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Abstract: This review article provides current developments in SnO, quantum dots (QDs) as effective
catalysts over the last five years. SnO, QDs are exceptional prospects for catalytic applications
because of their high surface area, compact size, and tunable optical features. SnO, QDs have recently
made strides in their production and functionalization, which has enabled successful use of them
as photocatalytic catalysts. The basic concepts of SnO, QDs, including their electrical and optical
characteristics, are described in this review paper, along with the most current findings on their
production and functionalization. Additionally, it covers the fundamental mechanisms that support
SnO; QDs’ catalytic activity and emphasizes the difficulties involved in using them as catalysts.
Lastly, it offers a forecast for the direction of research in this quickly evolving topic. Overall, our
analysis demonstrates SnO, QDs’ potential as a successful and cutting-edge catalytic system in
recent years.

Keywords: SnO,; QDs; synthesis; heterojunction; photocatalysis; dye degradation

1. Introduction

Water pollution is a major issue for modern society, caused by the discharge of un-
treated waste into water sources [1]. This contamination can cause health problems, ecolog-
ical damage, and economic losses. Quantum dots (QDs) are semiconductor crystals with
sizes ranging from 1 to 10 nanometers in diameter. Owing to their small size and distinctive
physical and chemical characteristics, QDs are appealing for a variety of applications [2].
Several materials, including semiconductor, metal, and carbon QDs, can be used to create
QDs. Because of their remarkable optical and electrical capabilities, semiconductor QDs
have been the subject of most research [3]. For example, II-VI and III-V compounds with
high quantum yield, narrow emission spectra, and high charge carrier mobility, such as
CdSe, CdTe, InP, and GaAs, have received a great deal of attention [4]. Due to their distinc-
tive qualities and possible uses, metal oxide QDs, such as SnO;, TiO;, and ZnO, have also
received a lot of attention [5]. The huge surface area of metal oxide QDs, which enables
effective catalytic reactions, is one of their key advantages. SnO, QDs, in particular, have a
number of distinctive qualities that set them apart from other QD kinds. First off, SnO; is
an environmentally beneficial substitute for other harmful or expensive materials because
it is a substance that is readily available on Earth and is not toxic [6]. Second, SnO, QDs
are promising candidates for a variety of applications, including photocatalysis, sensing,
and energy conversion, thanks to their superior optical and electrical characteristics, which
include a high surface area, strong stability, and a broad bandgap [7].

Furthermore, SnO, QDs have demonstrated strong catalytic activity in the oxidation of
organic contaminants and the water-splitting process that produces hydrogen [8]. This is a
result of their special electrical characteristics, which enable effective charge separation and
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transfer. These characteristics include high electron mobility and an appropriate conduction
band location [9]. SnO, QDs’ tiny size and the large surface area also make more active sites
for catalytic reactions possible, improving the efficiency of such reactions. Many techniques
for regulating SnO, QDs’ size, shape, and surface properties have been developed as a result
of in-depth research into their synthesis and functionalization [10]. This has created new
possibilities for modifying SnO, QDs’ catalytic performance for certain applications. More
study is required to completely comprehend their underlying mechanisms and improve
their catalytic efficiency, given the intriguing features and possible uses of SnO; QDs. In
order to accomplish this, new synthesis and functionalization techniques must be created,
and the relationship between a substance’s structure, characteristics, and performance
must be better understood. These investigations have demonstrated that SnO, QDs may
degrade a variety of pollutants. Furthermore, they have demonstrated effectiveness in
disinfecting water sources by inactivating pathogenic bacteria and viruses. Additionally,
SnO; QDs can be easily modified and functionalized to enhance their performance in
water treatment [11]. As the size of the SnO; QDs decreases, the bandgap energy increases,
which leads to enhanced light absorption and higher photocatalytic activity. This unique
characteristic makes SnO, QDs more effective photocatalysts than bulk SnO; [6]. SnO,
QDs exhibit enhanced reactivity compared to bulk SnO; due to their high surface energy
and the presence of surface defects. These characteristics make it easier for reactive oxygen
species (ROS) to develop, including hydroxyl radicals (¢OH), which are in charge of
degrading contaminants [12]. The bandgap energy of SnO, QDs can be adjusted by
controlling their size and surface chemistry. This property enables the optimization of the
photocatalytic activity of SnO, QDs for specific applications, such as the degradation of
particular pollutants or the production of hydrogen through water splitting [13]. SnO, QDs
display excellent stability under different environmental conditions, making them suitable
for long-term water treatment applications [14].

This article will focus on the optical and electronic characteristics of SnO, QDs that
are relevant to photocatalysis. The optical properties of SnO, QDs are size-dependent and
result from the quantum confinement phenomenon [15]. The energy levels within QDs are
discrete, and the bandgap energy increases as the particle size decreases. Consequently,
SnO; QDs have a tunable bandgap that can be customized by altering their size. These
QDs have an optical absorption edge that reaches into the visible range, allowing them to
be utilized for visible light photocatalysis [16]. Furthermore, SnO, QDs exhibit strong light
scattering and luminescence, which can enhance photocatalytic efficiency. With respect to
electronic properties, SnO, QDs have a high surface area to volume ratio, resulting in an in-
creased number of surface defects and trap states [8]. The photocatalytic effectiveness of the
QDs may decrease as a result of these defects and trap states acting as recombination foci
for photogenerated electron-hole pairs. The electrical characteristics of SnO, QDs can be
changed by adding surface changes or doping to overcome this restriction [10]. For instance,
SnO, QDs that have been modified with other materials, such as TiO; have demonstrated
improved electron extraction and transport properties as well as suppressed charge recom-
bination, resulting in better photocatalytic performance [17]. Additionally, doping SnO,
QDs with nitrogen or carbon can introduce new energy levels that can act as electron traps,
reducing the recombination rate and increasing the photocatalytic activity [18]. SnO, QDs
can be synthesized utilizing a variety of methods, including the hydrothermal method,
solvothermal method, and sol-gel method [19]. They have demonstrated great potential as
a solution to water pollution, and this review aims to provide an in-depth analysis of recent
advances in SnO; quantum dot synthesis, modification, and application in water treatment.
To encourage the wider deployment of SnO, QDs for environmental applications, this
review will emphasize major discoveries, problems, and prospects for future research in
this area.

