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Abstract: Tin(IV) oxide (Sn;0,) is layered tin and exhibits mixed valence states. It has emerged as a highly promising visible-light pho-
tocatalyst, attracting considerable attention. This comprehensive review is aimed at providing a detailed overview of the latest advance-
ments in research, applications, advantages, and challenges associated with Sn;O,4 photocatalytic nanomaterials. The fundamental con-
cepts and principles of Sn;O, are introduced. Sn;O,4 possesses a unique crystal structure and optoelectronic properties that allow it to ab-
sorb visible light efficiently and generate photoexcited charge carriers that drive photocatalytic reactions. Subsequently, strategies for the
control and improved performance of Sn;O4 photocatalytic nanomaterials are discussed. Morphology control, ion doping, and hetero-
structure construction are widely employed in the optimization of the photocatalytic performance of Sn;O, materials. The effective imple-
mentation of these strategies improves the photocatalytic activity and stability of Sn;O4 nanomaterials. Furthermore, the review explores
the diverse applications of Sn;O, photocatalytic nanomaterials in various fields, such as photocatalytic degradation, photocatalytic hydro-
gen production, photocatalytic reduction of carbon dioxide, solar cells, photocatalytic sterilization, and optoelectronic sensors. The discus-
sion focuses on the potential of Sn;O,-based nanomaterials in these applications, highlighting their unique attributes and functionalities.
Finally, the review provides an outlook on the future development directions in the field and offers guidance for the exploration and de-
velopment of novel and efficient Sn;O4-based nanomaterials. Through the identification of emerging research areas and potential avenues
for improvement, this review aims to stimulate further advancements in Sn;O4-based photocatalysis and facilitate the translation of this

promising technology into practical applications.
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1. Introduction

Scientific research focuses on solar energy due to environ-
mental and energy challenges. Photocatalysis is pivotal in the
conversion of solar light energy to chemical energy, making
it an important research field. Compared with traditional
semiconductor photocatalysts such as metal oxide [1], metal-
organic frameworks (MOFs) [2-3], and covalent organic
frameworks (COFs) [4], tin oxides have been extensively in-
vestigated due to their abundant availability, nontoxic nature,
and remarkable optical and electrical properties [5—7]. The
stable stannic oxide (SnO,) and the metastable SnO [8] are
the most common tin oxide compounds encountered in
nature. SnQ, is an n-type wide-bandgap semiconductor with
rutile and cassiterite structures [9]. SnO is a p-type semicon-
ductor with a bandgap ranging from 2.5 to 3.4 eV and natur-
ally exists in three crystallographic forms, including a-SnO
with a cubic crystal structure, -SnO with a tetragonal crystal
structure, and y-SnO. Over the past decades, SnO, and SnO
have been extensively applied in areas such as lithium-ion
batteries, solar cells, gas sensors, and photocatalysis, owing
to their exceptional electrical and optical properties [10-11].
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Certain nonstoichiometric tin oxides, including Sn,Os;,
Sn;0,, and Sns;Og, present unique physicochemical proper-
ties, such as magnetism and electrochemical performance
[12]. Generally, tin oxides display diverse oxidation states
derived from Sn, notably Sn*" and Sn*". SnO, has been in-
tensively studied due to its low resistance, high optical trans-
parency, multivalence surfaces, and conductivity variations
induced by adsorbates. These features have paved the way
for the wide application of SnO, in transparent conductors,
oxide catalysis, and solid-state gas sensors [13]. Moreover,
the relatively deep valence band (VB) position of SnO, has
resulted in its exploration as a photocatalyst for organic com-
pounds such as methylene blue (MB) [14]. SnO is used as a
reducing agent in cranberry glass production, and it is used as
anode and coating materials in rechargeable lithium-ion bat-
teries (LIBs) [15]. The p-type conductivity exhibited by SnO
is a rare characteristic among metal oxide materials [16].

The mixed valence tin oxide, Sn;O,, has attracted consid-
erable interest in the fields of photocatalysis, electrocatalysis,
and photoelectrocatalysis [17—18]. The coexistence of Sn*"
and Sn*" narrows its bandgap, imparting a yellowish hue to
the material and enabling it to absorb visible light [19-20].
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Tanabe etal. [21] extensively investigated single-phase
Sn;0, synthesized via hydrothermal methods, focusing on its
application as a photocatalyst for water splitting and CO, re-
duction. The various types of the tin oxide family feature dis-
tinct physical and chemical properties, which render them
scientifically intriguing and suitable for a wide range of tech-
nological applications [22]. However, the chemical composi-
tion of tin oxides extends beyond the two initially described
compounds. Besides Sn;O,, other forms of Sn,O, (0.5 < x/y
<1), such as Sn,0s, Sn,Os, and SnsOy, have been proposed,
but their structures and stability remain debatable [23-24].
Consequently, computational studies have been conducted to
predict the structure and property of these tin oxides, and the
related calculations have been validated.

This review article presents the latest overview of recent
advancements in the field of Sn;O, photocatalytic nanoma-
terials. The article first introduces the crystal structure and
property of Sn;O,, providing a solid foundation for the com-
prehension of its photocatalytic behavior. Subsequently, the
comprehensive summary of various approaches for the en-
hancement of the photocatalytic activity of Sn;O, are fo-
cused such as morphology control, ion doping, and hetero-
structure construction. Moreover, the diverse applications of
Sn;0, photocatalytic materials are discussed, with a focus on
areas such as photocatalytic degradation, photocatalytic hy-
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drogen production, carbon dioxide reduction, antibacterial
treatment, and optoelectronic sensing. A thorough discussion
centers on the potential of Sn;O,-based nanomaterials in
these applications, highlighting their unique properties and
capabilities. Lastly, the article presents the future develop-
ment directions in the field, offering valuable insights and
guidance for the exploration and advancement of novel and
highly efficient Sn;O,-based nanomaterials. Key areas of fo-
cus and potential research directions are also outlined to
stimulate further progress and innovations in the field of
Sn;0, photocatalysis.

2. Structure and characteristics of Sn,O,

Sn;0, is a thermodynamically stable intermediate com-
pound within the Sn—O phase diagram, and it exists in two
distinct phases, the stable o phase and the unstable B phase
(Fig. 1(a)) [23]. Sn;0, has a crystal structure of layered ar-
rangement, with alternating stacked layers of symmetric
SnOy octahedra and distorted SnO-like units at the interfaces
between layers. According to theoretical calculations, the co-
existence of Sn** and Sn*" in Sn;O, leads to an optimal band
structure for photocatalytic hydrogen evolution, which is
characterized by a bandgap that aligns correspondingly with
the energy of visible-light photons.

Fig. 1. (a) Crystal structure of a-Sn;O,4 and B-Sn;0;. J.J. Wang, N. Umezawa, and H. Hosono, Adv. Energy Mater., 6, 1501190 (2016)
[23]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (b) high-resolution transmission electron mi-
croscopy (HRTEM) image of Sn;Oy4. Reprinted with permission from M. Manikandan, T. Tanabe, P. Li, et al., ACS Appl. Mater. In-
terfaces, 6, 3790 [24]. Copyright 2014 American Chemical Society; (c) schematic of Bader charge analysis (blue planes added for bet-
ter visualization): unit cell of orthorhombic Sn;O, with tin atoms only, tin atoms with a Bader charge around 1.2 (red) at the 4g and
4h Wyckoff positions and 2.2 (purple) at the 4f Wyckoff positions; (d) high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of orthorhombic Sn;Oy4. Y.S. Liu, A. Yamaguchi, Y. Yang, et al., Angew. Chem. Int. Ed., 62,
€202300640 (2023) [25]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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Manikandan et al. [24] fabricated nanoscale structures
comprising Sn;O, nanosheets (Fig. 1(b)). In conjunction with
Pt as a cocatalyst, the Sn;O, material displayed a notable
catalytic performance in the visible-light-driven decomposi-
tion of water within aqueous solutions. To optimize the syn-
thesis of monoclinic phase Sn;O,, Liu et al. [25] systematic-
ally investigated various parameters, including heating time,
pH, solution composition, and washing methods. Further-
more, the synthesis was controlled with precision through the
modulation of the filling level of the precursor solution and
tailoring of the gas composition within the hydrothermal re-
actor. Their study successfully unveiled a novel phase of
Sn;0, possessing a structure similar to the orthorhombic Sn-
Pb,0, (Fig. 1(c)~(d)). Notably, a narrower bandgap was ob-
served in the orthorhombic Sn;O, polymorph compared with
the conventional monoclinic Sn;O, phase, which implies the
enhanced absorption and utilization of visible light in pho-
tocatalytic devices.

3. Synthesis of Sn;O,

The synthesis strategies for Sn;O, can be broadly classi-
fied into two main categories. Solid-phase methods encom-
pass annealing and carbothermal approaches, and liquid-
phase methods include hydrothermal and solvothermal tech-
niques [26-28]. Annealing is the earliest successfully ap-
plied method, and it entails heating of SnO to influence the
transformation of unstable divalent tin to its tetravalent form,
yielding a mixed-valence tin oxide. On the other hand, the
carbothermal method employs carbon powder as a reducing
agent to reduce SnO, at elevated temperature, which leads to
the formation of Sn;O,. Meanwhile, solid-phase approaches
are used to synthesize Sn;O, with diverse morphologies, and
they often necessitate stringent and time-consuming experi-
mental conditions, resulting in suboptimal sample purity.
Conversely, liquid-phase methods, such as hydrothermal or
solvothermal routes, offer a comparatively simple, safe, and
controllable means of fabricating Sn;O, nanomaterials
[29-30]. For these methods, at specific temperature and pres-
sure conditions, a precursor reactant undergoes a reaction
within a reaction vessel lined with polytetrafluoroethylene in
a sealed system with either water or organic solvent as the
solution. allowing for the precise control of nucleation and
growth processes for the production of Sn;O4 nanomaterials
with diverse morphologies. The synthesized products exhibit
excellent crystallinity, a relatively uniform grain distribution,
and notable advantages, including the absence of agglomera-
tion and the elimination of the need for calcination.

