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Review on synthetic approaches and PEC activity
performance of bismuth binary and mixed-anion
compounds for potential applications in marine
engineering
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Jiaji Zhang, ® Huiyu Chen®€ and Zaichun Sun
Photoelectrochemical (PEC) technology in marine engineering holds significant importance due to its
potential to address various challenges in the marine environment. Currently, PEC-type applications in
marine engineering offer numerous benefits, including sustainable energy generation, water desalination
and treatment, photodetection, and communication. Finding novel efficient photoresponse semi-
conductors is of great significance for the development of PEC-type techniques in the marine space.
Bismuth-based semiconductor materials possess suitable and tunable bandgap structures, high carrier
mobility, low toxicity, and strong oxidation capacity, which gives them great potential for PEC-type appli-
cations in marine engineering. In this paper, the structure and properties of bismuth binary and mixed-
anion semiconductors have been reviewed. Meanwhile, the recent progress and synthetic approaches
were discussed from the point of view of the application prospects. Finally, the issues and challenges of
bismuth binary and mixed-anion semiconductors in PEC-type photodetection and hydrogen generation
are analyzed. Thus, this perspective will not only stimulate the further investigation and application of
bismuth binary and mixed-anion semiconductors in marine engineering but also help related practitioners
understand the recent progress and potential applications of bismuth binary and mixed-anion
compounds.

1. General introduction

The photoelectrochemical (PEC) conversion process plays a
significant role in various fields like marine engineering,
owing to various advantages such as high efficiency, inte-
gration of renewable energy, grid stabilization, compact size,
and environmental benefits.' The PEC process reaction
involves the utilization of light energy to drive electrochemical
processes at the surface between the photoelectrode and elec-
trolyte (Fig. 1). Under the illumination of sunlight, PEC water
splitting occurred on the surface of the photoelectrodes,
offering a sustainable pathway for hydrogen production
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through the reduction of H'.*® Meanwhile, the PEC-type
photodetectors have been regarded as a kind of self-powered
photodetector with high photoresponsivity and a fast response
speed, which can be used for underwater optical communi-
cation and display.” In addition, PEC-type devices can be used
as sensors for the detection of heavy metal ions and degra-
dation of pollutants.® Thus, embracing PEC technology can
help establish a greener and more sustainable strategy for
marine industries and coastal communities.

Since TiO, electrodes have been used for photoelectrochem-
ical degradation and hydrogen production under ultraviolet
light, the PEC-type technique has become a hot research area
in academia and industry and attracted widespread attention.’
However, due to its wide bandgap, TiO, can only utilize the
ultraviolet portion of sunlight, resulting in a low energy con-
version efficiency.”>'°"? Finding suitable visible light-driven
semiconductors has been regarded as one of the main
research themes in PEC-type applications. Recently, bismuth-
based semiconductors have received widespread attention due
to their promising optical and electrical properties.">™"”
Bismuth (Bi) is a rare heavy metal element in nature with low
toxicity and radioactivity, and can be called a “green

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematical mechanism for PEC activity.

element”.'® Owing to the existence of 6s> lone pair electrons,
bismuth ions tend to form asymmetrical coordinations with
anisotropic crystal structures."® Hence, Bi-based ionic crystals
can be used as multiferroics, superconductors, high ionic con-
ductors, photocatalysts, and photovoltaics.*®*7:20723
Bismuth-based semiconductors are a class of materials with
special electronic and optical structures.’**?%** Due to the
positive valence band position and strong oxidation ability of
most bismuth-based semiconductors, they are ideal catalysts for
water splitting and photocatalytic degradation of pollutants.>>>°
The optical and electrical properties, like bandgap and carrier
mobility, of bismuth-based compounds can be tuned by con-
trolling the anion composition.>**® Based on these character-
istics, the bandgap of bismuth-based compounds can be tuned
between 0.1 eV and around 6.0 eV, suitable for broadband
photoenergy conversion and detection.”>*® Some bismuth-
based compounds possessed very high carrier mobility; for
example, the carrier mobility of Bi,0,Se reached up to 450 cm®
v~' s7! at room temperature, which was even higher than that
of the well-investigated 2D material.>” In addition, bismuth-
based semiconductor materials have excellent chemical stability
so that BiOI is stable in the laboratory environment for at least
197 days.”® Also, very recently, the 2D in nature bismuth-based
semiconductors, like BiOI and Bi,O,Se, have been determined
as a kind of novel room-temperature ferroelectric material,>*>°
which would be fruitful for PEC-type and electrical applications.
According to the elemental composition, bismuth-based
compounds can be mainly divided into binary compounds