The size-dependent optical characteristics of SnO, QDs are ascribed to the quantum
confinement effect [20]. The energy levels in the QDs are discrete, and the bandgap energy
increases with decreasing particle size. As a result, SnO, QDs have a tunable bandgap
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that can be tailored by controlling their size. SnO, QDs have been shown to possess a
remarkable light-harvesting capacity, thereby enhancing photocatalytic efficiency. Addi-
tionally, the high surface area to volume ratio of SnO, QDs has been found to contribute to
improved photocatalytic performance. This can be improved by modifying their electronic
properties through surface modifications or doping. Strategies, such as doping, composite
construction, and adjustment of co-catalyst size, can be employed to improve the photo-
catalytic performance of SnO, QDs [21]. Ultimately, the information in this review will
give readers an understanding of the potential of SnO, QDs as a water pollution remedy
and the methods for improving their photocatalytic performance for environmental ap-
plications. In recent years, there has been a lot of interest in the usage of nanocomposites
of SnO, QDs with other semiconductors to enhance photocatalytic performance. Over
the past 5 years, multiple research articles have focused on the importance of making
these nanocomposites to create heterostructure formations that improve photocatalytic
activity. In order to create nanocomposites and heterostructure composites with improved
photocatalytic activity for water treatment and other applications, these investigations
looked into several ways to combine SnO, with other semiconductors [22-24]. The higher
visible light absorption and effective separation of photogenerated electron-hole pairs
at the nanocomposite interface are two reasons for the enhanced photocatalytic activity
of these materials. The authors also reported a synergistic effect between the SnO, QDs
and other selected components in the nanocomposite, which improved the visible light
absorption and the separation of photogenerated electron-hole pairs in the heterojunctions.
Overall, the studies on nanocomposites of SnO, QDs with other semiconductors have
demonstrated promising results for enhancing photocatalytic activity. These findings could
have important implications for developing more efficient and sustainable technologies for
water treatment and other applications.

2. Synthesis Protocols

SnO; QDs are prepared through various methods, such as solution synthesis, hy-
drothermal synthesis, and chemical reduction synthesis, among others [25-29]. While each
approach has benefits and drawbacks, the choice of synthesis process is dictated by the
desired QD qualities and the particular application. Alternative techniques for creating
5SnO, QDs include sonochemical synthesis, microwave-assisted synthesis, solvothermal
synthesis, and template-assisted synthesis, among others [30]. Understanding the SnO, QD
synthesis methods is crucial since the synthesis process can affect the QDs’ characteristics
and performance, which can affect their potential usage in a variety of applications, such
as photocatalysis. SnO, QDs can have their size, shape, and crystal structure controlled
throughout the fabrication process, which may have an effect on how well they function as
photocatalysts. Thus, the advancement of SnO, QD applications in areas including water
purification, air purification, and solar energy conversion depends on the development of
effective and controllable synthesis methods [31]. To improve the synthesis techniques for
SnO; QDs and to comprehend the underlying mechanisms that control their characteristics
and performance, more research is required.

2.1. Microwave-Assisted Synthesis

In order to create SnO, QDs, microwave-assisted synthesis is a practical and efficient
method. This technique has the advantage of producing uniformly sized, high-quality QDs
in a short period of time. Inducing the creation of nuclei and accelerating particle growth
using microwave irradiation can lead to the formation of well-defined, extremely uniform
SnO, QDs [32]. This method offers a highly precise, scalable, and energy-efficient method
for producing SnO, QDs. Furthermore, microwave-assisted synthesis is a low-temperature
technique that uses less energy and produces fewer undesirable byproducts. This process
is simple and affordable, making it simple to scale up for the large-scale manufacturing
of SnO, QDs. For creating SnO, QDs, microwave-assisted synthesis has a number of
benefits [33]. Microwave irradiation, which accelerates particle growth, can make it easier
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to produce SnO, QDs with precise size and shape. This method is also very adaptable and
may be used to make vast amounts of SnO; QDs. This process is appealing for the mass
production of SnO, QDs since it is simple, affordable, and energy-efficient. This method
was used by researchers Xu et al. to produce densely packed, extremely crystalline SnO,
QDs [26]. Smaller than the SnO; Bohr radius, they were able to produce homogenous
particles with an average radius of 1-1.5 nm. This raises the possibility of a substantial
quantume-size effect, in which a dot’s wave function extends into that of its neighbors,
resulting in an electrically active QD solid. According to these results, the distinctive
properties of SnO; QDs and their potential applications in several fields are now well
characterized [26,32,33].

Geng et al. also employed a microwave-assisted method to synthesize SnO, QDs [32].
Their technique involved adding tin (II) chloride dehydrate to a mixed solvent of ethanol
and water, which was then subjected to microwave irradiation at 180 °C for 30 min. The
resulting SnO, QDs had an average size of 4-6 nm and a consistent spherical shape. This
method allowed for a shorter reaction time and higher yield compared to conventional
hydrothermal methods. Additionally, the smaller particle size of the SnO, QDs obtained
through microwave-assisted synthesis is advantageous for higher surface area and im-
proved electrochemical performance. Parthibavarman et al. employed a similar strategy
but different precursor materials to create SnO, QDs [33]. They were successful in produc-
ing particles with a narrow size range and a mean diameter of 2.8 nm. When exposed to
visible light, these particles demonstrated remarkable photocatalytic activity in degrading
rhodamine B. High-quality SnO, QDs with features that could make them helpful in a
variety of applications, from electronics to photocatalysis, are being produced successfully
by using microwave-assisted synthesis.

2.2. Hydrothermal Synthesis

Hydrothermal synthesis is a promising technique for synthesizing SnO, QDs due
to its several advantages. It provides precise control over particle size and morphology
by adjusting reaction conditions such as temperature, pressure, and reaction time. This
control over the particle size and shape is crucial as it directly affects the properties and
performance of the QDs. Additionally, hydrothermal synthesis leads to high-quality SnO,
QDs with a high degree of crystallinity, purity, and uniformity due to the high-temperature
and high-pressure conditions that promote the growth of single crystals and reduce the
formation of impurities. Moreover, hydrothermal synthesis provides a somewhat easy and
affordable way to produce SnO; QDs on a large scale. Recent research studies have also
shown the effectiveness of hydrothermal synthesis in the preparation of SnO, QDs. For
instance, Praveen et al. utilized hydrothermal synthesis to prepare SnO, QDs for use in
photodetectors [25], while Yu et al. synthesized SnO, QDs by varying the concentration of
C,H3ClO; to enhance their photocatalytic activity (Figure 1) [34]. Overall, the production
of high-quality and tightly controlled SnO, QDs using a straightforward and scalable
procedure is made possible by hydrothermal synthesis.