4. Strategies for improving photocatalytic per-
formance
4.1. Mechanisms of photocatalytic enhancement

Semiconductor photocatalysis relies on the principles of
solid-state band structures [31-32]. Sn;0, is an exemplary n-
type semiconductor with a band structure comprising an un-

occupied high-energy conduction band (CB), a filled VB
with electrons, and a bandgap separating the two [33]. Sn;O,
is an indirect bandgap semiconductor, which means that the
excitation of electrons from the VB to the CB occurs when
the energy of incident light matches or surpasses the bandgap
energy of Sm;O,. This process initiates the generation of
highly active electron—hole pairs within the VB. However,
the photogenerated electrons and holes are susceptible to re-
combination, dissipating stored light energy as heat in the ab-
sence of suitable electron or hole capture agents or driving
forces. The appropriate acceptors or defects present on the
catalyst’s surface can suppress the recombination of photo-
generated charge carriers, which facilitates their efficient sep-
aration and transfer to distinct sites on the surface. Photogen-
erated holes possess outstanding oxidation capabilities,
whereas electrons are known for their strong reduction capa-
cities. Consequently, photogenerated holes can oxidize water
on the surface of Sn;O,, forming hydroxyl radicals (-OH).
Meanwhile, electrons engage in reactions involving the dis-
solved oxygen adsorbed on the surface, yielding superoxide
radicals (-O; ). These active species exhibit potent oxidation
capabilities, which enable the complete mineralization of
various organic pollutants into uncontaminated water and
carbon dioxide [34]. In addition, highly active photogener-
ated electrons and holes can interact with water and liberat-
ing hydrogen and oxygen [35].

4.2. Strategies for photocatalytic enhancement

Certain challenges have been associated with single-phase
Sn;0, photocatalytic materials: (1) Conventional synthesis
methods typically yield single-phase Sn;O, materials, lead-
ing to elevated recombination rates of photogenerated charge
carriers that detrimentally affect the photocatalytic perform-
ance. (2) Solar energy utilization remains suboptimal. Vis-
ible light energy constitutes approximately 44% of the solar
spectrum, with near-infrared light accounting for roughly
50% [36]. Sn;O, can only absorb a small portion of visible
light (<500 nm) [30]. Consequently, recent extensive re-
search has concentrated on the expansion of the light absorp-
tion range of photocatalytic materials, which facilitated the
efficient separation of photogenerated charge carriers and
further enhanced their photocatalytic capabilities. These re-
search endeavors primarily involved morphology control, ion
doping, and the construction of heterostructures using Sn;O,4
materials.

4.2.1. Morphological control

Semiconductor materials with different morphologies and
particle sizes exhibit distinct physicochemical properties,
which often influence their photocatalytic performance
through variations in the specific surface area and crystal fa-
cet exposure [11,37]. In general, small particles possess large
specific surface areas and follow short migration paths for
photoinduced charges, thereby favoring improved photocata-
lytic activity. Furthermore, when the particle size approaches
the radius of the first exciton (i.e., 1-10 nm), quantum size
effects can be observed. These effects result in a widened
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bandgap and enhance the catalytic capability of photoin-
duced electrons and holes and photocatalytic performance.
Similar trends have been observed in Sn;O, photocatalytic
materials. Stable structures of Sn;O, nanostructures, such as
nanobelts [38], nanowires (NWs) [39], nanoflowers [40], and
microball [41], have been prepared successfully through the
selection of appropriate precursors and precise control of re-
action conditions (Fig. 2).
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Fig. 2. Scanning electron microscopy (SEM) images of Sn;O,
with different morphologies: (a) nanobelts. Reprinted with per-
mission from O.M. Berengue, R.A. Simon, A.J. Chiquito, ef al.,
J. Appl. Phys., 107, 033717 (2010) [38]. Copyright 2010 AIP
Publishing LLC; (b) NWs. Reprinted from Nano Struct. Nano
Objects, 24, P. Mone, S. Mardikar, and S. Balgude, Morpho-
logy-controlled synthesis of Sn;O4 nanowires for enhanced sol-
ar-light driven photocatalytic H, production, 100615, Copy-
right 2020, with permission from Elsevier; (c) nanoflower. Re-
published with permission of Royal Society of Chemistry, from
Sn;04: A novel heterovalent-tin photocatalyst with hierarchic-
al 3D nanostructures under visible light, Y.H. He, D.Z. Li, J.
Chen, et al., 4, 2013; permission conveyed through Copyright
Clearance Center, Inc; (d) microball. Reprinted from Mater.
Chem. Phys., 221, S. Balgude, Y. Sethi, B. Kale, D. Amalnerkar,
and P. Adhyapak, Sn;O, microballs as highly efficient pho-
tocatalyst for hydrogen generation and degradation of phenol
under solar light irradiation, 493, Copyright 2019, with per-
mission from Elsevier.

He et al. [40] synthesized a three-dimensional (3D) hier-
archical nanostructured Sn;O, photocatalyst using a tem-
plate-free solvothermal method. SnO,, Sn;0,, and SnO were
obtained by adjusting the pH of the suspension. Specifically,
white SnO, nanoparticles were prepared at pH = 1, pure
Sn;0, with a yellow color formed at pH = 3, and black SnO
was synthesized under alkaline conditions with a pH of 13.
Damaschio et al. [26] synthesized single-crystalline Sn;O,
nanobelts, which grew via a gas—solid mechanism through a
carbon thermal reduction process. Electrical measurements
of individual Sn;O, nanobelts at different temperatures re-
vealed the characteristics of undoped semiconductors. Bal-
gude etal. [41] used an amber salt-driven hydrothermal
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method to synthesize Sn;O, microspheres. These micro-
spheres displayed an irregular contour nanostructure with
thicknesses ranging from approximately 40 to 80 nm and ex-
cellent photocatalytic hydrogen production and phenol de-
gradation activity under solar light irradiation. Mone et al.
[39] applied a simple apple acid-induced hydrothermal pro-
cess to synthesize Sn;O, NWs with an exceptional hydrogen
evolution activity using tin oxalate as the starting material.
The NWs exhibited a higher photocatalytic activity than their
nanosheets counterparts, which could be attributed to the
layered morphology and high crystallinity of Sn;O, NWs.
Through precise control of the morphology, Sn;O, nano-
structures with large specific surface areas were prepared,
along with the exposure of more active sites and promoted
photocatalytic activity.

4.2.2. Ion doping

Ionic doping is an early proposed strategy for catalyst
modification. In this method, metallic or nonmetallic ions are
introduced into the lattice structure of the catalyst [42—46].
This doping approach broadens a material’s absorption spec-
trum and creates charge separation centers that suppress the
recombination of photogenerated charge carriers. Metallic
ion doping introduces new charges, induces defects, alters
lattice type, affects the movement and distribution of photo-
generated electrons and holes, and modifies the band struc-
ture of Sn;0,, ultimately leading to changes in photocatalytic
activity. Yang et al. [47] synthesized nickel-doped Sn;O,4
(Ni-Sn;0,4) using a one-pot synthesis method, which enabled
the successful incorporation of metallic Ni into the lattice of
Sn;0,. The doped Ni acted as a crystallinity inducer and en-
hanced the crystal quality of Sn;O,. Remarkably, under vis-
ible-light illumination, Ni-Sn;O, exhibited considerably im-
proved photocatalytic hydrogen evolution performance,
which is approximately 3.4 times higher than that of pure-
phase Sn;O,. This enhanced activity was primarily attributed
to the improved crystallinity of Ni-Sn;O,. Ni doping effect-
ively reduced the bandgap width, enhancing light absorption,
and increasing the susceptibility of the material to visible-
light excitation (Fig. 3(a)).

Nonmetal ion doping effectively extends the light absorp-
tion range of Sn;O, materials and enables the direct utiliza-
tion of a substantial portion of solar energy, including visible
and near-infrared light. The nonmetal elements nitrogen (N),
sulfur, carbon, and halogens are commonly used in doping.
Balgude et al. [43] synthesized N-doped Sn;O, (N-Sn;0,) us-
ing urea as the N precursor. The introduction of N led to the
formation of new N 2p band on the O 2p VB, resulting in
bandgap narrowing and the expansion of the light absorption
edge to a wider range in the visible-light region (Fig. 3(b)).
Furthermore, Zeng et al. [44] reported the effect of novel flu-
orine-doped Sn;0, (F-Sn;0,4) on the removal of pollutants in
water, particularly the reduction of Cr(VI) and the degrada-
tion of organic pollutants. They demonstrated that F doping
in Sn;O, enhanced the redox potential, which led to the gen-
eration of more electron—hole pairs and facilitated the separa-
tion of photoinduced electron—hole pairs. As a result, more
reactive oxygen species (ROS) were produced.
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Fig. 3. (a) Band alignment of Sn;O4 and Ni-Sn;0O,. Reprinted with permission from R.Q. Yang, Y.C. Ji, L.W. Wang, et al., ACS Ap-
Pl Nano Mater., 3, 9268 [47]. Copyright 2020 American Chemical Society; (b) possible mechanism for photocatalytic hydrogen pro-
duction by N-Sn;O,4 under sunlight irradiation. Republished with permission of Royal Society of Chemistry, from Unique N doped
Sn;0,4 nanosheets as an efficient and stable photocatalyst for hydrogen generation under sunlight, S. Balgude, Y. Sethi, A. Gaikwad,
B. Kale, D. Amalnerkar, and P. Adhyapak, 12, 2020; permission conveyed through Copyright Clearance Center.

