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Abstract

Bismuth sulfide is valued for its unique physical properties like electrical conductivity, high carrier mobility and concentration,
suitable band gap, high X-ray attenuation coefficient, high absorption coefficient and so on, making it suitable for applications in
electronics, catalysis, environmental remediation, energy storage, sensors, and biomedical fields. For instance, its
semiconducting qualities and high surface area make it effective for processes like adsorption and photocatalysis and suitable
band gap, stability, and visible light absorption capabilities, Bi»S3 shows promise for hydrogen generation through photocatalytic
water splitting. Furthermore, Bi,S3; can be prepared utilizing controlled temperatures, precursors, and solvents via various
synthesis methods, including the sol-gel method, chemical methods and chemical deposition methods. From these techniques,
sol-gel method is the most common due to its cost effectiveness and ability to create high-quality materials at low temperatures.
Having these as initiative concept, this review offers further studies to improve synthesis processes, optimize characteristics and
explore new applications. Therefore, this work suggested that further investigation on Bismuth sulfide is needed to improve its
properties for specific uses through doping as well as utilizing different synthesis techniques.
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1. Introduction

Bismuth is the heaviest stable element on the periodic table,
with an atomic number of 83 and an atomic mass of 208. 980.
It has various radioactive isotopes, particularly 212Bi and
213Bi, which effectively kill cells due to their particle emis-
sions and limited penetration range of 40 to 80 micrometers,
helping to protect surrounding normal tissues [1, 2]. Despite
being a heavy metal, bismuth is safe to use as it is nontoxic
and noncarcinogenic, unlike toxic elements like arsenic and
lead. Bismuth (III) complexes have varied structures due to its

lone pair of electrons, resulting in pyramidal and bipyramidal
shapes. Bismuth and its compounds are used in many appli-
cations [3].

Bismuth-based compounds are a group of materials with
special structural and magnetic features, including bismuth
sulfide, oxide, alloys, chalcogenides, and more [4]. They are
important for various uses in medicine, electronics, thermoe-
lectric applications, photo catalysis, and superconductivity,
making them a key area of study in materials science [5].
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Researchers have noted that complex oxides are particularly
effective for many uses because of their strong corrosion
resistance and beneficial physical traits [6].

Recent studies have focused on Bi compounds, leading to
the creation of Bi-based materials with various structures at
micro and nanometer sizes. This has been achieved through
several methods, resulting in three-dimensional materials like
nanotubes, nanospheres, nanosheets, and nanowires, which
have special features [7]. These materials can undergo aque-
ous hydrolysis at room temperature and also work under dif-
ferent conditions like hydrothermal or solvothermal processes,
high-temperature annealing, and other techniques [8]. Their
light-harvesting and charge transport abilities have made them
effective as photocatalysts for breaking down various antibi-
otics and contaminants [8].

Most bismuth-based compounds are in the form of metal
oxides and sulfides. Research on these compounds uses var-
ious synthesis techniques like sol gel, chemical methods and
chemical depositions. They uses characterization techniques
including X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM), and spectroscopy methods
like UV-Vis and FTIR to analyze their size, structure, shape,
composition, and surface properties, for its prominent appli-
cations [8-11].

Interest in bismuth and its compounds has grown in the past
decade due to their unusual properties, such as higher density
in liquid form, expansion on solidification, oxidized rapidly,
high reactivity with nitric acid, low melting point, low cost,
low toxicity, safe, stability volume expansion upon freezing,
high x-ray absorption coefficient, high diamagnetism, low
thermal conductivity, high electrical resistance and hall effect
and increasing environmental concerns as well as the need for
green reagents [11]. Thus, this review focused on bismuth
sulfide, detailing its synthesis methods, physical properties,
and applications in electronics, catalysis, environmental re-
mediation, energy storage, sensors, and biomedicine. It in-
volved a systematic literature search across databases like
PubMed, Scopus, and Web of Science, aiming to identify
limitations in current research and suggest areas for future
studies. Overall, the review highlights the significance of
bismuth sulfide in science and technology and guides future
research. Consequently, this review overviewed the properties,
applications, synthesis methods and characterization tech-
niques. Thus, found that, the special properties of Bismuth
sulfide, making it valuable in electronics, optics, energy
conversion, and environmental cleanup. For instance its
semiconducting qualities and large surface area enhance its
effectiveness in adsorption and photocatalysis. Bi»S; shows
promise for hydrogen generation through photocatalytic water
splitting due to its ideal band gap and ability to absorb visible
light. From all other synthesis methods, the sol-gel method is
the appropriate method due to its cost effective and which
produces high-purity materials at lower temperatures.
Therefore, this work suggested that further investigation is
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needed to improve its properties for specific uses.