2.3. Wet Chemical Synthesis

Solution-based synthesis is a highly popular method for creating colloidal SnO, QDs
due to its ability to produce uniform particles with controlled size and shape [27]. The most
often used method involves injecting a heated organic solvent containing a capping agent
with a precursor solution of SnCly and a reducing agent. The capping agent stabilizes the
nanoparticles and prevents agglomeration, while the organic solvent serves as a reaction
medium. Since the reaction is commonly conducted at high temperatures, SnO, QDs
with a restricted size distribution can form quickly and expand rapidly. The quality of
the colloidal QDs can be improved by adding further purification procedures such as
centrifugation and solvent washing. With the help of this technique, colloidal SnO; QDs
with customized properties can be made in a variety of applications, such as sensing, solar
cells, and catalysis.
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Figure 1. Diagrammatic representation of the SnO, QD synthesis process [34], Copyright
2021, Elsevier.

Liu et al. employed a straightforward solution processing approach to convert
5SnCl,-2H,0 into a SnO; QD colloidal solution, with anhydrous ethanol and deionized
water serving as the solvent [35]. Then, for 48 h, the suspension was constantly stirred to
create a SnO; colloidal precursor solution. The use of this solution as an electron transport
layer led to increased electron extraction, reduced charge recombination, and dramatically
improved total solar cell efficiency. By dispersing SnCl,-2H,0O and thiourea in DI water
for one to two days, Gao et al. were able to create a colloidal solution of SnO, QDs, which
was then coupled with rGO for battery applications (Figure 2) [36]. Jin et al. also utilized a
similar approach to create SnO, QDs and functionalize MoO3 nanobelts for high-selectivity
ethylene sensing [22]. Meanwhile, Chen et al. utilized SnCly-5H,0, NaOH, H,0O, and
ethanol to make very stable SnO, QDs, which were made in a Teflon-lined, stainless steel
autoclave and heated at 150 °C for 6 h [37]. They employed tetramethylammonium hydrox-
ide in the synthesis to obtain highly stable QDs, which were used for high-performance
QLEDs with a SnO,-based ETL. Luo et al. used a different method to prepare SnO, QDs
for NO; gas sensing [38]. They mixed SnCly-5H;0O, oleylamine, oleic acid, and deionized
water in a three-neck flask and subjected it to vacuum conditions at 30 °C for an hour. After
the mixture became clear and transparent, the temperature of the flask was raised to 80 °C
under an N; gas flow for six hours. The resulting mixture was then put into autoclaves
and kept there for three hours at 180 °C. The studies mentioned above have demonstrated
the potential of colloidal SnO, QDs for various applications, including photocatalysis,
electrochemical energy storage, and sensing. However, it is crucial to carefully consider the
synthesis parameters, as the choice of synthesis method and reaction conditions can impact
the size, morphology, and properties of the resulting QDs. In conclusion, a solution-based
synthesis is a promising approach for creating colloidal SnO; QDs with well-controlled
sizes and properties.

2.4. Chemical Reduction Approach

Another extensively used technique for creating SnO; QDs is chemical reduction. In
this process, a reducing agent and a stabilizing agent are utilized to reduce the precursor
metal ions into the QDs. This method allows for the use of both organic and inorganic
reducing agents, such as sodium borohydride and hydrazine. The size and shape of the
resultant QDs might vary greatly depending on the reducing agent used. The reduction
reaction produces SnO; QDs with a limited size range when it occurs at low temperatures,
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usually between 60 and 90 °C. The stabilizing agent, typically a surfactant or polymer, helps
to prevent the particles from agglomerating and stabilizes the surface of the QDs. Post-
synthesis purification steps, such as centrifugation and washing with solvents, can further
enhance the quality of the colloidal QDs. The chemical reduction method offers a versatile
and straightforward approach for preparing SnO, QDs with tailored properties, making
them promising candidates for various applications, including sensing, energy storage,
and catalysis (Figure 3). Dutta et al. utilized a straightforward chemical reduction method
to produce SnO,; QDs with SnCly-5H,0 and hydrazine hydrate as precursors [28]. The
reaction was conducted at 100 °C for 18 h, yielding QDs ranging from 2 to 3 nm. Likewise,
Babu et al. employed a similar method to synthesize in situ Ag/SnO, and Au/SnO, QDs
for photocatalytic degradation of water pollutants, such as MO, MB, and RhB dyes [39,40].

SnCl,-2H,0
+ Stirring(24h)

H,0 >

il RT

CN,H,S

SnO, QDs

Figure 2. Colloidal synthesis of SnO, QDs [35], Copyright 2020, ACS.
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Figure 3. Synthesis and photocatalytic application of SnO, QDs [41], Copyright 2018, Elsevier.

2.5. Other Methods

Wahab et al. synthesized colloidal SnO, QDs via a reflux method [42]. Firstly, tin
chloride was added to methanol and continuously stirred until fully dissolved. Using
NHj solution, the pH was brought down to 9.5 before the mixture was transferred to a
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refluxing pot with two necks and cooked at 65 °C for three hours. The generated SnO,
QDs were examined for possible biological uses on cancerous myoblast (CoCyz) cells. SnO,
QDs were synthesized using a biosynthesis approach by Fatimah et al., in which Clitoria
ternatea flower extract and SnCl,-2H,0O were utilized as the tin precursor [43]. The size
range of the QDs that the authors were able to obtain was 4-6 nm. The prepared SnO,
QDs showed efficient degradation of the rhodamine B pollutant. Kumar et al. utilized the
solution combustion method to synthesize SnO, QDs [29]. They used urea (CO(NH>),) and
tin chloride pentahydrate (SnCly-5H;0) as precursors in DI water for their study. Urea was
used as a fuel to start the reaction, and the solution was heated in a furnace to a temperature
range of 350 to 550 °C. The SnO, QDs obtained through this method had a crystallite size
of less than 4 nm. Similarly, Babu et al. utilized the solution combustion synthesis method
to prepare various transition metal-doped SnO, QDs for photocatalytic applications [40].
Table 1 describes the synthesis techniques of SnO, QDs.