4.2.3. Heterostructures semiconductor—metal contact in the Sn;O,./Sn Schottky

The construction of heterostructures expands light absorp-
tion properties and enhances the charge carrier separation
capabilities of materials [35-36,48—50]. Interface band en-
gineering enables the formation of heterostructures between
Sn;0, and various components, such as metal particles, inor-
ganic semiconductors, organic semiconductors, carbon ma-
terials, and others [51-52]. Yang ef al. [53] achieved an in-situ
reduction of Sn;O, under a H, atmosphere and precisely con-
trolled the reduction temperature and duration to create oxy-
gen vacancies in Sn;O,_,. In addition, a portion of Sn;O, was
reduced to Sn nanoparticles, which led to the formation of

junction. The Schottky junction was also established between
Sn;0,, and Sn, and it effectively enhanced the separation of
photogenerated charge carriers. Meanwhile, the Schottky
junction at the interface reduced the recombination of photo-
generated charge carriers, and the excellent conductivity of
Sn metal facilitated electron transfer. This synergistic effect
considerably improved the utilization of light energy, result-
ing in the outstanding photocatalytic performance of the
Sn;0,_/Sn composite photocatalytic material (Fig. 4(a)).
Furthermore, Yu ef al. [33] successfully fabricated a 3D
semiconductor—semiconductor Janus-type heterostructure
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Schematic of the band structure and photoinduced charge transfer and separation at the interface: (a) Sn;O,/Sn. Reprinted

by permission from Springer Nature: Int. J. Miner. Metall. Mater., Sn/Sn;O,4, heterostructure rich in oxygen vacancies with en-
hanced visible light photocatalytic oxidation performance, R.Q. Yang, N. Liang, X.Y. Chen, et al., Copyright 2021; (b) Sn;0,/TiO,.
Republished with permission of Royal Society of Chemistry, from Hierarchical hybrid nanostructures of Sn;O4 on N doped TiO,
nanotubes with enhanced photocatalytic performance, X. Yu, L.F. Wang, J. Zhang, et al., 3, 2015; permission conveyed through
Copyright Clearance Center; (¢) Sn;O,/PDINH. R.Q. Yang, G.X. Song, L.W. Wang, Small, 17, €2102744 (2021) [29]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (d) Sn;O4/rGO. Reprinted from Appl. Catal. B Environ., 227,
X. Yu, Z.H. Zhao, D.H. Sun, et al., Microwave-assisted hydrothermal synthesis of Sn;O4 nanosheet/rGO planar heterostructure for
efficient photocatalytic hydrogen generation, 470, Copyright 2018, with permission from Elsevier; (e¢) Sn;O0,/GQDs heterostructure.
Reprinted with permission from X. Yu, Z.H. Zhao, N. Ren, et al., ACS Sustainable Chem. Eng., 6, 11775 [56]. Copyright 2018 Amer-
ican Chemical Society.
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photocatalyst of Sn;O,/N-TiO, by electrospinning and hydro-
thermal methods . The contact made by Sn;O, with the outer
shell of N-TiO, nanotubes led to the formation of a hetero-
structure. Photogenerated holes and electrons emerged in the
VB and CB of N-TiO, and Sn;0,, respectively. Given the
distinct band positions of N-TiO, and Sn;O,, photogenerated
electrons in the CB of Sn;O, were readily injected into the
CB of TiO,, and the holes in the VB of TiO, were injected in-
to the VB of Sn;0,. In addition, the unique Janus morpho-
logy of Sn;O,/N-TiO, contributed to the synergistic effect
between the band structure and morphology, facilitating the
effective separation of photogenerated electron—hole pairs
(Fig. 4(b)).

Organic semiconductors refer to a class of organic materi-
als possessing semiconductor properties and exhibiting fa-
vorable characteristics, such as good conductivity, nontox-
icity, ease of fabrication, high stability, and unique electro-
chemical and physical properties. Polyaniline (PANI) and
perylene diimide (PDI) are commonly used organic semicon-
ductors. Yang et al. [29] successfully prepared a Sn;O,/pyro-
mellitic diimide (PDINH) heterostructure by depositing a 5
nm-thick PDINH layer onto the surface of Sn;O, through re-
crystallization (Fig. 4(c)). Under illumination, three key pro-
cesses occurred: (I) Sn;O,4 absorbed light below 450 nm, gen-
erating electron—hole pairs; (II) PDINH absorbed light below
670 nm, which also generated electron—hole pairs; (III) Sn;O,4
and PDINH formed a heterostructure via interfacial interac-
tion, and given their favorable band alignment, electrons
transitioned from the VB of PDINH to the CB of Sn;0,. This
heterostructure exhibited a bandgap of 1.73 eV, extending the
light absorption range to approximately 720 nm and notably
enhancing the utilization of solar energy.

Moreover, Sn;O, can form heterostructures with carbon
materials such as reduced graphene oxide (rGO). rGO,
known for its high surface area and excellent conductivity, is
widely used in combination with various semiconductor pho-
tocatalysts [54-55]. A microwave-assisted hydrothermal
method enables the synthesis of a planar heterostructure con-
sisting of Sn;O4 nanosheets and rGO [30]. The adoption of
the microwave-assisted hydrothermal method considerably
reduces the reaction time, allowing the uniform growth of
Sn;0, nanosheets on rGO. Under visible-light illumination,
photogenerated holes and electrons appeared in the VB and
CB of Sn;O,, respectively. Typically, these charge carriers
recombined rapidly, leading to a low photocatalytic hydro-
gen evolution rate of Sn;O, alone. However, when Sn;O,
nanoparticles were anchored onto the surface of rGO, the
photogenerated electrons in the CB of Sn;O, transferred to
rGO, facilitating hole-electron separation. rGO acted as an
electron collector and transporter, effectively prolonging the
lifetime of charge carriers and thereby enhancing charge sep-
aration and photocatalytic activity (Fig. 4(d)).

Furthermore, graphene can be reduced in size to form
graphene quantum dots (GQDs), which exhibit unique cap-
abilities, such as photoinduced electron transfer, photolumin-
escence, and electron storage, while maintaining a 2D struc-

Int. J. Miner. Metall. Mater., Vol. 31, No. 2, Feb. 2024

ture. Under visible-light irradiation, electrons in the
Sn;0,/GQD heterostructure can be excited from the VB to
the CB of Sn;O, [56]. Subsequently, these electrons can
transfer to GQDs, facilitating the effective separation of elec-
tron—hole pairs and enhancing photocatalytic activity. In ad-
dition, the n-conjugated GQDs function as sensitizers akin to
organic dyes, sensitizing Sn;O, to a broader range of visible-
light absorption and providing electrons to the CB of Sn;O,,
which leads to a more efficient visible-light-driven pho-
tocatalytic hydrogen production (Fig. 4(e)). Overall, these
findings highlight the potential of Sn;O,-based heterostruc-
tures for the enhancement of photocatalytic activity and ex-
pansion of visible-light absorption range, paving the way for
advanced applications in solar energy conversion.

5. Application of Sn;O,-based materials
5.1. Degradation of pollutants

The rapid development of industries has resulted in the
crucial problem of water pollution for humans [20,44,57-58].
Yang et al. [59] successfully prepared a novel full-spectrum
photocatalyst, Sn;O,/Ni foam heterostructure, via the in situ
growth of Sn;O, nanosheets on the surface of Ni foam. The
porous structure of the Ni foam and the heterostructure that
formed between Ni and Sn;O, considerably enhanced the
light absorption capacity of the photocatalyst.

Han et al. [60] introduced AgCl@Ag quantum dots to 2D
Sn;0, nanosheets at the oil-water interface to create a unique
3D flower-like structure of Sn;O,/AgCl@Ag composite pho-
tocatalyst. The synergistic combination of Sn;O, with
AgCl@Ag quantum dots enhanced the utilization of solar en-
ergy, and the heterostructure facilitated efficient photoin-
duced charge carrier transfer through the reduction of the en-
ergy barrier. The light-harvesting capacity of the material
was further enhanced through surface plasmon resonance of
Ag nanoparticles. Under visible-light irradiation, the pho-
tocatalytic activity of the Sn;O,/AgCl@Ag composite pho-
tocatalyst for the degradation of tetracycline hydrochloride
and MB were 9.6 and 7.88 times, respectively, compared
with that of pure Sn;O, nanosheets. These findings demon-
strate the potential of Sn;O,/AgCl@Ag composite pho-
tocatalysts for the efficient degradation of organic pollutants
under visible light, paving the way for advanced water treat-
ment technologies.

5.2. H, generation

H,, as a clean and renewable energy source, plays a vital
role in addressing the problems of environmental pollution
and energy scarcity. Photocatalytic water splitting for hydro-
gen production is a crucial pathway [61-62]. Zou et al. [63]
developed a Sn;O,/PPy heterostructure photocatalyst by em-
ploying a two-step process, which involved chemical oxidat-
ive polymerization and hydrothermal treatment for the in-situ
immobilization of porous Sn;O, nanosheets onto the hollow
nanorods of polypyrrole (PPy) (Fig. 5(a)). The conductive
PPy polymer modification facilitated the transfer of photo-
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generated electrons from the CB of Sn;O, to PPy for water
reduction and hydrogen production, and the holes were con-
sumed by a methanol sacrificial agent at the VB of Sn;0,. In
this system, PPy acted as an electron acceptor, initiating
light-induced electron migration and promoting the separa-
tion of photogenerated electrons and holes, which improved
the hydrogen generation performance of the Sn;O,/PPy het-
erostructure (Fig. 5(b)). In addition, the 3D structure formed
by the uniform dispersion of porous Sn;O, nanosheets on
hollow PPy nanorods contributed to the improved perform-
ance. A remarkable photocatalyst hydrogen production rate
of 481.05 umol-g ' was obtained within 5 h, and such value
was 7.52 times higher than that of pure Sn;0, (Fig. 5(c)).