2. Physical Properties and Applications
of Bismuth Sulfide

2.1. Highlighted Physical Properties of Bi2S3

Bismuth sulfide is a semiconductor with a bandgap energy
between 1. 3 and 1. 5 eV, its intrinsic properties like electrical
conductivity from 107 to 10”7 Q! cm™!, hole mobility around
1100. cm?/Vs, high carrier concentration and carrier mobility
at 300K make it useful for different electronic applications
[12, 13]. It has good thermoelectric properties, indicated by a
high Seebeck coefficient and low thermal conductivity, which
makes it suitable for thermoelectric generators and coolers.
Additionally, bismuth sulfide has strong optical absorption
from the visible to near-infrared range from 10*to 10° cm’!,
makes it good ligh absorber and beneficial for photodetectors
and photovoltaic uses. It is suitable in solar cell fabrication
due to its high electron concentration about 3x10'® cm™3 and
carrier mobility of around 200 cm?/Vs at room temperature.
Bismuth sulfide has orthorhombic crystal structure and can be
made in different nanostructured forms like nanoparticles,
nanowires, and nanosheets, improving its surface area and
application performance. Some studies also show magnetic
properties in doped or nanostructured bismuth sulfide that can
be used in spintronic applications [14].

2.2. Applications of Bismuth Sulfide (Bi2S3)
Nanoparticles

2.2.1. General and Evolutionary Applications

Bismuth sulfide (Bi>S3) nanoparticles are highly versatile
materials with applications spanning energy, environment,
medicine, and optoelectronics. Initially studied as simple
photoconductors due to their semiconducting nature, they
gradually evolved into multifunctional materials. Their suit-
able bandgap (1.3-1.7 eV), strong visible-NIR absorption, and
high carrier mobility make them ideal for thin-film solar cells,
infrared photodetectors, and photodetectors [15]. By the
1990s, Bi,S3 was explored in thermoelectric energy conver-
sion, leveraging nanostructuring and alloying for improved
efficiency. The 2000s-2010s saw applications in photovolta-
ics, environmental photocatalysis, and hybrid energy systems
(batteries and supercapacitors), using heterojunctions and
defect engineering to enhance light absorption and charge
separation [16-22, 27]. This evolution demonstrates how the
intrinsic properties of Bi,S; have enabled its transition from
basic semiconductor research to advanced multifunctional
nanomaterials.

2.2.2. Biomedical and Environmental Applications

In biomedical research, Bi»S3; nanoparticles serve as con-
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trast agents for computed tomography due to high X-ray at-
tenuation and as photothermal therapy (PTT) agents because
of strong NIR absorption. Coupling with immunoactive
polymers or drug-delivery systems enables synergistic cancer
treatment, improving chemotherapy and radiotherapy out-
comes [17-21]. In environmental applications, Bi,S; effec-
tively degrades organic dyes such as methylene blue, rhoda-
mine B, and methyl orange under visible light. Composite
photocatalysts, including Bi>S3; /ZnO, achieve high degrada-
tion efficiencies, while Bi,S; adsorbs heavy metals like lead,
cadmium, and arsenic due to its large surface area [23]. These
biomedical and environmental functions highlight Bi,S;’s
multifunctionality and eco-friendly potential.