Table 1. SnO, quantum dot synthesis techniques.

Processing

Synthesis Approach Sn Precursor Temperature Reaction Time Ref
Hydrothermal SnCly-5H,O 150 °C 6h [37]
Hydrothermal SnCly-5H,O 180 °C 2h [34]
Hydrothermal SnCl, 140 °C 4h [25]
Hydrothermal SnCly-5H,O 160 °C 8h [44]
Hydrothermal SnCl,-2H,O 160 °C 6h [45]
Hydrothermal Na,Sn03-3H,0 180 °C 24h [46]

Microwave SnCl,-2H,O 180 °C 30 min [32]
Microwave SnCly-5H,O 120 °C 15 min [33]
Microwave SnCl,-2H,O 110 °C 6h [26]
Microwave SnCly-5H,O 160 °C 20 min [47]
Wet chemical SnCly-5H,O 100 °C 18h [39]
Wet chemical SnCl,-2H,O RT 6h [22]
Reflux SnCl,-2H,0 65 °C 3h [42]
Hummers SnCl,-2H,O 180 °C 24 h [35]

Solution processing SnCl,-2H,O RT 48 h [27]

Solution combustion SnCly-5H,O 450 °C - [48]
Self-assembly SnCl,-2H,O RT 24 h [11]

One pot Biosynthesis SnCl,-2H,O 60 °C 12h [43]

In situ SnCly-5H,0 100 °C 18 h [49]

3. Modification of SnO; QDs for Photocatalytic Applications
3.1. Doping of SnO; QDs

Enhancing the photocatalytic efficiency of SnO, QDs through doping is a crucial
method. Doping can inject impurity levels within the band gap, improving the charac-
teristics of light absorption and lowering the rate at which electron-hole pairs recombine.
Dopants can be included in SnO, QDs to modify the band gap energy, which can enhance
photocatalytic activity in the visible light spectrum [50]. Additionally, doping can also
alter the surface properties of SnO, QDs, which can enhance the surface reactivity and
increase the adsorption capacity for target pollutants [51]. SnO, QDs are, therefore, a
desirable material for environmental cleanup applications due to the large improvements
in photocatalytic efficiency and selectivity that can be achieved through doping. The choice
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of dopant elements for SnO, QDs in photocatalytic applications depends on the desired
properties and specific application requirements. Generally, transition metals such as Fe,
Co, Ni, Mn, and Cu, as well as non-metals, such as N and C, have been successfully used
as dopants in SnO, QDs for photocatalytic applications [29,45,52,53]. SnO, QDs’ electrical
and optical characteristics can be changed by these dopants, improving the photocatalytic
activity, charge transfer efficiency, and absorption spectrum. For example, nitrogen doping
can narrow the bandgap of SnO, QDs, increasing their visible light absorption, while
transition metal doping can enhance their catalytic activity toward specific reactions [54].
However, the doping concentration, kind of dopant, and manufacturing process should be
carefully regulated in order to achieve the desired properties and avoid any negative effects
on photocatalytic performance. Chen et al. recently created a quick and easy approach
for creating Ni-doped SnO, QDs with improved photocatalytic efficiency for breaking
down Rhodamine B [44]. The SnO, QDs were created using a hydrothermal technique,
and the researchers then looked at how Ni doping affected the photocatalytic activity of
the SnO; QDs. After 28 min of solar light irradiation, the results showed that QDs with
a Ni/Sn atomic ratio of 1% had the best photocatalytic performance, destroying 91.5% of
Rhodamine B. Ni was added to the SnO, QDs, which improved photodegradation perfor-
mance by increasing light harvesting and reducing band gaps. SnO, QDs also offered more
active sites for photocatalytic reactions due to their small particle size and high specific
surface area. The 1% Ni-doped SnO; QDs outperformed their pure counterparts in terms
of photocatalytic activity.

In their study, Wang et al. looked at how niobium alteration could enhance the visible-
light photocatalytic abilities of SnO, QDs (Figure 4) [45]. One-step hydrothermal synthesis
of niobium-modified SnO, QDs was carried out by the researchers, who then evaluated
their photocatalytic capabilities. The changed band structure brought on by the presence
of the transition metal was blamed for the increase in photocatalytic activity. The rate
constant of Nb-SnO, QDs in MO deterioration was found to be 2.34 times higher than that
of pristine SnO; QDs after characterizing the crystal structures and optical characteristics
of the Nb-5nO; QDs. According to the study’s findings, the changed band structure caused
by the transition metal plays a significant role in increasing the photocatalytic abilities
of SnO, QDs when exposed to visible light. For the breakdown of antibiotic pollutants
caused by visible light, Wang et al. presented a study on the modification of tin oxide
QDs’ band structure and the improvement of their photocatalytic capabilities through
Mo doping [45]. The effective production of extremely potent hydroxyl radicals is made
possible by the photogenerated holes” strong oxidizing properties in the valence band
edge over 3 eV. This study explores the impact of Mo inclusion on the microstructural,
compositional, electrical, and optical properties of SnO, QDs and describes a method for
producing them. The modified QDs demonstrated antibiotic elimination capabilities via
visible-light-driven photocatalysis. Mo-doped SnO; QDs were easily synthesized by the
authors utilizing a green synthesis technique. Mo dopants changed the electrical band
structure of SnO, QDs, lowering the band gap and bringing about photocatalytic functions
controlled by visible light. With a degradation efficiency of up to 96.5%, the nanostructured
photocatalysts showed effective capabilities in the tetracycline hydrochloride degradation
process. In a study, Chu et al. looked at how well SnO, QDs doped with Bi** worked
in combination with BiPO, to clean various organic contaminants [46]. The synthetic
composite material successfully broke down a number of organic dyes and medicines. In
this article, a broad-spectrum photocatalyst called BiPO4/Bi-SnO; QD is synthesized in
detail, and its enhanced photocatalytic performance in comparison to pure Bi-SnO, and
BiPOy is investigated. The composite material was created by a simple hydrothermal one-
pot process and demonstrated enhanced photocatalytic efficacy when exposed to artificial
sunlight. The effects of catalyst dosage, starting concentration, and common anions were
all studied in relation to the breakdown of bisphenol A (BPA). The composite material also
showed success in degrading a number of organic dyes and medicines.
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Figure 4. Photocatalytic mechanism of pure SnO, QDs and Nb-SnO, QDs [45], Copyright
2022, Elsevier.