Yang et al. [64] synthesized ultrafine Si NW arrays and
in-situ grew Sn;O, nanosheets on their surfaces (Fig. 5(d)).
Combined with the light confinement effect of Sn;O,
nanosheets, the ultrafine NWs structure enhanced spectrum
absorption. The formed heterostructure facilitated the direct
transport of charge carriers, and the in-sifu growth of Sn;O,
reduced the interface resistance during the efficient charge
carrier transfer (Fig. 5(e)). Photocatalytic water splitting ex-
periments were conducted to evaluate H, production under il-
lumination, and the results revealed a remarkable increase in
the generation of H, gas bubbles (Fig. 5(f)). Notably, the Si
NW/Sn;0, photoanodes, owing to the formation of a 3D het-
erostructure, exhibited significantly improved H, generation
capability compared with the Si NWs (Fig. 5(g)). These find-
ings underscore the potential of Si NW/Sn;O, heterostruc-
tures as candidate photoanodes for enhanced H, production
via photocatalytic water splitting.

5.3. Reduction of CO,

The conversion of CO, to fuel with the use of solar light
presents a promising solution for simultaneously addressing
global warming and energy supply challenges. Chen et al.
[65] conducted density functional theory calculations and ex-
perimental investigations and revealed Sn;O, as the most ef-
fective electrocatalyst among SnO, materials for the reduc-
tion of carbon-containing products under CO,. The distinct-
ive electronic structure of Sn;O, enables synergistic effects
between Sn*" and Sn*", optimizing the adsorption strength of
intermediates (Fig. 6(a)). Moreover, the upshifted band struc-
ture of Sn;O,4 provides moderate adsorption energies for H
and HCOO intermediates, suppresses hydrogen evolution re-
action, and enhances the intrinsic catalytic efficiency of CO,
reduction (Fig. 6(b)). The synthesized Sn;O, electrocatalyst
displayed a partial current density of 16.6 mA-cm ™ at—0.9 V
vs. RHE and carbon-based Faradaic efficiency of approxim-
ately 97.7%. Notably, the overpotential (190 mV) is lower
than that of most reported SnO,-based electrocatalysts.

According to Liu ef al. [66], under visible-light irradiation
(4 > 430 nm), the synthesized Sn;O, can catalyze the reduc-
tion of CO, to CO in aqueous solutions (Fig. 6(c)). Two dif-
ferent bubbling conditions were compared, and the findings
revealed an increased CO production when CO, was
bubbled, resulting in the generation of 0.16 pmol CO within
24 h (Fig. 6(d)). Furthermore, the rate of CO generation re-
mained stable for 72 h (Fig. 6(e)). CO, reduction was envir-
onmentally friendly and stable due to the visible-light activ-
ity of Sn;O,, positioning it as a promising photocatalyst that
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(a) TEM image of Sn;O,/PPy heterostructure; (b) schematic of the plausible mechanism for the hydrogen photoevolution re-

action catalyzed by Sn;O,/PPy heterostructure; (c) H, photoevolution of Sn;O,/PPy heterostructures. Reprinted from Appl. Catal. B
Environ., 279, L.Q. Yang, MLF. Lv, Y. Song, et al., Porous Sn;O4 nanosheets on PPy hollow rod with photo-induced electrons ori-
ented migration for enhanced visible-light hydrogen production, 119341, Copyright 2020, with permission from Elsevier; (d) SEM
image of Sn;04/Si heterostructure; (e) schematic of electron transfer in the Sn;O,/Si heterostructure; (f) photographs of H, genera-
tion on the Pt counter electrode: off-light and on-light conditions; (g) photoelectrocatalytic (PEC) H, generation of Sn;O,/Si hetero-
structure. Reprinted from Appl. Catal. B Environ., 256, L.Q. Yang, Y.C. Ji, Q. Li, et al., Ultrafine Si nanowires/Sn;O, nanosheets 3D
hierarchical heterostructured array as a photoanode with high-efficient photoelectrocatalytic performance, 117798, Copyright 2019,

with permission from Elsevier.
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(a) Free energy diagram of the CO, reduction reaction pathway to HCOOH on SnO, SnQ,, and Sn;O,; (b) schematic of the

CO,; reduction reaction process on Sn;O4. Color code: orange for oxygen, yellow for carbon, blue for tin, and green for hydrogen.
Faraday efficiency of the target product (for interpretation of the references to color in the figure, the reader is referred to the web
version of this article). Reprinted from Appl. Catal. B Environ., 277, Z. Chen, M.R. Gao, N.Q. Duan,, ef al., Tuning adsorption
strength of CO, and its intermediates on tin oxide-based electrocatalyst for efficient CO, reduction towards carbonaceous products,
119252, Copyright 2020, with permission from Elsevier; (c) schematic of photocatalytic reduction of CO, using Sn;O,4; (d) photocata-
Iytic CO, reduction properties under visible-light irradiation, with CO, (brown) and Ar (blue) bubbling; (¢) CO evolution induced by
Sn;0,4 under visible-light irradiation during 72 h of irradiation. Reprinted with permission from Y.S. Liu, A. Yamaguchi, Y. Yang,
et al., ACS Appl. Energy Mater., 4, 13415 [66]. Copyright 2021 American Chemical Society.

warrants further exploration. These findings participate in the
advancement of CO, reduction research and offer valuable
insights into potential applications of Sn;O, as an efficient
electrocatalyst and photocatalyst for CO, conversion.

5.4. Antibacterial therapy

Bacterial infections pose an important global public health
challenge, affecting millions of individuals annually. This
problem is exacerbated by the emergence of multidrug-res-
istant “superbugs” due to antibiotic misuse, necessitating the
development of novel reagents and approaches for the treat-
ment of bacterial infections [67]. Antibacterial photocatalytic
therapy (APCT) is a promising treatment modality for drug-
resistant bacterial infections, leveraging advances in optical
technology and the development of photocatalytic materials
[68—70]. However, the efficacy of PDT in in vivo antibac-
terial treatment is often compromised by the limited tissue
penetration depth of the light source and low-oxygen mi-
croenvironment at the infection site.

Wang etal. [71] successfully prepared porous Sn;O,
nanosheets in-situ with surface amorphous oxygen-rich va-
cancies on Ni foam through a simple hydrothermal method.
These nanosheets demonstrated an enhanced photoelectro-
chemical sterilization performance. The porous structure of
Sn;0, enriched the O vacancies on its surface and extended
the absorption spectrum from visible light to the near-in-
frared region. Moreover, the oxygen vacancies boosted the
effective separation of electron-hole pairs. Notably, the
sheet-like porous structure increased the surface active sites
and the contact area between the bacteria and the electrode.
As a result, the ROS generated during the photoelectrochem-
ical sterilization process can directly act on the bacterial sur-

face. Remarkably, drug-resistant bacteria in water were com-
pletely eliminated within 30 min, achieving 100% efficiency
(Fig. 7(a)—~(b)).

Yang et al. [29] developed an innovative organic—inor-
ganic hybrid Sn;O,/PDINH heterostructure for the pho-
tocatalytic generation of ROS to combat drug-resistant bac-
teria (Fig. 7(c)—(e)). The organic semiconductor PDINH was
employed to self-assemble on the surface of Sn;O,
nanosheets via abundant hydrogen bonding and n—x stacking
interactions. This self-assembly created a unique “hook-
loop” adhesive surface that interacted with functional groups
on the bacterial surface, resulting in their firm adherence to
the bacteria. This hybrid heterostructure also exhibited a re-
markably enhanced photocatalytic activity. Moreover, it
showed an extended absorption spectrum up to 720 nm in the
near-infrared region and effectively reduced the rate of pho-
togenerated charge carrier recombination, thereby generating
a high amount of ROS. The hybrid nanostructure was ap-
plied as an antibacterial coating on the skin surface for in vivo
photocatalytic sterilization of a mouse model with S. aureus-
infected skin wounds, and it considerably promoted the heal-
ing of infected skin wounds. This work presented a novel ap-
proach for the fabrication of full-spectrum organic—inorganic
hybrid adhesive heterostructure photocatalysts with potential
applications in wound infection treatment.

5.5. Solar cells

In the field of perovskite solar cells (PSCs), 2D mixed-
valence tin oxide Sn;O, has emerged as a promising electron
transport layer (ETL) due to its low defect density and suit-
able band structure. Li et al. [72] reported the controllable
synthesis of 2D van der Waals mixed-valence tin oxides
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Fig. 7. (a) SEM images of Chl" E. coli before and after PEC oxidation for 30 min and the corresponding fluorescence microscopic
images; (b) schematic of Sn;O,/Ni foam photoanode. Reprinted by permission from Springer Nature: Rare Met., Surface amorphiza-
tion oxygen vacancy-rich porous Sn;O, nanosheets for boosted photoelectrocatalytic bacterial inactivation, L.W. Wang, L. Liu, Z.
You, etal.,, Copyright 2023; (c) SEM images of bacterial treatment with Sn;O,PDINH heterostructure; (d) schematic of
Sn;0,/PDINH APCT; (e) photographs of the infected wound treated on 1, 5, and 10 d and infected wound histologic analyses on days
5 and 10 at different treatments (I: phosphate-buffered saline (control), II: only light, III: Sn;O,/PDINH, IV: Sn;O,+light, V:
PDINH+Hlight, VI: Sn;O,/PDINH-Hight). The scale bar is 0.5 cm in the photographs and 400 pm in the histologic picture, respectively.
R.Q. Yang, G.X. Song, L.W. Wang, Small, 17, ¢2102744 (2021) [29]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-

duced with permission.

(Sn,O; and Sn;0,) and their application as electron transport
materials in planar PSCs. The sizes of the synthesized Sn,Os
and Sn;O, nanoparticles, which can be stably dispersed in
water as colloids for several months, ranged from 5 to 20 nm
(Fig. 8(a)—(b)). In addition, Sn,O; and Sn;O, demonstrated
typical n-type semiconductor band structures, low trap dens-
ities, and appropriate energy level alignment with halide per-
ovskites (Fig. 8(c)). According to experimental results, the
steady-state power conversion efficiencies (PCEs) of Sn,0Os-
based and Sn;O,-based planar PSCs reached 22.36% and
21.83%, respectively (Fig. 8(d)).