2.2.3. Optoelectronic, Photocatalytic, and Energy
Storage Applications

Bi,S3 nanostructures have advanced optoelectronic devices,
including broadband photodetectors, phototransistors, and
sensors, due to their non-toxicity, chemical stability, high
crystallinity, and wide spectral absorption [24-26]. As a
photocatalyst, Bi,S; generates hydrogen from water under
visible light, converts biomass into hydrogen, and synergizes
with other semiconductors or metal nanoparticles to boost
efficiency [27]. In energy storage, Bi>S3 anodes in lithium-ion
batteries offer high theoretical capacity and conversion reac-
tions, while supercapacitor electrodes benefit from pseudo-
capacitance and high surface area. Hybrid bat-
tery-supercapacitor systems further improve energy and
power density [22]. Collectively, these applications illustrate
the integration of Bi,S; into modern energy, electronics, and
catalytic technologies.

Table 1. Applications of Bismuth Sulfide Correspond to its Physical Properties.

Properties of Bi>S3

Suitable band gap and optical properties

Strong light absorption capabilities in the visible to near-infrared
range (1.3 and 1. 5 eV)

Good thermoelectric performance and low thermal conductivity.

magnetic properties in doped or nanostructured Bi2S3,

Highest coefficient of X-ray attenuation (low cost104 to 105 cm- 1)

potential to utilize without leaving any residue in the organisms long

time of residence

biocompatibility and ability to convert light into heat

Acts like a semiconductor, which means it can conduct electricity
under certain conditions.

-It has a high surface area, making it useful in various applications.

Its nanostructured forms display pseudocapacitive properties, allow-
ing for better energy storage capabilities.

cost-effective

Absorb heavy and toxic metal ions such as from aqueous solutions due

to high surface area and strong attraction to those toxic metals (affin
ity) for instance laed and arsenal.

Photocatalytic activity
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Applications of Bi>S3 References
Photovoltaics material for thin-film solar cells [27]
Photodetectors

-Infared Photodetectors and photovoltaic appli-

cations [20, 21]
-photodetector in Imaging and sensing technol-

ogy

Thermoelectric Devices

-Thermoelectric generators and coolers [28]
-Converting waste heat into electrical energy

Electronic devices

-Leveraged for spintronic applications.

Medical applications

- tumor or cancer cell distruction, drug delivery ~ [17, 18]
and photothermal therapy

Energy storage devices

-to enhance charge storage capabilities [19]
-used as an electrode material in supercapacitors

-Used in Sodium ion battery rather lithium ion [29]
battery

Wastewater treatment

Photocatalyst

-Breakdown of complex organic molecules into [30]

less harmful substances and treating industrial
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Properties of Bi>S3

Non-toxic nature, large surface area, chemical stability, high crystal-
linity and light absorptivity ability in the visible and near infra-red
region of the solar spectrum

Photoelectrochemical catalysis which uses sunlight to split water into

hydrogen and oxygen, making it an effective method for generating
clean energy.

possess sites of hydrogen adsorption that can be influenced by prop-
erties such as morphology, pore density and particle size

Overall, Bismuth sulfide (Bi,S3) is a compound of great
interest because of its special physical properties and wide
range of uses, especially in electronics, optics, and energy
conversion. It is useful in energy storage devices due to its
semiconducting nature and potential for large surface area in
nanostructured forms. In environmental cleanup, it can help
remove heavy metals, dyes, and other organic pollutants from
wastewater through processes like adsorption and photoca-
talysis. It acts as a photocatalyst to break down organic dyes
like methylene blue and rhodamine B when exposed to visible
light, turning harmful substances into less dangerous ones.
Additionally, Bi,S3; shows promise for hydrogen generation,
particularly through photocatalytic water splitting, thanks to
its ideal bandgap, stability, and ability to absorb visible light,

Applications of Bi>S3 References
effluents.

Sensing devices [24]

-laser detector [25,26]
Catalysis

-Water splitting for hydrogen and oxygen gener-  [31]

ation

Hydrogen storage [32]

-used as energy source to power automobiles [33]

making it a good option for producing solar-driven hydrogen.

3. Common Synthesis Methods and
Characterizations of Bismuth Sulfide

Bismuth sulfide nanoparticle materials were prepared by
employing controlled temperatures, precursors, and solvents
via multiple synthesis methods, including chemical methods
(hydrothermal use of water as solvent, ionothermal use of
ionic liquid as solvent, and solvothermal use of different
solvents rather than water) and the sol-gel method (use of
polymeric precursors and deposition methods) listed as in the
Table 2.