High photocatalytic activity of pure and Ag-doped SnO, QDs produced using a one-
step microwave-assisted technique was reported by Parthibavarman et al. The optical
characteristics of SnO, were greatly enhanced by Ag doping [33]. Under visible light irradi-
ation, the Ag-doped SnO; catalyst demonstrated a maximum RhB degrading efficiency of
97.5% with good reusability and stability after seven cycles. SnO, nanoparticles” structural,
morphological, compositional, and optical characteristics, as well as their photocatalytic
performance, were all influenced by the amount of Ag dopant present. With Ag doping,
5n0O,’s band gap was reduced from 3.54 to 3.09 eV. According to a study by Shao et al., Nb-
modified SnO, QDs produced through aqueous synthesis were used to clean agricultural
waste in situ while also photocatalyzing the breakdown of polyethylene [36]. According to
the study, Nb-modified SnO, QDs can be used to remove polyethylene in an innovative
and environmentally benign way. After 6 h of exposure to visible light, Nb-SnO, QDs had
a 29% degradation efficiency. Due to the effective photocatalytic degradation occurring
in visible light, this low-cost technology offers a fresh approach to the in situ treatment of
agricultural waste, and their potential for real-world use is highlighted. Babu et al. studied
the improved visible light photocatalytic activity of solution combustion-synthesized Cu-
doped SnO, QDs [40]. In this study, solution combustion synthesis was successfully used
to create Cu-doped SnO; QDs and the photocatalytic degradation of the methyl orange dye
under visible light irradiation was examined. The findings demonstrated that the optical
band gap energy of the QDs decreased with increasing Cu content. The best photocatalytic
performance was demonstrated by the QDs doped with 0.03 mol% Cu, which degraded the
methyl orange dye by 99% under visible light in about 180 min. These results point to the
potential of solution combustion-produced Cu-doped SnO, QDs as efficient photocatalysts
for the degradation of organic impurities when exposed to visible light.

3.2. SnO, QDs” Decorated 1D Nanostructures

Due to their distinct optical and electrical characteristics, one-dimensional core-shell
nanorods are a potential material for photocatalytic applications. Efficient charge sepa-
ration is facilitated by the core—shell structure, which is essential for high photocatalytic
performance. The nanorods’ high aspect ratio and anisotropic shape provide a large surface
area and directional charge transfer, respectively, which are beneficial for catalytic reactions.
Core—shell nanorods can be made from a variety of substances, including metal oxides and
semiconductors, and they can be customized for particular applications by varying the size
and makeup of the core and shell. The application of QDs as a shell material is one fascinat-
ing field of research. For example, SnO; QDs as the shell material in core-shell nanorods
enhance their performance. SnO, QDs have unique electronic and optical properties that
allow efficient charge separation, and their anisotropic shape facilitates directional charge
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transfer, which enhances photocatalytic activity. Various methods, including hydrother-
mal synthesis and sol-gel methods, can be used to synthesize core—shell nanorods with
SnO; QDs as the shell material [55]. The potential applications of 1-dimensional core-shell
nanorods with SnO, QDs as the shell material are significant and include environmental
remediation and energy production.

The increased photoelectrochemical performance of cadmium sulfide-tin oxide QD
core—shell nanorods was examined in a study by Babu et al. [56]. Using hydrothermal
synthesis and straightforward chemical synthesis, core-shell nanorods with a cadmium
sulfide core and a tin oxide quantum dot shell were created. The researchers found that
the core—shell nanorods’ photoelectrochemical performance outperformed that of pure
cadmium sulfide nanorods. This increase was due to the tin oxide quantum dot shells’
effective lowering of the core—shell nanorods’ bandgap from 2.37 eV to 2.35 eV, which led
to larger photocurrents and lower charge transfer resistance. Overall, the research shows
that core—shell nanorods with tin oxide QDs are a viable material for photoelectrochemical
applications that are driven by solar light.

Babu et al. looked into optimizing core-shell nanostructures to improve the photocat-
alytic activity of colloidal SnO, QD-decorated CdS NRs with visible light (Figure 5a) [40]. It
was revealed that the colloidal SnO, QDs’ synergistic effect helped these nanorods perform
better in the dye degradation process. This paper describes a novel two-step method for
creating core-shell heterojunction photocatalysts for SnO, QDs using hydrothermal and
ultrasonication procedures. Colloidal SnO; QDs were used to completely decorate the
exterior of the CdS NRs that were created, with the quantity chosen to maximize degrading
efficiency. The colloidal SnO; QDs protected the CdS NRs’ surface and helped explain
the NRs’ superior dye-degradation performance (Figure 5b). These findings show that
CdS@SnO, core-shell NRs have the potential to be an effective material for photocat-
alytic processes involving visible light. The visible-light photocatalytic performance of
CdS@5SnO;, nanorods for the selective oxidation of benzyl alcohol to benzaldehyde was
the focus of Liu et al. studies [51]. The core-shell structure of the nanorods was found to
effectively accelerate the separation rate of electron-hole pairs and the electron lifetime of
CdS nanorods, increasing visible light absorption and improving photocatalytic activity.
Utilizing the use of a solvent-assisted interfacial reaction technique and ultrasonic stirring
to anchor SnO; nanoparticles to the surface of CdS NRs, the scientists created the core—shell
structure CdS@SnO, nanorods. The photocatalytic activity of the nanorods for the selective
oxidation of benzyl alcohol to benzaldehyde under visible light irradiation was shown to
be greatly improved by the core—shell configuration. This improvement was attributed to
the core—shell structure’s improved visible light absorption, increased surface area, and
more effective electron and hole separation.

Lee et al. have described the extremely effective interfacial charge transfer-based
photocatalytic performance of SnO,-deposited ZnS nanorods [57]. The higher separation
rate of photogenerated charges is principally responsible for the increased photocatalytic
degradation efficiency of SnO;/ZnS nanocomposites. In this study, SnO, /ZnS nanocom-
posites with improved photocatalytic activity and photostability are made using a two-step
hydrothermal procedure assisted by hydrazine. In comparison to pristine ZnS nanorods
and commercial ZnS, the produced SnO;/ZnS nanocomposites exhibit 17-fold greater
photostability and a 3-fold increase in photocatalytic activity. The increased separation
rates of photogenerated charges, the increased number of active surface sites, and the
larger light absorption range are all responsible for the improved photocatalytic perfor-
mance of SnO,/ZnS nanocomposites. According to these results, SnO,/ZnS nanocom-
posites have a lot of potential for use as waste-water treatment photocatalysts. Table 2
provides a detailed description of recent research on the photocatalytic abilities of SnO,
QD-based nanocomposites.
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Figure 5. (a) CdS@SnO, core-shell NRs’ photocatalytic degradation and (b) charge-transfer mecha-
nism [40], Copyright 2019, Elsevier.
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Table 2. Detailed description of recent research on the photocatalytic abilities of SnO, QD-based nanocomposites.