Furthermore, the n-doping of Sn;O, mixed-valence tin ox-
ide through YCI; doping was explored to enhance its poten-
tial as an ETL in PSCs [73]. For Y doping levels below
10mol% (Y-to-Sn mol ratio), both products appeared as yel-
low colloids with good dispersibility in water (Fig. 8(e)). The
Y-Sn;0,, with an optimal doping level of 5mol%, exhibited
an elliptical shape with a length of approximately 20 nm and
a thickness of approximately 5 nm (Fig. 8(f)). The doping
level played a crucial role in the performance of Sn;O, as ex-
cessive YCl; doping resulted in phase segregation along with
the formation of SnO. However, at the Smol% Y doping
level, the electronic properties of Sn;O, can be successfully
optimized by increasing the electron density and conductiv-

ity and shifting the Fermi level upward (Fig. 8(g)). The op-
timized electronic performance, achieved through enhanced
electron extraction and transport capabilities, and optimized
energy level alignment in Sn;O, considerably improved its
potential as an ETL in PSCs. Consequently, the PSCs at-
tained a PCE of 23.05% (Fig. 8(h)). These findings further
highlight the application prospects of mixed-valence tin ox-
ides in highly efficient PSCs.

5.6. Sensors

Considerable attention has been paid to photodetectors
based on particularly self-powered photodetectors that elim-
inate the need for external power sources such as batteries.
These self-powered devices show remarkable potential for
high-sensitivity and high-speed applications. However, the
fabrication of visible-light photodetectors remains a challen-
ging task. Wang et al. [74] introduced a novel photovoltaic
chemical platform based on Sn;O,, where Sn;O, served as the
active material for visible-light detection. A hydrothermal
method was used to in-situ modify Sn;O, nanosheets on the
carbon fiber paper (CFP), and a molecularly imprinted poly-
mer (MIP) layer with a specific selectivity for 2,4-di-
chlorophenoxyacetic acid (2,4-D) was synthesized on
Sn;O,/CFP through the electropolymerization reaction of
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Fig. 8. (a) Photographs of SnQO,, Sn,03, Sn;04 dispersions, and SnO precipitation in water; (b) HRTEM image of Sn;O, for phase
identification; (c) band alignments with halide perovskites; (d) box plot of efficiency distribution values of PSCs based on SnQO,,
Sn,0;, and Sn;O4 ETLs. Error bars represent the standard deviation. Reprinted with permission from S. Li, F. Qin, Q. Peng, et al.,
Nano Lett., 20, 8178 [72]. Copyright 2020 American Chemical Society; (e) photograph of Sn;O4 and Y-Sn;O, dispersions in water; (f)
HRTEM image and crystal labeling of Y-Sn;O,. The inset image shows the fast Fourier transform result; (g) band alignment of

Sn;0,4 and Y-Sn;0, with perovskite; (h) efficiency distribution of devices corresponding to various Y-doping concentrations [73].

pyrrole in the presence of 2,4-D. 2,4-D was selected for the
analysis due to its classification as a “potentially carcinogen-
ic compound” for humans. The label-free photodetector
leverages the structural advantages of Sn;O,/CFP and the se-
lectivity of MIP and demonstrates a linear range of 5.0 X
10" to 1.0 x 1077 mol-L ™" for 2,4-D and an exceptionally low
detection limit of 1.08 x 107" mol-L™". This photovoltaic
chemical platform exhibited outstanding stability, repeatabil-
ity, ease of preparation, low cost, and an impressively low
detection limit. In addition, the photovoltaic chemical sensor
was integrated onto surfaces of various nonplanar shapes and
sizes, given the flexibility and bendability of CFP, thereby
expanding the application range of this material in sensor
construction.

Xu et al. [75] used an improved hydrothermal method to
synthesize vertically aligned Sn;O, nanosheets on CFP and
exploited them as self-powered photovoltaic chemical batter-
ies for visible-light detection. The Sn;O, nanosheets grew
perpendicularly on the CFP and formed a dense and uniform
distribution on its surface. The intersecting nanosheets cre-
ated numerous mesopores measuring hundreds of nanomet-
ers (Fig. 9(a)). The enhanced photoresponse was attributed to
the synergistic effect between the vertically grown Sn;O,
nanosheets and the CFP substrate. The vertically aligned
nanosheets provided efficient active sites by exposing more
catalytic sites to the electrolyte. Furthermore, the layered
structure of Sn;O, with mesopores enhanced light absorption
as the incident light was scattered between the nanosheets
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Fig. 9. (a) SEM image of hierarchical Sn;O4/carbon fiber heterostructure; (b) bandgap and V¢ positions for Sn;Oy; (c) photocur-
rent response under on/off cycling for 20 s at 0 V vs. Ag/AgCl for incident intensities equal to 30, 60, 90, and 120 mW-cm™. Reprin-
ted with permission from W.W. Xia, H.Y. Qian, X.H. Zeng, J. Dong, J. Wang, and Q. Xu, J. Phys. Chem. C, 121, 19036 [75]. Copy-
right 2017 American Chemical Society; (d) construction process of the PEC sensor for procalcitonin (PCT) detection; (e) feasible
mechanism of electron transfer of the PEC assay; (f) photocurrent of different electrodes. Republished with permission of Royal So-
ciety of Chemistry, from Antigen down format photoelectrochemical analysis supported by fullerene functionalized Sn;O0,4, R. Xu, Y.
Du, D.Q. Leng, et al., 56, 2020; permission conveyed through Copyright Clearance Center.
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and captured by the mesopores. Light reflection was reduced
in addition to enhanced light absorption. The CFP substrate
contributed to the large surface area and facilitated charge
and mass transfer (Fig. 9(b)).

The performance of the self-powered photovoltaic chem-
ical batteries was evaluated using continuous visible-light
pulses with varying intensities in alternating on/off cycles at
specific time intervals. The photocurrent remained high after
multiple on/off irradiation switching cycles. Moreover, the
photocurrent increased with the increase in incident intensity
(Fig. 9(c)). Compared with other self-powered devices that
require binders, the in situ grown Sn;O, electrodes on the
CFP eliminated the need for binders, resulting in improved
flexibility and performance, long-term stability, and easy re-
covery. Given its simplicity, cost-effectiveness, and environ-
mentally friendly nature, this self-powered detector is highly
promising for various applications in visible-light devices.

Wei et al. [76] proposed a novel competitive photovoltaic
chemical sensor based on an Ag-down configuration (Fig.
9(d)). In this setup, a photosensitive material was immobil-
ized on the electrode using a standard Ag method. Sub-
sequently, specific immune reactions were induced for the
comodification of the first antibody (Abl) and the target
Agon the electrode. Finally, the second antibody (Ab2)
labeled with a suitable marker was immobilized. Fig. 9(e) de-
picts the possible mechanism of this configuration. The
Sn;O, material exhibited high photosensitivity, effectively
absorbing visible light and displaying a satisfactory photo-
electrochemical response. However, its relatively wide
bandgap limited its potential for PEC analysis. To overcome
this limitation, the researchers introduced Cg, a carbon nano-
structure material known for its excellent photocatalytic per-
formance. With its unique delocalized conjugated structure,
Ceo acted as an excellent electron acceptor, which enhanced
charge separation and reduced the charge recombination of

Sn;0,. As a result, the photocatalytic activity was improved.
In addition, CdSe, an easily functionalized photosensitizer,
was utilized to connect biomolecules. The cosensitization of
C¢o and CdSe enhanced the PEC response by more than five-
fold compared with the pure material in the presence of
ascorbic acid (Fig. 9(f)). This sensor demonstrated excellent
sensitivity and stability, providing a powerful platform not
only for the sensitive detection of PCT but also for the poten-
tial monitoring of other proteins.

6. Conclusions and future perspectives

Sn;0, possesses thermodynamic stability and a bandgap
within the visible light spectrum and shows promise as a vis-
ible-light-driven photocatalyst. This compound exhibits fa-
vorable properties, including suitable band edge positioning,
low resistance, abundance, nontoxicity, and excellent photo-
chemical stability in acidic and alkaline environments. Non-
etheless, the low charge separation efficiency of pure Sn;O4
restricts its photocatalytic performance. This article presen-
ted a comprehensive overview of the latest advancements in
the enhanced photocatalytic activity of Sn;O,. Various
strategies, such as morphology control, ion doping, and het-
erostructure construction, have been employed for the design
and fabrication of Sn;O4-based nanocomposites. The pho-
tocatalytic performances of these materials were thoroughly
investigated, which led to their utilization in diverse applica-
tions, such as photocatalytic degradation, photocatalytic H,
production, photocatalytic CO, reduction, photocatalytic dis-
infection, photovoltaics, and other related areas. Table 1
summarizes the latest functions and advantages of Sn;O,-
based materials. The potential and research significance of
Sn;0,-based photocatalytic materials extend to various fields.
However, some issues remain to be addressed.

First, researchers have achieved considerable progress in

Table 1. Latest functions and advantages of Sn;O4-based materials
Materials Application Performance Advantages Ref.
Oxygen vacancies;
Sn;04/Sn Degradation of pollutants Rh b degradation metal-semiconductor heterostructure; [53]
lower cytotoxicity
Sn3;04/Ni Degradation of pollutants PAM degradation Metal—semwonductpr heterostructure; [59]
photoelectrocatalysis
Sn-0./TiO Degradation of pollutants MO degradation Semiconductor—semiconductor heterostructure; [33]
S H, generation Water splitting Janus heterostructure;
Ni-Sn;04 H, generation Water splitting Enhanced crystallinity [47]
. " Planar heterostructure;
Sn;0,/rGO H, generation Water splitting more catalytic active sites [30]
. i, Mott—Schottky plots;
Sn;0,/GQDs H, generation Water splitting GQDs as a photosensitizer [56]
Sn;0,4 nanoflowers  Reduction of CO, Reduction of CO, to CO  No cocatalysts [66]
. . Inactivation of bacteria ~ Inorganic—organic heterostructure;
Sn;04/PDINH Antibacterial therapy (E. coli and S. aureus) capture bacteria [29]
. . . .. Inactivation of bacteria ~ Oxygen vacancies;
Sn;0,/Ni Antibacterial activity (E. coli and S. aureus) photoelectrocatalysis [71]
. High electron density;
Y-Sn;04 Solar cells ETL for PSCs enhanced electron extraction capability [73]
Sn;0,/CPF Sensors Visible-light detector Large surface areas; [75]

good conductive channel for electron transport
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the development of diverse and scalable approaches for the
synthesis of Sn;O, catalysts. However, the reproducible
large-scale synthesis of Sn;O, with precisely controlled mor-
phology and composition remains a huge challenge. Further
investigations must be conducted on the catalytically active
surfaces of tin(IV) oxide and the crucial factors influencing
its controllable synthesis. Under environmentally friendly
conditions, the use of cost-effective and ecofriendly synthet-
ic methods remains necessary.