This journal is © The Royal Society of Chemistry 2024
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and ternary compounds. The binary compounds mainly
include bismuth oxide, bismuth sulfide, bismuth selenide,
bismuth telluride, etc.,”**'* while the ternary compounds
include bismuth vanadate, bismuth oxyhalides and
bismuth oxychalogenides,>?® etc. Until now, there have
been over 20 000 articles containing the keywords Bismuth-
based compounds and PEC. Among the investigated
bismuth-based semiconductors is bismuth vanadate
(BivO,): BiVO, is a well-studied bismuth-based oxide that
has shown promising performance as a photoanode for
PEC water splitting.***” BivO, has a suitable bandgap for
visible light absorption, good charge separation properties,
and relatively high catalytic activity. Until now, there are a
large number of review articles on BivVO,.>*?° Thus, we just
summarized the progress of bismuth binary and mixed-
anion compounds in this manuscript. This article mainly
discussed bismuth oxide, bismuth sulfide, bismuth oxyha-
lides, and bismuth oxychalogenides (Fig. 2). This review
first introduced the crystal structures and intrinsic pro-
perties of these compounds. Then, this article summarized
the reported synthesis techniques and challenges that are
faced, especially for thin films, although there are few
reviews focusing on the film deposition. Lately, the recent
PEC-type photodetection and water splitting was introduced
and the main issue of PEC stability was analyzed. Finally,
this perspective provides an outlook on the application pro-
spects of bismuth-based semiconductors in the field of
marine engineering.
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Fig. 2 Crystal structure of -Bi>Os3, Bi,Ss, BiOX, and Bi,O,Ch.

2. Introduction of bismuth binary and
mixed-anion compounds
2.1 Bismuth binary compounds

Bismuth-based binary compounds mainly include Bi,Os3,
Bi,S;, BiySes;, and Bi,Te; etc.’**'™* Among them, Bi,O; and
Bi,S; possessed promising photoelectric and photocatalytic
properties, which were widely used in photovoltaic devices,
optoelectronic devices, and photocatalytic applications.??***°
Bi,Se; is a kind of topological insulator with non-trivial
surface states and electronic structures, demonstrating
research significance in the fields of topological insulators and
quantum bits.*"*" Bi,Te; is a kind of excellent thermoelectric
material, which can be used as thermoelectric modules, con-
verting waste heat into electrical energy, and demonstrates
potential applications in energy utilization and energy
conservation.”>** These bismuth binary compounds not only
possess rich physical and chemical properties, but also exhibit
diverse application prospects, which have important research
and application significance. Due to the limitations of the
topic selection, this article focused on introducing Bi,O; and
Bi,S; for PEC-type applications.

2.1.1 Bi,0;. Bi,O; (Fig. 3) is the simplest oxide among the
bismuth-based compound families.*® At least seven phases of
Bi, 03 have been observed: monoclinic (), tetragonal (f), body-
centered cubic (y), face-centered cubic (8), triclinic (w), hexag-
onal (Q) and monoclinic phases (¢). Fig. 3 showed the trans-
formation temperatures among o-, p-, y-, 8-, and &-Bi,03.*° The
o and & phases are the low- and high-temperature stable
phases, while the § and y phases are metastable (Fig. 3). To
synthesize the pure phase Bi,O; it is necessary to carefully
control the temperature and cooling process.*°