Photocatalyst Bandgap Pollutant Dosage Light Source Efficiency Stability Ref
Au/SnO, QDs 2.71eV RhB 15 mg/50 mL Visible light 98.7% in 200 min - [39]
Oxy-SnO, QDs 42eV Octane - UV-visible 91.9% in 48 h 90% after 4 cycles [11]
Nb-SnO, QDs 2.95eV Polyethylene - Visible light 29% in6h - [51]

Ni-doped SnO, QDs 3.69 eV RhB - Solar light 91.5% in 28 min - [44]
Ag doped SnO, QDs 3.09 eV MB 10 mg/10 mL Visible light 93.7% in 120 min 7 cycles [33]
NiFe;04/5Sn0O, 1.754 eV RhB 20 mg/50 mL Visible light 98% in 105 min 93% after 3 cycles [56]

Nb-SnO, QDs 474 eV MO 30 mg/L Visible light 99.7% in 180 min 3 cycles [45]

Bio-SnO, QDs 3.66 eV RhB 0.25g/L UV light 65% in 180 min - [43]

SnO, QDs/Ag3POy - Carbamazepine - Visible light 86.5% in 120 min 66.6% in 3 cycles [58]
Bi-doped SnO, 3.75eV RhB 25mg Sunlight 98.28% in 100 min 85.79% after 5 cycles [46]
Ag-5n0O, QDs 2.54 eV RhB 75 mg/100 mL Direct sunlight 98% in 180 min 4 cycles [49]
Mn-doped SnO, QDs 1.74 eV MO 50 mg/100 mL Visible light 92% in 240 min - [48]
SnO, QDs 45eV Eosin Y 10 mg/200 mL Direct sunlight 98% in 60 min - [59]
Cr-doped SnO, QDs 4.35eV MO 100mg/100mL UV light 98.9% in 100 min - [60]
Bio-SnO, QDs 4.17 eV Acid yellow 23 20 mg UV light 98% in 24 min 5 cycles [61]
SnO,-CNF 3.0eV Bisphenol A 50 mg /100 mL UV light 98% in 60 min 84% after 3 cycles [62]
Cu-doped SnO, QDs 24eV MO 100 mg/100 mL Visible light 99% in 180 min - [63]
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3.3. SnO;, QDs’ Integrated 2D Nanostructures

Nanocomposite heterostructures composed of various nanomaterials have demon-
strated improved photocatalytic activity compared to their individual components. In
particular, zero-dimensional (0D) and two-dimensional (2D) nanocomposite heterostruc-
tures exhibit great potential in photocatalysis. QDs, as a type of 0D nanocomposite, possess
a high surface area-to-volume ratio, enabling efficient charge separation and transmis-
sion [64]. On the other hand, graphene-based materials, as a type of 2D nanocomposite,
exhibit high electrical conductivity, excellent mechanical properties, and large surface
area, leading to improved light absorption and charge transport [65]. Combining these
two types of nanocomposites can achieve improved photocatalytic properties, including
high efficiency, increased light absorption range, improved charge transfer, and better
chemical stability. Thus, 0D and 2D nanocomposite heterostructures hold promise for
various photocatalytic applications, such as water purification, air pollution control, and
renewable energy conversion [66]. Due to their distinct structural and optoelectronic char-
acteristics, two-dimensional nanocomposite heterostructures and zero-dimensional QDs
are particularly appealing materials for photocatalytic applications. QDs have tunable
bandgap properties and discrete energy levels, enabling efficient light absorption and
exciton generation, leading to enhanced photocatalytic activity. Additionally, QDs possess
a high surface area-to-volume ratio, providing a larger number of active sites for catalytic
reactions. On the other hand, 2D nanocomposite heterostructures show improved photo-
catalytic performance as a result of their distinctive band structures and effective charge
separation characteristics [67]. Increased photocatalytic efficiency results from the parting
of photogenerated charge carriers being made easier by the heterojunction contact between
the materials. Furthermore, 2D nanocomposite heterostructures possess large surface areas
and exposed edges, providing more active sites for catalytic reactions [68]. Due to their
distinct characteristics, SnOp QDs and 2D nanocomposite heterostructures are particularly
interesting materials for photocatalytic applications [69]. SnO, QDs possess a high surface
area-to-volume ratio, providing more active sites for chemical reactions to occur. Their
small size allows for efficient light absorption and effective electron-hole pair separation.
Meanwhile, SnO, /graphene and SnO, /MoS; 2D nanocomposite heterostructures exhibit
enhanced photocatalytic activity due to the synergistic effect between different materials,
resulting in efficient charge transfer and improved electron-hole separation [70]. Addition-
ally, the large surface area of 2D heterostructures allows for more active sites for catalytic
reactions to take place. Combining 0D SnO; QDs and 2D nanosheets in heterostructures can
enhance photocatalytic activity by promoting charge separation, improving light absorp-
tion, and increasing active surface area. The unique morphology of heterostructures allows
for efficient electron transport and reduced recombination of charge carriers. Therefore,
creating heterostructures of 0D SnO; QDs and 2D nanosheets holds great promise for
enhancing the effectiveness and selectivity of photocatalytic reactions, which might result
in the creation of more effective and long-lasting environmental remediation and energy
conversion processes. These initiatives are essential for tackling international problems
with sustainability and renewable energy (Figure 6a—c) [71].