Second, although the photocatalytic process involving
Sn;0, appears conceptually straightforward, its practical im-
plementation is intricate and incompletely understood. The-
oretical studies and in-situ surface chemistry research must
be performed to gain insights into the intricate reactions of
Sn;0, and pave the way for the refinement and optimization
of future catalyst designs.

Third, despite the immense potential of photocatalytic
technology, the photovoltaic conversion efficiency of most
Sn;O4-based semiconductor photocatalysts remains relat-
ively low and thus must be improved. The modification of
mixed-valence Sn;O, presents a viable route to further en-
hance its photocatalytic performance. The use of advanced
characterization techniques and computational studies is re-
quired for a comprehensive understanding of this aspect.

Last, compared with the studies on other materials, the re-
search on Sn;0, is relatively nascent, and its functionalities,
effects, and applications require further exploration and ad-
vancements. Notably, properties resembling those of noble
metals, surface plasmon resonance effects, influence of carri-
ers, and organic reactions exhibit remarkable potential and
merit extensive investigation. When harnessed effectively,
these characteristics will play a pivotal role in photocatalytic
applications.

Acknowledgements

The work was supported by the National Natural Science
Foundation of China (No. 52272212), the Natural Science
Foundation of Shandong Province (Nos. ZR2022JQ20
and ZR2023MB126), the Taishan Scholar Project of Shan-
dong Province (No. tsqn202211168), the Key Laboratory of
Optic-electric Sensing and Analytical Chemistry for Life Sci-
ence, MOE (No. M2022-7), and the STIEI scientific re-
search funding project (No. GCC2023036).

Contflict of Interest
The authors declare no competing financial interest.

References

[1T X. Yu, X. Jin, X.Y. Chen, efal., A microorganism bred
Ti0,/Au/TiO, heterostructure for whispering gallery mode res-
onance assisted plasmonic photocatalysis, ACS Nano, 14(2020),
No. 10, p. 13876.

[2] Y.J. Fu, KJ. Zhang, Y. Zhang, Y.Q. Cong, and Q. Wang, Fab-
rication of visible-light-active MR/NH,-MIL-125(Ti) homo-

Int. J. Miner. Metall. Mater., Vol. 31, No. 2, Feb. 2024

junction with boosted photocatalytic performance, Chem. Eng.
J.,412(2021), art. No. 128722.

[3] Y.J. Fu, M. Tan, Z.L. Guo, et al., Fabrication of wide-spectra-
responsive NA/NH,—MIL-125(Ti) with boosted activity for
Cr(VI) reduction and antibacterial effects, Chem. Eng. J.,
452(2023), art. No. 139417.

[4] Q. Yang, M.L. Luo, K.W. Liu, H.M. Cao, and H.J. Yan, Cova-
lent organic frameworks for photocatalytic applications, Appl.
Catal. B, 276(2020), art. No. 119174.

[5] A. Mohammad, M.E. Khan, M.H. Cho, and T. Yoon, Adsorp-
tion promoted visible-light-induced photocatalytic degradation
of antibiotic tetracycline by tin oxide/cerium oxide nanocom-
posite, Appl. Surf. Sci., 565(2021), art. No. 150337.

[6] M. Honarmand, M. Golmohammadi, and A. Naeimi, Biosyn-
thesis of tin oxide (SnO,) nanoparticles using jujube fruit for
photocatalytic degradation of organic dyes, Adv. Powder Techn-
ol.,30(2019), No. 8, p. 1551.

[7]1 I Fatimah, D. Rubiyanto, I. Sahroni, R.S. Putra, R. Nurillahi,
and J. Nugraha, Physicochemical characteristics and photocata-
lytic performance of Tin oxide/montmorillonite nanocompos-
ites at various Sn/montmorillonite molar to mass ratios, Appl.
Clay Sci., 193(2020), art. No. 105671.

[8] K. Balakrishnan, V. Veerapandy, H. Fjellvag, and P. Vajeeston,
First-principles exploration into the physical and chemical prop-
erties of certain newly identified SnO, polymorphs, ACS
Omega, 7(2022), No. 12, p. 10382.

[91 Y.Q. Hu, J. Hwang, Y. Lee, et al., First principles calculations
of intrinsic mobilities in tin-based oxide semiconductors SnO,
SnO,, and Ta,SnOg, J. Appl. Phys., 126(2019), No. 18, art. No.
185701.

[10] C. Wang, J.C. Zhao, X.M. Wang, et al., Preparation, character-
ization and photocatalytic activity of nano-sized ZnO/SnO,
coupled photocatalysts, Appl. Catal. B, 39(2002), No. 3, p. 269.

[11] T. Lu, Y.P. Zhang, H.B. Li, L.K. Pan, Y.L. Li, and Z. Sun, Elec-
trochemical behaviors of graphene-ZnO and graphene—SnO,
composite films for supercapacitors, Electrochim. Acta,
55(2010), No. 13, p. 4170.

[12] A. Seko, A. Togo, F. Oba, and I. Tanaka, Structure and stability
of a homologous series of tin oxides, Phys. Rev. Lett.,
100(2008), No. 4, art. No. 045702.

[13] S. Das and V. Jayaraman, SnO,: A comprehensive review on
structures and gas sensors, Prog. Mater. Sci., 66(2014), p. 112.

[14] C.Y. Sun, J.K. Yang, M. Xu, et al., Recent intensification
strategies of SnO,-based photocatalysts: A review, Chem. Eng.
J.,427(2022), art. No. 131564.

[15] M.H. Chen, Z.C. Huang, G.T. Wu, G.M. Zhu, J.K. You, and
Z.G. Lin, Synthesis and characterization of SnO—carbon nan-
otube composite as anode material for lithium-ion batteries, Ma-
ter. Res. Bull., 38(2003), No. 5, p. 831.

[16] Y. Ogo, H. Hiramatsu, K. Nomura, et al., P-channel thin-film
transistor using p-type oxide semiconductor, SnO, Appl. Phys.
Lett., 93(2008), No. 3, art. No. 032113.

[17] R.Q. Yang, X. Yu, and H. Liu, Scientific study of photocatalyt-
ic material based on Sn30y, Chem. J. Chin. Univ., 42(2021), No.
5, p- 1340.

[18] L.P. Zhu, H. Lu, D. Hao, et al., Three-dimensional lupinus-like
TiO, nanorod@Sn3;04 nanosheet hierarchical heterostructured
arrays as photoanode for enhanced photoelectrochemical per-
formance, ACS Appl. Mater. Interfaces, 9(2017), No. 44, p.
38537.

[19] Q. Bai, J.C. Zhang, Y.X. Yu, et al., Piezoelectric activatable
nanozyme-based skin patch for rapid wound disinfection, ACS
Appl. Mater. Interfaces, 14(2022), No. 23, p. 26455.

[20] Z.R. Dai, J.J. Lian, Y.S. Sun, et al., Fabrication of g-
C3N4/Sn;04/Ni electrode for highly efficient photoelectrocata-
lytic reduction of U(VI), Chem. Eng. J., 433(2022), art. No.
133766.


https://doi.org/10.1021/acsnano.0c06278
https://doi.org/10.1016/j.cej.2021.128722
https://doi.org/10.1016/j.cej.2021.128722
https://doi.org/10.1016/j.cej.2022.139417
https://doi.org/10.1016/j.apcatb.2020.119174
https://doi.org/10.1016/j.apcatb.2020.119174
https://doi.org/10.1016/j.apsusc.2021.150337
https://doi.org/10.1016/j.apt.2019.04.033
https://doi.org/10.1016/j.apt.2019.04.033
https://doi.org/10.1016/j.apt.2019.04.033
https://doi.org/10.1016/j.clay.2020.105671
https://doi.org/10.1016/j.clay.2020.105671
https://doi.org/10.1021/acsomega.1c07063
https://doi.org/10.1021/acsomega.1c07063
https://doi.org/10.1063/1.5109265
https://doi.org/10.1016/S0926-3373(02)00115-7
https://doi.org/10.1016/j.electacta.2010.02.095
https://doi.org/10.1103/PhysRevLett.100.045702
https://doi.org/10.1016/j.pmatsci.2014.06.003
https://doi.org/10.1016/j.cej.2021.131564
https://doi.org/10.1016/j.cej.2021.131564
https://doi.org/10.1016/S0025-5408(03)00063-1
https://doi.org/10.1016/S0025-5408(03)00063-1
https://doi.org/10.1063/1.2964197
https://doi.org/10.1063/1.2964197
https://doi.org/10.1021/acsami.7b11872
https://doi.org/10.1021/acsami.2c05114
https://doi.org/10.1021/acsami.2c05114
https://doi.org/10.1016/j.cej.2021.133766

X. Yu et al., Recent progress on Sn;O,4 nanomaterials for photocatalytic applications 243

[21] T. Tanabe, K. Nakamori, T. Tanikawa, Y. Matsubara, and F.
Matsumoto, Ultrathin nanosheet Sn;O, for highly effective hy-
drogen evolution under visible light, J. Photochem. Photobiol.
A, 420(2021), art. No. 113486.