Table 2. Comparisons of Synthesis Methods for Preparation of Bismuth Sulfide Nanoparticles Materials.

Requirements Sol gel methods of preparing Bi2S3

-Bismuth acetate (Bi(C2H302)3)

-Bismuth Nitrate pentahydrate (Bi(NO3)3.5H20) and
Precursors -Hydrogen sulfide (H2S),

-Thiourea (C5(NHz2)2),

-Sodium sulphide (Na2S) [34, 35].

Solvents with their Water or alcohol [34, 35].

uses
Temperature At low temperature [34, 35].
-High purity due to homogeneity at molecular level
-reducing processing temperature (reducing energy cost)
Advantages -control over particle size and morphology by adjusting PH, concentration and drying condition
-versatility (used to prepare thin films, powders and bulk materials)
-scalability (can be easily scaled up by industrial applications) [34, 35].
-Time consuming due steps like gelation, aging, drying and calcination
) -Precise control over parameters is required to achieve desired properties, which may complicate the process.
Disadvantages

- Uniformity and consistency at larger scales can be challenging.

-The final product may exhibit high porosity, which can affect its mechanical strength and stability [34, 35].
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Requirements

Requirements

Precursors

Solvents

Temperature

Advantages

Disadvantages

Requirements

Precursors

Solvents

Temperature

Advantages

Sol gel methods of preparing Bi2S3

Chemical methods of preparing Bi>S3

-Bismuth acetate (Bi(C2H302)3)

-Bismuth Nitrate pentahydrate (Bi(NO3)3.5H20)
-Bismuth Cloride (BiCCl3)

-Hydrogen sulfide (H2S),

-Thiourea (C5(NHz2)2),

-Sodium sulphide (Na2S)

-elemental sulfur (Ss) [36].

-Water or aqueous solution (chemical precipitation)

-water under high pressure and temperature (Hydrothermal)

- Organic solvents (like ethylene glycol, alcohols, etc)(solvothermal)
-Electrolytic solution or aqueous solution (Electrochemical deposition)

- Solvent is not applicable; gas-phase process [36].
At High temperature

-High purity due to controlled reaction environment

-Versatility

-Scalability (can be scaled up for larger production without significant loss of quality)

-control over morphology (control over particle size and morphology by adjusting reaction parameters)
-versatility (used to prepare thin films, powders and bulk materials)

-scalability (can be easily scaled up by industrial applications)

-Rapid synthesis [36].

-High cost (may require expensive equipment and operational costs)

-Limited control over crystal size

-Environmental concern, toxicity and complexity [36].
Deposition methods of preparing Bi2S3

-Chemical Vapor Deposition (CVD): Bismuth chloride (BiCls), Hydrogen sulfide (H2S and elemental sulfur (S)

- Metal-Organic Chemical Vapor Deposition (MOCVD): Bismuth tris (ethyl) (Bi(C2Hs)3) and dimethyl sulfide
((CHs)28)

-Pulsed Laser Deposition (PLD): Solid targets of bismuth sulfide (Bi2S3).

-Spray Pyrolysis: Aqueous solutions of bismuth nitrate (Bi(NO3)3) and thiourea (CS(NH2)2) or sodium sulfide
(Na2S).

Electrodeposition: Bismuth salts (Bi(NO3)s) in an electrolyte solution containing sulfide ions from sodium sulfide
(Na2s) [37-39].

- Solvent is not applicable; gas-phase process (chemical vapor deposition, Metal-Organic Chemical Vapor Depo-
sition (MOCVD)).

-Solvent is not applicable; uses solid targets and a laser source (Pulsed Laser Deposition (PLD)).

-Water or organic solvents, depending on the precursor solution (Spray Pyrolysis).

-water as a solvent (Electrodeposition) [37-39].

At High temperature [37-39].

Chemical Vapor Deposition (CVD)

Produces high-quality thin films with uniform thickness,

Suitable for large-area coatings and complex geometries.

high purity and excellent crystallinity of the deposited films [37, 38].