Generally, all the Bi,O; are direct bandgap semiconductors,
with a bandgap between 2-3.96 eV, depending on the crystal
structure.”® At the same time, Bi,O; has a high refractive
index, high dielectric constant, excellent photoconductivity,
and photoluminescence properties. Among the Bi,O3, §-Bi,O3
has a complex disordered distribution of oxygen vacancies

10378 | Dalton Trans., 2024, 53,10376-10402
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Fig. 3 Phase transformation among a-, -, y-, and 8-Bi,Os. This figure
has been reproduced from ref. 40 with permission from the Royal
Society of Chemistry, copyright 2021.

within the fluorite-like structure, beneficial for ionic conduc-
tivity.** Thus, 8-Bi,O; has the highest oxygen ion conductivity
and can be used as electrolyte materials for solid-state oxide
fuel cells and oxygen sensors.*’

Metastable $-Bi,O; is the most attractive for photocatalysis
among the Bi,03, with a minimum bandgap width of 2.1-2.4
eV."® The narrow bandgap might be raised from the shallow
valence band maximum hybridized by the Bi 6s and O 2p
orbital.*® The narrow bandgap and suitable conduction and
valence band positions of p-Bi,O; make it a promising photo-
catalyst for water splitting and other oxidation-reduction reac-
tions.*® In addition, p-Bi,O; possessed a tunnel-like structure,
where the anisotropic structure can efficiently promote the
transfer of photogenerated carriers.”” For instance, M. Kim
proved the preparation of textured $-Bi,O; exhibited high stabi-
lity and photocurrent density owing to the short charge trans-

This journal is © The Royal Society of Chemistry 2024
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fer pathway."”*® Sometimes, a-Bi,O; was used for photocataly-
sis, but the performance was not good owing to the large
bandgap.”® Based on these characteristics, this review mainly
focuses on the §-Bi,0j3.

2.1.2 Bi,S;. Bismuth sulfide (Bi,S;) is a binary compound
that exhibits interesting optical and electrical properties.**>*
Bi,S; has been extensively researched and used in various
fields, including photovoltaics, photocatalysis, sensors, and
optoelectronics.**** Bi,S; has a rhombohedral crystal structure
with the symmetry of Pnma and is composed of layers of
bismuth atoms sandwiched between layers of sulfur atoms.>*
Seven bismuth atoms exist in two dissimilar environments,
with three bismuth atoms in distant positions and four in
near-plane rectangles. This layered structure contributes to its
unique properties and facilitates charge transport (Fig. 2).*°

Bi,S; belongs to n-type semiconductor materials, and its
conduction band is formed by hybridization of the 6p level of
Bi with the 3p level of S, while the valence band is composed
of the 3p level of S, and the contribution of the 6p level of Bi is
the smallest.”® The direct bandgap of bismuth sulfide is about
1.3 eV and the absorption coefficient reached about 10*-10°
em™, suitable for harvesting visible light for PEC activity.>*>*"
Its bandgap energy can be tuned by controlling the size,
shape, and composition of the nanoparticles or thin
films.”*>> Meanwhile, Bi,S; has a good electrical property.
The resistivity (p) of Bi,S; is measured at 10° Q cm and the
conductivity ranges from 107° to 1077 Q' em™ at 300 K.*
The abovementioned advantages made Bi,S; suitable for
photocatalysts,>**>  PEC,>*®  photovoltaics,”®®*  energy
storage,®>®* and photothermal applications.**

In addition, Bi,S; has attracted attention for its thermoelec-
tric properties, which make it suitable for thermoelectric
applications.>*®>®¢  Thermoelectric materials can convert
waste heat into usable electrical energy or provide efficient
cooling by utilizing the Seebeck effect.®*®* In this review, we
just focused on the PEC-type applications and the potential
applications in marine engineering.