[22] H. Song, S.Y. Son, S.K. Kim, and G.Y. Jung, A facile synthesis
of hierarchical Sn3;O4 nanostructures in an acidic aqueous solu-
tion and their strong visible-light-driven photocatalytic activity,
Nano Res., 8(2015), No. 11, p. 3553.

[23] J.J. Wang, N. Umezawa, and H. Hosono, Mixed valence tin ox-
ides as novel van der Waals materials: Theoretical predictions
and potential applications, Adv. Energy Mater., 6(2016), No. 1,
art. No. 1501190.

[24] M. Manikandan, T. Tanabe, P. Li, et al., Photocatalytic water
splitting under visible light by mixed-valence Sn3Oy4, ACS Appl.
Mater. Interfaces, 6(2014), No. 6, p. 3790.

[25] Y.S. Liu, A. Yamaguchi, Y. Yang, et al., Synthesis and charac-
terization of the orthorhombic Sn;O,4 polymorph, Angew. Chem.
Int. Ed, 62(2023), No. 17, art. No. €202300640.

[26] C. Jose Damaschio, O.M. Berengue, D.G. Stroppa, et al., Sn;O4
single crystal nanobelts grown by carbothermal reduction pro-
cess, J. Cryst. Growth, 312(2010), No. 20, p. 2881.

[27] L.N. Zhang, X.Y. Liu, X. Zhang, et al., Sulfur-doped Sn;O4
nanosheets for improved photocatalytic performance, J. Alloys
Compd., 961(2023), art. No. 170904.

[28] N. Yuan, X.L. Zhang, B.W. Li, T.X. Chen, and X. Yang, En-
ergy-efficient MIL-53(Fe)/Sn;0,4 nanosheet photocatalysts for
visible-light degradation of toxic organics in wastewater, ACS
Appl. Nano Mater., 6(2023), No. 11, p. 9159.

[29] R.Q. Yang, G.X. Song, L.W. Wang, et al., Full solar-spectrum-
driven antibacterial therapy over hierarchical Sn;O,/PDINH
with enhanced photocatalytic activity, Small, 17(2021), No. 39,
art. No. €2102744.

[30] X. Yu, Z.H. Zhao, D.H. Sun, et al., Microwave-assisted hydro-
thermal synthesis of Sn3O4 nanosheet/rGO planar heterostruc-
ture for efficient photocatalytic hydrogen generation, Appl.
Catal. B, 227(2018), p. 470.

[31] X. Yu, J. Zhang, Z.H. Zhao, et al., NiO-TiO, p—n heterostruc-
tured nanocables bridged by zero-bandgap rGO for highly effi-
cient photocatalytic water splitting, Nano Energy, 16(2015), p.
207.

[32] X. Yu, X. Han, Z.H. Zhao, et al., Hierarchical TiO, nanowire/
graphite fiber photoelectrocatalysis setup powered by a wind-
driven nanogenerator: A highly efficient photoelectrocatalytic
device entirely based on renewable energy, Nano Energy,
11(2015), p. 19.

[33] X. Yu, L.F. Wang, J. Zhang, et al., Hierarchical hybrid nano-
structures of Sn3O0,4 on N doped TiO, nanotubes with enhanced
photocatalytic performance, J. Mater. Chem. A, 3(2015), No.
37, p. 19129.

[34] X. Yu, N. Ren, J.C. Qiu, D.H. Sun, L.L. Li, and H. Liu, Killing
two birds with one stone: To eliminate the toxicity and enhance
the photocatalytic property of CdS nanobelts by assembling ul-
trafine TiO, nanowires on them, Sol. Energy Mater. Sol. Cells,
183(2018), p. 41.

[35] X. Yu, Z.H. Zhao, D.H. Sun, et al., TiO»/TiN core/shell nano-
belts for efficient solar hydrogen generation, Chem. Commun.,
54(2018), No. 47, p. 6056.

[36] Y.C. Ji, R.Q. Yang, L.W. Wang, et al., Visible light active and
noble metal free NbyNs/TiO, nanobelt surface heterostructure
for plasmonic enhanced solar water splitting, Chem. Eng. J.,
402(2020), art. No. 126226.

[37] H.X. Liu, M.Y. Teng, X.G. Wei, ef al., Mosaic structure ZnO
formed by secondary crystallization with enhanced photocata-
lytic performance, Int. J. Miner. Metall. Mater., 28(2021), No.
3, p. 495.

[38] .M. Berengue, R.A. Simon, A.J. Chiquito, ef al., Semiconduct-
ing Sn;O,4 nanobelts: Growth and electronic structure, J. Appl.

Phys., 107(2010), No. 3, art. No. 033717.

[39] P. Mone, S. Mardikar, and S. Balgude, Morphology-controlled
synthesis of Sn;O4 nanowires for enhanced solar-light driven
photocatalytic H, production, Nano Struct. Nano Objects,
24(2020), art. No. 100615.

[40] Y.H. He, D.Z. Li, J. Chen, ef al., Sn3;04: A novel heterovalent-
tin photocatalyst with hierarchical 3D nanostructures under vis-
ible light, RSC Adv., 4(2014), No. 3, p. 1266.

[41] S. Balgude, Y. Sethi, B. Kale, D. Amalnerkar, and P. Adhyapak,
Sn3;04 microballs as highly efficient photocatalyst for hydrogen
generation and degradation of phenol under solar light irradi-
ation, Mater. Chem. Phys., 221(2019), p. 493.

[42] X.H. Ma, J.L. Shen, D.X. Hu, et al., Preparation of three-dimen-
sional Ce-doped Sn;0y hierarchical microsphere and its applica-
tion on formaldehyde gas sensor, J. Alloys Compd., 726(2017),
p. 1092.

[43] S. Balgude, Y. Sethi, A. Gaikwad, B. Kale, D. Amalnerkar, and
P. Adhyapak, Unique N doped Sn;O,4 nanosheets as an efficient
and stable photocatalyst for hydrogen generation under sunlight,
Nanoscale, 12(2020), No. 15, p. 8502.

[44] D.B. Zeng, C.L. Yu, Q.Z. Fan, et al., Theoretical and experi-
mental research of novel fluorine doped hierarchical Sn;O4 mi-
crospheres with excellent photocatalytic performance for re-
moval of Cr(VI) and organic pollutants, Chem. Eng. J.,
391(2020), art. No. 123607.

[45] C.L. Yu, D.B. Zeng, Q.Z. Fan, et al., The distinct role of boron
doping in Sn3;O,4 microspheres for synergistic removal of phen-
ols and Cr(VI) in simulated wastewater, Environ. Sci. Nano,
7(2020), No. 1, p. 286.

[46] L. Wang, Y. Li, W.J. Yue, S. Gao, C.W. Zhang, and Z.X. Chen,
High-performance formaldehyde gas sensor based on Cu-doped
Sn3;0,4 hierarchical nanoflowers, /EEE Sens. J., 20(2020), No.
13, p. 6945.

[47] R.Q. Yang, Y.C. Ji, L.W. Wang, et al., Crystalline Ni-doped
Sn30,4 nanosheets for photocatalytic H, production, ACS Appl.
Nano Mater., 3(2020), No. 9, p. 9268.

[48] Z.R. Liu, L.W. Wang, X. Yu, et al., Piezoelectric-effect-en-
hanced full-spectrum photoelectrocatalysis in p—n heterojunc-
tion, Adv. Funct. Mater., 29(2019), No. 41, art. No. 1807279.

[49] X. Yu, S. Wang, X.D. Zhang, et al., Heterostructured nanorod
array with piezophototronic and plasmonic effect for photody-
namic bacteria killing and wound healing, Nano Energy,
46(2018), p. 29.

[50] I.S. Yuan, Y. Zhang, X.Y. Zhang, J.J. Zhang, and S.G. Zhang,
N-doped graphene quantum dots-decorated N-TiO,/P-doped
porous hollow g-C;N,4 nanotube composite photocatalysts for
antibiotics photodegradation and H, production, Int. J. Miner.
Metall. Mater., 31(2024), No. 1, p. 165.

[51]1 Y. Wen, D.D. Wang, H.J. Li, et al., Enhanced photocatalytic
hydrogen evolution of 2D/2D N-Sn304/g-C3N4 S-scheme het-
erojunction under visible light irradiation, Appl. Surf. Sci.,
567(2021), art. No. 150903.

[52] X. Jiang, M.T. Wang, B.N. Luo, et al., Magnetically recover-
able flower-like Sn;O0,4/SnFe,0, as a type-II heterojunction pho-
tocatalyst for efficient degradation of ciprofloxacin, J. Alloys
Compd., 926(2022), art. No. 166878.

[53] R.Q. Yang, N. Liang, X.Y. Chen, ef al., Sn/Sn30,-, heterostruc-
ture rich in oxygen vacancies with enhanced visible light pho-
tocatalytic oxidation performance, Int. J. Miner. Metall. Mater.,
28(2021), No. 1, p. 150.

[54] HH. Wang, W.X. Liu, J. Ma, et al., Design of (GO/TiO,)N
one-dimensional photonic crystal photocatalysts with improved
photocatalytic activity for tetracycline degradation, Int. J.
Miner. Metall. Mater.,27(2020), No. 6, p. 830.