Metal-Organic Chemical Vapor Deposition (MOCVD)

Allows for precise control over film composition and thickness.
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Requirements Sol gel methods of preparing Bi2S3

Capable of producing high-quality epitaxial layers.

Pulsed Laser Deposition (PLD)

Can produce films with excellent stoichiometry and crystalline quality.

Allows for the deposition of complex heterostructures [39].

Spray Pyrolysis

Cost effective method suitable for large-area coatings.

Can be applied to various substrates including flexible ones.

Electrodeposition

Allows for precise control over film thickness and morphology.

Cost-effective and scalable for large-area applications.

Chemical Vapor Deposition (CVD)

Requires high temperatures and specialized equipment and the process can be hazardous due to the use of toxic

gases [37, 38].

Metal-Organic Chemical Vapor Deposition (MOCVD)

High equipment costs and complexity.

Requires careful handling of organometallic precursors due to toxicity [38].

Pulsed Laser Deposition (PLD)

Disadvantages

Requires vacuum conditions and sophisticated laser equipment.

The process can lead to non-uniformity in film thickness [39]

Spray Pyrolysis

May result in lower film quality compared to other deposition methods.

Requires optimization of spray parameters for uniformity.

Electrodeposition

Requires careful control of electrochemical parameters to avoid defects.

Limited to conductive substrates.

Therefore, Bismuth sulfide (Bi,S3) is a semiconductor
material with applications in photodetectors, solar cells, and
thermoelectric devices. It can be synthesized using various
techniques, including the sol-gel method, chemical deposition
methods, and other chemical approaches. The sol-gel method
is a widely used synthesis technique for producing Bi»Ss, as it
effectively creates uniform and high-purity materials at rela-
tively low temperatures. In this process, the solution is stirred
until a gel forms; this gel is then dried and calcined to yield
Bi,Ss.

4. Summary and Conclusions

Bismuth sulfide (Bi2S3) is covered in detail in this review,
along with its synthesis techniques, physical ad chemical
characteristics, and several uses in biomedicine, electronics,
energy storage, sensors, environmental remediation, and ca-
talysis. In processes including photocatalysis, hydrogen gen-
eration via water splitting, adsorption, and optoelectronic
applications, BizS; is a highly flexible material due to its
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semiconducting characteristics, small bandgap, strong visible
NIR absorption, high carrier mobility and low toxicity.
Sol-gel is preferred for creating high quality materials at low
temperatures, although they can also be manufactured using
ionothermal, sol thermal, hydrothermal, and sol-gel proce-
dures. X-ray diffraction and UV Vis spectroscopy are two
examples of characterization techniques that are crucial for
comprehending its optical and structural characteristics.
From simple photoconductors to multifunctional nano-
materials for advanced energy, environmental, and biomedi-
cal applications, Bi,S; nanoparticles have undergone a re-
markable evolution. In the future, sustainable commerciali-
zation will depend on the development of scalable, green and
mechanochemical synthesis methods; further optimization
through bandgap engineering, heterostructure integration, and
multifunctional design will improve performance in photo-
catalytic, sensing, optoelectronic and biomedical systems; and
systematic studies on long-term biocompatibility, stability,
and recyclability are crucial for safe and successful real-world
deployment. In general, these directions highlight BizS; na-
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noparticles as a cornerstone material in next-generation nan-
otechnology, bridging clean energy, environmental sustaina-
bility, and healthcare innovation while filling existing re-
search gaps and directing future investigations.

Abbreviations

XRD X-ray Difraction

SEM Scaning Electron Microscopy
PLD Pulsed Laser Deposition

CVD Chemical Vapour Deposition
AFM Atomic Force Microscopy
TEM Transition Electron Microscopr

Author Contributions

Abdi Yirdew is the sole author. The author read and ap-
proved the final manuscript.