2.2 Bismuth oxyhalide BiOX (X = Cl, Br, I)

Bismuth oxyhalide, BiOX (X = Cl, Br, I), is a class of V-VI-VII
mixed-anion semiconductor materials. BiOX is a tetragonal
matlockite-type layered material with the asymmetry of P4/
nmm, stacking by [X-Bi-O-Bi-X] layers through van der Waals
(vdW) interactions (Fig. 2). Each bismuth atom is surrounded
by four oxygen and four halogen atoms in the [X-Bi-O-Bi-X]
motif, producing an asymmetric decahedral symmetry. The
strong intralayer covalent bonds and interlayer van der Waals
attraction give BiOX anisotropic structures and properties. Due
to induced polarization, this layered structure promotes the
formation of an internal electrostatic field perpendicular to
the layer.””"®® The built-in electric field is considered to be
beneficial for the separation of photogenerated charge carriers
and enhancement of the photoelectric chemical conversion
efficiency.®” %

For all the BiOX, the conduction band minimum is occu-
pied by the Bi 6p orbital. The top of the valence band is domi-

This journal is © The Royal Society of Chemistry 2024
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nated by the 2p orbital of the oxygen and the np orbital of the
halogen.”””! However, the contribution of the halogen np
state increases with the increase of the atomic number, result-
ing in a narrower band gap. Generally speaking, the band gap
is BiOCl > BiOBr > BiOI in order from largest to smallest.””
BiOI (E, = 1.8 eV) with a smaller bandgap has better absorp-
tion performance in the visible region, while BiOCl with a
larger bandgap (E; > 3.2 €V) is better at absorbing ultraviolet
light and can hardly absorb visible light.**”> Due to the
different optical properties, these three compounds behaved
differently in PEC reactions.

Carrier mobility also relied on halogen composition and
crystallization orientation. Regarding the hole effective mass,
BiOCl and BiOBr have a smaller mass along the [010] direc-
tions compared with BiOL”%7>7* Overall, BiOBr generally per-
forms well in terms of electron mobility, followed by BiOCI
and BiOI. BiOI shows a heavier electron and hole effective
mass in either direction, which may be affected by its small
bandgap and larger atom weight. The relatively low electron
mobility of BiOCl may be limited by a large bandgap. The
worse carrier mobility would lead to an increase in the recom-
bination of the photogenerated carriers. In addition, the
crystal orientation and defects may affect the electron trans-
port performance of BiOX.”>7® The electron effective mass of
BiOX along the out-of-plane [001] direction is much smaller
than the in-plane [010] direction.”®”* Besides, several reports
have indicated that the (102) preferred growth of BiOX exhibi-
ted a much superior PEC performance to that of (001) orien-
tated BiOX, which might be attributed to the significant band
bending, large carrier density, and narrower bandgap.”>”%”°
Now, the crystallographic orientation of BiOX has not been
carefully controlled via suitable deposition techniques. In
addition, there are other phases for the bismuth oxyhalides,
like Bi,O5X,, BisO-X, etc., which are easily formed during the
synthesis process of BiOX.'*?*?%7% The deficiency of halo-
gens also affected the optical and electronic structures of
bismuth oxyhalides, like broadening the bandgap. Hence,
further research from the point of view of experiment and
theory is highly necessary. An in-depth understanding of the
bandgap structure and intrinsic properties of these com-
pounds can help guide relevant application research and
materials design.

BiOX was widely investigated as the photocatalyst for
pollutant degradation and water splitting for dozens of
years. Recently, BiOX has been gradually used in photovol-
taics like solar cells**®! and photodetectors,®®* sensors,®>®
and piezoelectrical devices,®"®> stimulated by their interest-
ing physical properties. Among the BiOX, BiOBr with a
moderate bandgap and carrier mobility exhibited better per-
formance in visible light PEC reactions,”® and BiOI showed
promising performance in the construction of solar
cells®®! and photodetection.®”*> In summary, the selection
of the appropriate material depends on the specific appli-
cation requirements, which should take into account
factors such as bandgap, optical properties, and electronic
structure.
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2.3 Bismuth oxychalogenides Bi,0,Ch (Ch =S, Se, Te)