Babu et al. have shown that the combination of stacked g-C3Ny nanolayers with
SnO, QDs results in increased sunlight-driven photocatalytic activity [41]. In this study,
a composite made of SnO; QDs-g-C3N; nanolayers (NLs) for reducing water pollution
is synthesized and evaluated. The combination exhibits enhanced photocatalytic activity
in sunshine, degrading methyl orange (MO) by 94% in about 180 min. Strong contacts
between the SnO, QDs and g-C3Ny NLs were seen, and the average crystallite size of
the SnO; QDs was less than 3 nm. The synergistic interaction of stacked g-C3Ny4 and
SnO, QDs is responsible for the observed increase in photocatalytic activity. According
to Sreekanth et al., SnO, QDs may be easily decorated in one pot on the surface of iron
phosphate nanosheets for improved catalytic decolorization of methylene blue dye when
NaBHy is present [72].
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Figure 6. TEM images of SnO, QDs/rGO (a,b), pure SnO, QDs (c) [71], Copyright 2019, Elsevier.

The degradation of methylene blue showed increased catalytic activity in the SnO,
QDs @ FePO4 nanosheets nanocomposite. Bail et al. developed a novel NHj3 gas sensor
utilizing SnO, QDs and SnS, nanosheets, as discussed in their research [73]. The authors
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proposed the rational design of heterostructure as an effective method to enhance the room-
temperature NH3-sensing performance of the sensor. The SnO, QDs/SnS, nanocomposites
were synthesized through a two-step hydrothermal method and exhibited remarkable
room-temperature NHj-sensing performance with a low detection limit of 0.1 ppm. The
nanocomposites also showed good stability and reproducibility. In the study conducted by
Bail et al., a new NHj gas sensor based on SnO, QDs and 5SnS; nanosheets was introduced.
The authors proposed the rational design of heterostructure as an effective means to
increase the room-temperature NH3-sensing performance of the sensor. Through a two-step
hydrothermal process, SnO, QDs/SnS; nanocomposites were synthesized, which exhibited
outstanding room-temperature NH3-sensing performance with a low detection limit of
0.1 ppm. Furthermore, the nanocomposites demonstrated stability and reproducibility.
This research report outlines the synthesis of a nanocomposite called FP-5n, consisting of
SnO; QDs and FePO, nanosheets (FPNSs), for the degradation of methylene blue (MB).
The preparation of FP-Sn was accomplished using a simple method without any additional
instruments. The catalytic efficiency of FP-Sn was improved for the degradation of MB,
resulting in the successful decolorization of approximately 92% of the MB in only 6 min
in the presence of NaBHy. A unique technique for creating an integrated photocatalytic
adsorbent (IPCA) was created by Mohanta et al., employing SnO, QDs contained in carbon
nanoflakes [62]. Due to the material’s synergistic effect, the SnO,-CNF nanocomposite
showed improved effectiveness in the removal of bisphenol A (BPA) from water. SnO,-CNF
has a 250 mg/g Langmuir adsorption capacity, which is 1.7 and 5.3 times larger than those
of bare CNF and bare SnO,, respectively. With a removal effectiveness of about 98%, it
was discovered that the coupled adsorption—photodegradation process was synergistically
superior. Table 3 provides a detailed description of recent research on the photocatalytic
abilities of SnO, QD-based binary nanocomposites.

Table 3. Detailed description of recent research on the photocatalytic abilities of SnO, QD-based
binary nanocomposites.

Photocatalyst. Synthesis Pollutant Dosage Light Source Efficiency Stability Ref
CdS/SnO, Sonochemical RhB - Visible light 99% in 60 min 95% after 3 cycles [40]
GO/SnO, Sonochemical MB 0.5 mg/mL 250 ppm White light ~94% in 30 min - [67]
Sn0, /Si0; Wet Chemical MB 50 rq%/sggL of - ~100% in 5 min 4cycles [74]

Sn0,/g-C3Ny Solvothermal MO - Sunlight 94% in 180 min 91% after 5 cycles [41]
TiO»/Sn0; Hydrothermal MO 100 ml%/ ;g?nmL of  UV.isiblelight  99.5% in 15 min - [75]
Sn0O, /GO Sol-gel RhB - Visible light 86% in 360 min - [76]

Ni-Sn0,/SnS, Wet chemical MO 10mg / :gr;“L of solar light 927%in80min  88%after 3 cycles (7]

g-C3N4/SnO, Hydrothermal NO 2001?6;0/ ;iﬂL of Visible light 44.17% in 30 min 30% after 5 cycles [78]

Sn0,/g-CsNy Sonochemical NO 400‘2§0/ }1)2 QL of Visible light 32% in 30 min ~20% after 3 cycles [69]
5n0,-GO Solvothermal MB 30 mfo/ ;}()JHTL of Visible light 89.43% in 90 min - [79]

3.4. SnO; QDs in Ternary Nanocomposites

SnO, QDs have many benefits when used in ternary nanocomposites. SnO; QDs can
be coupled with other materials, such as metal oxides or carbon-based materials, to provide
synergistic effects that can improve the photocatalytic activity and stability of the composite
material [80]. Ternary nanocomposites are three-material structures. SnO, QDs have a
high surface-to-volume ratio and distinctive electrical characteristics that may facilitate
electron transit and separation and increase photocatalytic activity. SnO, QDs can also be
used in visible-light-driven photocatalysis by changing the bandgap due to their small size.
Moreover, the addition of SnO; QDs to ternary nanocomposites can improve their stability
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and durability by preventing the aggregation of other materials and safeguarding them
from degradation [81].