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] Radchenko, V., et al. (2018). Targeted alpha therapy with
~213Bi and "212Pb: Physical and biological properties and
preclinical results. Seminars in Nuclear Medicine, 48(2),
127-136. https://doi.org/10.1053/j.semnuclmed.2017.11.001

[2] Eychenne, R., Chérel, M., Haddad, F., Guérard, F., & Gestin,
J.-F. (2021). Overview of the Most Promising Radionuclides
for Targeted Alpha Therapy: The “Hopeful Eight”. Pharma-
ceutics, 13(6), 906.
https://doi.org/10.3390/pharmaceutics 13060906

[3] Farrell, N. P., Williamson, J., & McLaren, D. J. (1984). Effects
of platinum antitumor drugs on the ultrastructure and function
of Schistosoma mansoni. Biochemical Pharmacology, 33(6),
961-971. https://doi.org/10.1016/0006-2952(84)90034-2

[4] Ajiboye, T.O., Oyewo, O. A., & Onwudiwe, D. C. (2021). The
performance of bismuth-based compounds in photocatalytic
applications. Surfaces and Interfaces, 23, 100927.
https://doi.org/10.1016/j.surfin.2021.100927

[S] Xia, P, Song, Y.J., Liu, Y. Z., Long, M. X., Yang, C., Zhang,
X.Y., & Zhang, T. (2024). Advances in the optical and elec-
tronic properties and applications of bismuth-based semicon-
ductor materials. Journal of Materials Chemistry C, 12(5),
1609-1624. https://doi.org/10.1039/D3TC03329E

[6] Jaca, E., Hotaf, A., Pesicka, J., & Mindrik, P. (2023). Oxidation
properties of complex concentrated alloys FeAICrV and
FeAlCrMo. Journal of Materials Science, 58(1), 123-135.
https://doi.org/10.1007/s10853-023-08571-8

[71 Répichet, S., Zwick, A., Vendier, L., Le Roux, C., & Dubac, J.
(2002). A practical, cheap and environmentally friendly prep-

52

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

aration of bismuth (III) trifluoromethanesulfonate. Tetrahe-
dron Letters, 43(6), 993-995.
https://doi.org/10.1016/S0040-4039(01)02307-3

Dutta, V., Chauhan, A., Verma, R., Gopalkrishnan, C., &
Nguyen, V. (2022). Recent trends in Bi-based nanomaterials:
challenges, fabrication, enhancement techniques, and envi-
ronmental applications. Beilstein Journal of Nanotechnology,
13, 1316-1336. https://doi.org/10.3762/bjnano.13.109

Shukla, D., Ghosh, S. B., Bandyopadhyay-Ghosh, S., &
Mishra, D. (2022). Aloe-vera-based biopolymeric composite
scaffolds for bone tissue engineering: A review. Materials
Today Proceedings, 79, 198-203.
https://doi.org/10.1016/j.matpr.2022.10.056

Irshad, M. 1., Ahmad, P., Khalid, A., Alam, M. M., Sobahi, N.,
Din, 1. U., Nazir, R., Alharthi, A. I., Rehman, F., Yar, A.,
Haleem, Y. A., Wattoo, A. G., & Tahir, M. B. (2022). Evalu-
ation of structural, magnetic and concentration dependent
texture variations of electrodeposited cobalt nanowires. Mate-
rials Science in Semiconductor Processing, 152, 107042.
https://doi.org/10.1016/j.mssp.2022.107042

Mourdikoudis, S., Pallares, R. M., & Thanh, N. T. K. (2018).
Characterization techniques for nanoparticles: comparison and
complementarity upon studying nanoparticle properties. Na-
noscale, 10(27), 12871-12934.
https://doi.org/10.1039/c8nr02278;

Sharma, S., Kumar, D., & Khare, N. (2019). Plasmonic Ag
nanoparticles decorated Bi2S3 nanorods and nanoflowers:
Their comparative assessment for photoelectrochemical water
splitting. International Journal of Hydrogen Energy, 44(7),
3538-3552. https://doi.org/10.1016/j.ijhydene.2018.11.169

Caracas, R., & Gonze, X. (2005). First-principles study of the
electronic properties of A,B3 minerals, with A = Bi, Sb and B
=S, Se. Physics and Chemistry of Minerals, 32(4), 295-300.
https://doi.org/10.1007/s00269-005-0441-9

