption range into the visible spectrum, thereby increasing the
efficiency of light absorption by silicon. Laser ablation is one approach
that offers precise control over the fabrication process. However, it re-
quires sophisticated equipment and can be costly to implement on a
large scale. Some approaches, such as the use of co-catalysts or sacrifi-
cial agents, can enhance hydrogen generation performance. However,
they may also increase costs and raise environmental concerns.
Balancing the performance benefits with economic and environmental
considerations is a key challenge in the development of these systems.
Developing a synthesis method that is simple, economically feasible, and
environmentally friendly is crucial for the widespread implementation
of silicon-based heterojunctions for sustainable hydrogen production.
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