[55] F.C. Wen, S.R.G.G. Li, Y. Chen, et al., Corrugated rGO-sup-
ported Pd composite on carbon paper for efficient cathode of
Mg-H,0; semi-fuel cell, Rare Met., 41(2022), No. 8, p. 2655.


https://doi.org/10.1016/j.jphotochem.2021.113486
https://doi.org/10.1016/j.jphotochem.2021.113486
https://doi.org/10.1007/s12274-015-0855-2
https://doi.org/10.1002/aenm.201501190
https://doi.org/10.1021/am500157u
https://doi.org/10.1021/am500157u
https://doi.org/10.1002/anie.202300640
https://doi.org/10.1002/anie.202300640
https://doi.org/10.1016/j.jcrysgro.2010.07.022
https://doi.org/10.1016/j.jallcom.2023.170904
https://doi.org/10.1016/j.jallcom.2023.170904
https://doi.org/10.1021/acsanm.3c00400
https://doi.org/10.1021/acsanm.3c00400
https://doi.org/10.1002/smll.202102744
https://doi.org/10.1016/j.apcatb.2018.01.055
https://doi.org/10.1016/j.apcatb.2018.01.055
https://doi.org/10.1016/j.nanoen.2015.06.028
https://doi.org/10.1016/j.nanoen.2014.09.024
https://doi.org/10.1039/C5TA05023E
https://doi.org/10.1016/j.solmat.2018.04.003
https://doi.org/10.1039/C8CC02651C
https://doi.org/10.1016/j.cej.2020.126226
https://doi.org/10.1007/s12613-020-2033-0
https://doi.org/10.1016/j.nanoso.2020.100615
https://doi.org/10.1039/C3RA45743E
https://doi.org/10.1016/j.matchemphys.2018.08.032
https://doi.org/10.1016/j.jallcom.2017.08.079
https://doi.org/10.1039/C9NR10439A
https://doi.org/10.1016/j.cej.2019.123607
https://doi.org/10.1039/C9EN00899C
https://doi.org/10.1109/JSEN.2020.2977972
https://doi.org/10.1021/acsanm.0c01886
https://doi.org/10.1021/acsanm.0c01886
https://doi.org/10.1002/adfm.201807279
https://doi.org/10.1016/j.nanoen.2018.01.033
https://doi.org/10.1016/j.apsusc.2021.150903
https://doi.org/10.1016/j.jallcom.2022.166878
https://doi.org/10.1016/j.jallcom.2022.166878
https://doi.org/10.1007/s12613-020-2131-z
https://doi.org/10.1007/s12613-019-1923-5
https://doi.org/10.1007/s12613-019-1923-5
https://doi.org/10.1007/s12598-022-01964-9

244

[56] X. Yu, Z.H. Zhao, N. Ren, et al., Top or bottom, assembling
modules determine the photocatalytic property of the sheetlike
nanostructured hybrid photocatalyst composed with Sn;O4 and
rGO (GQD), ACS Sustainable Chem. Eng., 6(2018), No. 9, p.
11775.

[57]1 X.F. Zeng, J.S. Wang, Y.N. Zhao, W.L. Zhang, and M.H.
Wang, Construction of TiO,-pillared multilayer graphene nano-
composites as efficient photocatalysts for ciprofloxacin degrad-
ation, Int. J. Miner. Metall. Mater.,28(2021), No. 3, p. 503.

[58] H.M. Shao, X.Y. Shen, X.T. Li, et al., Growth mechanism and
photocatalytic evaluation of flower-like ZnO micro-structures
prepared with SDBS assistance, Int. J. Miner. Metall. Mater.,
28(2021), No. 4, p. 729.

[59] R.Q. Yang, Y.C. Ji, J. Zhang, et al., Efficiently degradation of
polyacrylamide pollution using a full spectrum Sn;O4
nanosheet/Ni foam heterostructure photoelectrocatalyst, Catal.
Today, 335(2019), p. 520.

[60] Y.Q. Han, M.M. Wei, S.Y Qu, ef al., Ag@AgCl quantum dots
embedded on Sn3O4 nanosheets towards synergistic 3D flower-
like heterostructured microspheres for efficient visible-lkght
photocatalysis, Ceram. Int., 46 (2020), No. 15, p. 24060.

[61] L. Chen, S. Yue, J. Wang, et al., Overall water splitting on sur-
face-polarized Sn;O4 through weakening the trap of Sn(Il) to
holes, Appl. Catal. B, 299(2021), art. No. 120689.

[62] L. Xu, W.Q. Chen, S.Q. Ke, et al., Construction of heterojunc-
tion Bi/BisO;1/Sn;O,4 for efficient noble-metal-free Z-scheme
photocatalytic H, evolution, Chem. Eng. J., 382(2020), art. No.
122810.

[63] L.Q. Yang, M.F. Lv, Y. Song, et al., Porous Sn;O,4 nanosheets
on PPy hollow rod with photo-induced electrons oriented migra-
tion for enhanced visible-light hydrogen production, Appl.
Catal. B, 279(2020), art. No. 119341.

[64] R.Q. Yang, Y.C. Ji, Q. Li, et al., Ultrafine Si nanowires/Sn;O4
nanosheets 3D hierarchical heterostructured array as a photoan-
ode with high-efficient photoelectrocatalytic performance, Appl.
Catal. B, 256(2019), art. No. 117798.

[65] Z. Chen, M.R. Gao, N.Q. Duan, et al., Tuning adsorption
strength of CO, and its intermediates on tin oxide-based elec-
trocatalyst for efficient CO, reduction towards carbonaceous
products, Appl. Catal. B, 277(2020), art. No. 119252.

[66] Y.S. Liu, A. Yamaguchi, Y. Yang, ef al., Visible-light-induced

Int. J. Miner. Metall. Mater., Vol. 31, No. 2, Feb. 2024

CO, reduction by mixed-valence tin oxide, ACS Appl. Energy
Mater., 4(2021), No. 12, p. 13415.

[67] L.W. Wang, F.E. Gao, A.Z. Wang, et al., Defect-rich adhesive
molybdenum disulfide/rGO vertical heterostructures with en-
hanced nanozyme activity for smart bacterial killing application,
Adv. Mater., 32(2020), No. 48, art. No. €2005423.

[68] L.W. Wang, X.W. Tang, Z.W. Yang, et al., Regulation of func-
tional groups enable the metal-free PDINH/GO advisable anti-
bacterial photocatalytic therapy, Chem. Eng. J., 451(2023), art.
No. 139007.

[69] LW. Wang, ZW. Yang, G.X. Song, et al., Construction of
S—N-C bond for boosting bacteria-killing by synergistic effect
of photocatalysis and nanozyme, Appl. Catal. B, 325(2023), art.
No. 122345.

[70] L.W. Wang, X. Zhang, X. Yu, ef al., An all-organic semicon-
ductor C3N4/PDINH heterostructure with advanced antibacteri-
al photocatalytic therapy activity, Adv. Mater., 31(2019), No.
33, art. No. 1901965.

[71] L.W. Wang, L. Liu, Z. You, et al., Surface amorphization oxy-
gen vacancy-rich porous SnzO, nanosheets for boosted photo-
electrocatalytic bacterial inactivation, Rare Met., 42(2023), No.
5, p. 1508.

[72] S. Li, F. Qin, Q. Peng, et al., Van der waals mixed valence tin
oxides for perovskite solar cells as UV-stable electron transport
materials, Nano Lett., 20(2020), No. 11, p. 8178.

[73] S. Li, J.L. Liu, S. Liu, et al., Yttrium-doped SnzO,4 two-dimen-
sional electron transport material for perovskite solar cells with
efficiency over 23%, EcoMat, 4(2022), No. 4, art. No. e12202.

[74] J. Wang, Q. Xu, W.W. Xia, et al., High sensitive visible light
photoelectrochemical sensor based on in situ prepared flexible
Sn304 nanosheets and molecularly imprinted polymers, Sens.
Actuators B, 271(2018), p. 215.

[75] W.W. Xia, H.Y. Qian, X.H. Zeng, J. Dong, J. Wang, and Q. Xu,
Visible-light self-powered photodetector and recoverable pho-
tocatalyst fabricated from vertically aligned Sn;O, nanoflakes
on carbon paper, J. Phys. Chem. C, 121(2017), No. 35, p.
19036.

[76] R. Xu, Y. Du, D.Q. Leng, ef al., Antigen down format photo-
electrochemical analysis supported by fullerene functionalized
Sn304, Chem. Commun., 56(2020), No. 54, p. 7455.


https://doi.org/10.1021/acssuschemeng.8b02030
https://doi.org/10.1007/s12613-020-2193-y
https://doi.org/10.1007/s12613-020-2138-5
https://doi.org/10.1016/j.cattod.2019.02.019
https://doi.org/10.1016/j.cattod.2019.02.019
https://doi.org/10.1016/j.ceramint.2020.06.184
https://doi.org/10.1016/j.apcatb.2021.120689
https://doi.org/10.1016/j.cej.2019.122810
https://doi.org/10.1016/j.apcatb.2020.119341
https://doi.org/10.1016/j.apcatb.2020.119341
https://doi.org/10.1016/j.apcatb.2019.117798
https://doi.org/10.1016/j.apcatb.2019.117798
https://doi.org/10.1016/j.apcatb.2020.119252
https://doi.org/10.1021/acsaem.1c02896
https://doi.org/10.1021/acsaem.1c02896
https://doi.org/10.1002/adma.202005423
https://doi.org/10.1016/j.cej.2022.139007
https://doi.org/10.1016/j.apcatb.2022.122345
https://doi.org/10.1002/adma.201901965
https://doi.org/10.1007/s12598-022-02208-6
https://doi.org/10.1021/acs.nanolett.0c03286
https://doi.org/10.1002/eom2.12202
https://doi.org/10.1016/j.snb.2018.05.098
https://doi.org/10.1016/j.snb.2018.05.098
https://doi.org/10.1021/acs.jpcc.7b05520
https://doi.org/10.1039/D0CC02933E

	1 Introduction
	2 Structure and characteristics of Sn3O4
	3 Synthesis of Sn3O4
	4 Strategies for improving photocatalytic performance
	4.1 Mechanisms of photocatalytic enhancement
	4.2 Strategies for photocatalytic enhancement
	4.2.1 Morphological control
	4.2.2 Ion doping
	4.2.3 Heterostructures


	5 Application of Sn3O4-based materials
	5.1 Degradation of pollutants
	5.2 H2 generation
	5.3 Reduction of CO2
	5.4 Antibacterial therapy
	5.5 Solar cells
	5.6 Sensors

	6 Conclusions and future perspectives
	Acknowledgements
	Conflict of Interest
	参考文献