Liu, Y., et al. (2022). Photoluminescence properties of BixS3
nanostructures for optoelectronic applications. Applied Sur-
face Science, 579, 152204.
https://doi.org/10.1016/j.apsusc.2021.152204

Kumar, K. S., Giribabu, K., Suresh, R., Manigandan, R.,
Praveen Kumar, S., & Narayanan, V. (2021). Bismuth sul-
phide/reduced graphene oxide nanocomposites as an electro-
chemical sensing platform for hexanitrodiphenylamine. Mate-
rials Letters, 283, 128804.
https://doi.org/10.1016/j.matlet.2020.128804

Kumar, R., et al. (2023). Bismuth sulfide as an efficient pho-
tocatalyst for environmental remediation. Chemical Engi-
neering Journal, 451, 138825.
https://doi.org/10.1016/j.cej.2022.138825

Liu, J., Zheng, X., Yan, L., Zhou, L., Tian, G., Yin, W., Wang,
L., Liu, Y., Hu, Z., Gu, Z., Chen, C., & Zhao, Y. (2015).
Bismuth sulfide nanorods as a precision nanomedicine for in
vivo multimodal imaging-guided photothermal therapy of
tumor. ACS Nano, 9(1), 696-707.
https://doi.org/10.1021/nn506521h


http://www.sciencepg.com/journal/wjmst

World Journal of Materials Science and Technology

http://www.sciencepg.com/journal/wjmst

[18]

[21]

[24]

[28]

Ai, K., Liu, Y., Liu, J., Yuan, Q., He, Y., & Lu, L. (2011).
Large-scale synthesis of Bi2S3 nanodots as a contrast agent for
in vivo X-ray computed tomography imaging. Imaging, 23,
4886-4891.

Wang, Z., Liu, S., Wang, L., Zou, H., Wang, Z., Tang, X., Feng,
W., Chong, Y., Liu, Y., Yang, B., & Zhang, H. (2020). Bi-
VO,@Bi,S3 heterojunction nanorods with enhanced charge
separation efficiency for multimodal imaging and synergy
therapy of tumor. ACS Applied Bio Materials, 3(8), 5080-5092.
https://doi.org/10.1021/acsabm.0c00639

Yu, H., et al. (2019). Effective radiotherapy in tumor assisted
by Ganoderma lucidum polysaccharide-conjugated bismuth
sulfide nanoparticles through radiosensitization and dendritic
cell activation. ACS Applied Materials & Interfaces, 11(31),
27536-27547. https://doi.org/10.1021/acsami.9b08618

Nosrati, H., et al. (2019). Tumor targeted albumin coated
bismuth sulfide nanoparticles (Bi,S3) as radiosensitizers and
carriers of curcumin for enhanced chemoradiation therapy.
ACS Biomaterials Science & Engineering, 5(10), 4416-4424.
https://doi.org/10.1021/acsbiomaterials.9b00910

Zhang, Y., et al. (2023). Bismuth sulfide nanostructures as
high-performance anodes for lithium-ion batteries. Journal of
Power Sources, 573, 232-240.
https://doi.org/10.1016/j.jpowsour.2023.232240

Chen, L., et al. (2022). Bismuth sulfide-based composites for
efficient removal of contaminants from water: A review.
Chemical Engineering Journal, 441, 137-145.
https://doi.org/10.1016/j.cej.2022.137145

Chao, J., Xing, S., Liu, Z., Zhang, X., Zhao, Y., Zhao, L., &
Fan, Q. (2018). Large-scale synthesis of Bi2S3 nanorods and
nanoflowers for flexible near-infrared laser detectors and vis-
ible light photodetectors. Materials Research Bulletin, 98,
194-199. https://doi.org/10.1016/j.materresbull.2017.12.016

Li, H., Yang, J., Zhang, J., & Zhou, M. (2012). Facile synthesis
of hierarchical Bi2S3 nanostructures for photodetector and gas
sensor. RSC Advances, 2(15), 6258-6261.
https://doi.org/10.1039/C2RA21355F

Chao, J., Zhang, Y., Xing, S., Li, H., Cui, C., & Zhou, W.
(2021). Facile fabrication of bismuth sulphide microflowers
for a novel type of flexible paper laser detector. Materials
Science and Engineering: B, 263, 114831.
https://doi.org/10.1016/j.mseb.2020.11483 1