SnO, QDs are good candidates for the development of highly effective and sustainable
technologies for environmental remediation and energy conversion because they provide
several advantages in ternary nanocomposites. In a study on a novel ternary nanocomposite
for photocatalytic and photoelectrochemical (PEC) water-splitting applications, Babu et al.
used g-C3Ny, Au-SnO, QDs [82]. The three-step procedure of sonication, stirring, and an-
nealing was used to create the ternary nanocomposite of g-CN/Au-SnO, QDs. The amount
of Au-5nO, QDs loaded was tuned to increase these qualities. The inclusion of Au-SQDs
into g-CN improved the light absorption and bandgap. In comparison to pure g-CN, the
CNAS-20 photoelectrode demonstrated greater PEC performance with a substantially larger
photocurrent. Moreover, under visible light irradiation, the ternary nanocomposite showed
increased photocatalytic activity in the destruction of RhB. A higher level of photocatalytic
activity resulted from the addition of SnO, QDs to the ternary nanocomposite, which
facilitated electron transit and separation. A decreased charge-transfer resistance was also
seen in the CNAS-20 photoelectrode, indicating improved PEC water-splitting efficiency. In
order to improve solar-driven photocatalytic performance in hydrogen production and dye
degradation, Ganesh et al. constructed a ternary composite comprising SnO, QDs, AgVO3
nanoribbons, and g-C3Ny nanosheets (0D/1D/2D) structures (Figure 7) [24]. The ternary
photocatalytic system exhibited a notable improvement in photocatalytic performance for
hydrogen production compared to the individual photocatalysts of g-C3Ny, AgVO3, and
SnO;,. The ternary photocatalytic system for H, synthesis and RhB degradation under
light irradiation was successfully synthesized for the investigation. During visible light
irradiation, the ternary nanocomposite demonstrated enhanced photocatalytic performance
for H, generation and a significant improvement in RhB degradation. Compared to the
AgVO3/g-C3Ny photocatalyst, the ternary nanocomposite showed improved photocat-
alytic activity for H, generation, which was 4.5 times higher. Furthermore, the ternary
nanocomposite exhibited effective photodegradation of RhB under light irradiation in only
50 min. The removal of carbamazepine (CBZ) from the water was studied by Duan et al.
using composites of Ag-SnO, QDs and silver phosphate (AgSn/AgP) [83]. With CBZ,
the composites showed greater photodegradation efficiency. Superoxide, hydroxyl, and
hole radicals all play a part in the mechanism underlying this improved performance. To
prove that these reactive species cooperate in the breakdown of CBZ, the authors used
radical trapping experiments and ESR measurements. Using liquid chromatography-mass
spectrometry (LC-MS), the study discovered eight degradation intermediates. Toxicity
assessments revealed that most photodegradation intermediates were less harmful than
the parent drug CBZ. In order to create effective and ecologically friendly photocatalysts
for eliminating organic contaminants from water, the in situ development of Ag-SnO, QDs
on silver phosphate offers a potential strategy. Table 4 provides a detailed description of
recent research on the photocatalytic abilities of SnO, QD-based ternary nanocomposites.

Table 4. Detailed description of recent research on the photocatalytic abilities of SnO, QD-based
ternary nanocomposites.

Photocatalyst Synthesis Pollutant Dosage Light Source Efficiency Stability Ref
g-C3N;/Au-5n0O, Sonochemical RhB 15 mg/50 mL Visible light 99.15% in 40 min 93.45% after 4 cycles [82]
Au-5Sn0,-rGO Hydrothermal clothianidin - 97% in 120 min 93% after 4 cycles [84]
CQDs/Sn0O,_ /BiOI Sonochemical MO - LED light 91.8% in 75 min - [85]
S0, /(:121‘(’11\:03 /8- Hydrothermal RhB 5 mgS/ ;(;SI;HL of Visible light 84% in 50 min ~82% after 5 cycles [24]
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Figure 7. Photocatalytic mechanism of the ternary photocatalyst (SnO,/AgVO3/g-C3Ny) [24], Copy-
right 2019, Springer.

4. Conclusions and Perspectives

In conclusion, this review article systematically presents and reviews recent advances
in SnO; quantum dot-based photocatalytic systems. Various synthesis protocols, including
microwave-assisted synthesis, hydrothermal synthesis, wet chemical synthesis, chemical
reduction approach, and other methods, have been discussed to synthesize SnO, QDs.
Additionally, the modification of SnO, QDs through doping, decorating with 1D nanos-
tructures, and integrating with 2D nanostructures and ternary nanocomposites have been
thoroughly reviewed to enhance their photocatalytic performance. Based on the analysis
conducted in this review article, it is evident that each synthesis method for SnO, QDs has
its own set of merits and drawbacks. This review highlights that selecting the appropriate
synthesis method is crucial in determining the type of composite that can be produced with
other materials, especially when doping or creating nanocomposites with other semicon-
ductors. Additionally, it is essential to consider the morphology of other materials, such as
zero-dimensional, one-dimensional, two-dimensional, or three-dimensional materials, to
integrate them with SnO, QDs effectively. The colloidal synthesis method of SnO, QDs
is most suitable for providing coverage and dispersion throughout the material when
preparing one-dimensional or two-dimensional materials for nanocomposites. Conversely,
when making nanocomposites with metals, such as Au, Ag, or Pd, it is preferable to use the
chemical reduction method. Sol-gel, hydrothermal, and solution combustion syntheses are
commonly used methods for doping purposes. While it is not possible to definitively state
which synthesis method is the “best,” this review provides valuable insights to enable au-
thors to make informed decisions about which method to use for their specific application.
It is recommended that authors consider these factors when fabricating nanocomposites to
obtain a better heterojunction interface for fast electron-hole charge transfer.

To enhance the photocatalytic performance of SnO, QDs, researchers need to focus
on selecting a candidate with appropriate band edge positions to create Z-scheme and
S-scheme photocatalysts. Despite limited attention in this area, integrating SnO, QDs with
other materials can further improve their photocatalytic performance by forming Z-scheme
and S-scheme photocatalysts. Z-scheme photocatalysts enable efficient charge separation
by establishing an electron-hole transfer pathway between two different semiconductors,
while S-scheme photocatalysts enhance light absorption and utilization efficiency by utiliz-
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ing a cascade of energy levels between two semiconductors. Therefore, the development
of SnO, QD-based Z-scheme and S-scheme photocatalysts is crucial for achieving better
photocatalytic performance and promoting their practical applications in environmental
remediation and energy conversion.

Ternary nanostructures incorporating SnO, QDs received less attention in previous
studies. Therefore, researchers are advised to direct their focus toward this area, as it can
aid in capturing more solar light. SnO, QDs possess a small size and can disperse easily in
any 1D, 2D, 3D, and hierarchical nanostructures. This characteristic provides researchers
with a chance to enhance the photocatalytic efficiency of SnO, QDs through the proposed
approach. In addition, researchers are encouraged to explore the potential of using SnO,
QDs as a protective shell material for other core materials, allowing for the maximum
utilization of nanocomposites. Furthermore, researchers should focus on using SnO, QDs
as the 0D material in combination with 1D-2D-3D nanocomposites to achieve enhanced
performance. Thus, researchers should invest in further studies to examine the efficacy of
SnO; QDs in the aforementioned areas. Overall, the proposed approach will enable the
development of new and improved materials that can be utilized in various applications,
including energy and environmental sciences. The development of robust and durable
5SnO, QD-based photocatalysts can facilitate their practical application in various fields
and contribute to the development of sustainable and green technologies.
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