Zhang, Y., et al. (2023). Bismuth sulfide nanostructures for
efficient photocatalytic hydrogen generation: Mechanisms and
performance. Journal of Energy Chemistry, 76, 222-230.
https://doi.org/10.1016/j.jechem.2022.12.034

Wang, Y., et al. (2023). Enhancing the thermoelectric perfor-
mance of bismuth sulfide nanostructures. Journal of Materials
Science, 58(1), 123-135.
https://doi.org/10.1007/s10853-022-06378-1

Kajana, T., Pirashanthan, A., Velauthapillai, D., Yuvapra-
gasam, A., Yohi, S., Ravirajan, P., & Senthilnanthanan, M.

53

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

(2022). Potential transition and post-transition metal sulfides
as efficient electrodes for energy storage applications: review.
RSC Advances, 12(28), 18041-18062.
https://doi.org/10.1039/d2ra01574a

Oladipo, A. A., & Mustafa, F. S. (2023). Bismuth-based
nanostructured photocatalysts for the remediation of antibiot-
ics and organic dyes. Beilstein Journal of Nanotechnology, 14,
291-321. https://doi.org/10.3762/bjnano.14.26

Jiang, X., Song, Y., Dou, M., Ji, J., & Wang, F. (2018). Selec-
tive growth of vertically aligned two-dimensional MoS,/WS,
nanosheets with decoration of Bi2S; nanorods by micro-
wave-assisted hydrothermal synthesis: Enhanced photo- and
electrochemical performance for hydrogen evolution reaction.
International Journal of Hydrogen Energy, 43(48),
21290-21298. https://doi.org/10.1016/j.ijhydene.2018.10.158

Wang, Q., Wang, X., Lou, W., & Hao, J. (2010). lonothermal
synthesis of bismuth sulfide nanostructures and their electro-
chemical hydrogen storage behavior. New Journal of Chemis-
try, 34(9), 1930-1935. https://doi.org/10.1039/CONJ00244H

Zhang, B., Ye, X., Hou, W., Zhao, Y., & Xie, Y. (2006). Bi-
omolecule-assisted synthesis and electrochemical hydrogen
storage of Bi2S3 flowerlike patterns with well-aligned nanorods.
The Journal of Physical Chemistry B, 110(18), 8978-8985.
https://doi.org/10.1021/jp060868g

Mouhib, Y., Belaiche, M., Elansary, M., & Ferdi, C. A. (2021).
Effect of heating temperature on structural and magnetic
properties of zinc ferrite nanoparticles synthesized for the first
time in presence of Moroccan reagents. Journal of Alloys and
Compounds, 895, 162634.
https://doi.org/10.1016/j.jallcom.2021.162634

Han, X., Ge, R., Zhang, C., & Liu, H. (2022). A facile and
energy-saving preparation of a-ZnMoOs nanorods for en-
hanced Li-ion intercalation application. Materials Chemistry
and Physics, 291, 126737.
https://doi.org/10.1016/j.matchemphys.2022.126737

Ajiboye, T. O., & Onwudiwe, D. C. (2021). Bismuth sulfide
based compounds: Properties, synthesis and applications. Re-
sults in Chemistry, 3, 100151.
https://doi.org/10.1016/j.rechem.2021.100151

KSharma, S., & Khare, N. (2017). Synthesis of bismuth sulfide
nanostructures for photodegradation of organic dye. AIP
Conference Proceedings, 1832, 050064.
https://doi.org/10.1063/1.4980297

Tiwari, A., et al. (2021). Chemical vapor deposition of bismuth
sulfide thin films for optoelectronic applications. Materials
Science and Engineering: B, 273, 115402.
https://doi.org/10.1016/j.mseb.2021.115402

Kim, H., et al. (2023). Pulsed laser deposition of Bi2S3 films:
Effects of laser fluence on structural properties. Applied Sur-
face Science, 604, 154393.
https://doi.org/10.1016/j.apsusc.2022.154393


http://www.sciencepg.com/journal/wjmst