Bismuth oxychalogenides, Bi,O,Ch, mainly include Bi,0,S,
Bi,0,Se and Bi,0,Te.®*®® Bi,0,S crystallized into orthogonal
structures (Table 1 and Fig. 2), and there is a slight distortion
between the adjacent [Bi,O,]*" layers.®* The structure of
Bi,0,Se and Bi,O,Te is highly symmetrical, with a tetragonal
lattice (I4/mmm), where each Se®>~ and Te®" is located precisely
in the center of a cube composed of 8 Bi atoms, and the
[Bi,O,]" layers are uniformly arranged along the c-axis.
Different from the famous 2D vdWs layered materials like
MoS,, Bi,0,Ch is an ionic layered material in which the
[Bi,O,]*" cationic layer and the [Ch]*~ anionic layer are alter-
nately stacked along the c-axis through weak electrostatic inter-
actions. The layers are formed by strong covalent or ionic
bonds within the layers, while the layers are stacked together
by relatively weak electrostatic forces.*>° Its atomically thin
layered structure allows for better electrostatic control and
mechanical flexibility. Bi,0,X has the following advantages: (1)
high carrier mobility. For example, the carrier mobility of
Bi,0,Se reaches 450 and 40000 cm?® V™' s™! at 300 and 2 K,
respectively, due to their small carrier effective mass.”™*> The
carrier mobility is much higher than the famous investigated
2D materials like MoS,.”> (2) Moderate and tunable
bandgap.®®°%°* The bandgap of Bi,0,Ch is highly determined
by anionic elements, morphology, and thickness. The bandgap
of Bi,0,S, Bi,0,Se, and Bi,0,Te was around 1.3, 0.8, and 0.1
eV, covering the ultraviolet to infrared band.®*”*>® (3) Good
stability at room temperature, and the bismuth element is less
toxic and is abundant.?®°"*?

The band structure characteristics of the Bi,O,Ch system
are calculated and analyzed using first principles. The conduc-
tion band minimum of Bi,O,Ch is mainly composed of both
the 2p orbital of the O atom and the 6p orbital of the Bi
atom.’®®” At the same time, the valence band maximum con-
sists of the oxygen 2p orbital and the chalcogenide np orbital.
As the atomic mass of the chalcogenide increases, the contri-
bution of the oxygen 2p orbital to the electronic state
decreased.’®®” Therefore, from Bi,0,S to Bi,0,Se to Bi,O,Te,
the bandgap decreased. The optical properties of Bi,O,Ch are
anisotropic, as evidenced by the significant disparity in
absorption intensity between the in-plane (x/y) and out-of-
plane (2) directions, particularly within an energy range of

View Article Online
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approximately 2 eV above the absorption edge. This anisotropy
aligns with the structural anisotropy of the material, where in-
plane bonds exhibit strength while out-of-plane bonds are rela-
tively weak.’'%° The observed anisotropy and heightened
absorption intensity suggest potential applications for
Bi,0,Ch in optoelectronic devices.

Compared with bulk materials like silicon, the Bi,0,Ch
have the advantage of flexibility, which makes them capable of
overcoming short-channel effects and following Moore’s law in
terms of scalability.”>'®" The unique surface structure and 2D
crystal structure of BiO,Se make it widely applicative in
sensors, memristors and nanogenerators. Various research
groups have already demonstrated the potential of Bi,O,Ch-
based electronic devices, with Bi,O,Ch FETs exhibiting high
carrier mobility and a large driving current.’>?*'9271%* simple
logic gates have been made from Bi,O,Ch. Besides, Bi,O,Ch is
also an exceptional choice for infrared photodetectors due to
its narrow bandgap and high mobility,'°>™° and its strong
spin-orbit coupling effect and ferroelectricity contributing to a
large thermoelectric ZT value.''® Among the Bi,0,Ch, Bi,O,Se
is intensively investigated followed by Bi,0,S. Compared with
Bi,0,S and Bi,0,Se, the bandgap of Bi,O,Te is only about 0.1
eV, which is not suitable for application in photocatalytic
hydrogen production and pollutant degradation alone.''*
Perhaps it can play a certain role as an electron transport layer
and broaden the light absorption range. Given this, this review
article does not discuss Bi,O,Te.

3. Fabrication techniques of bismuth
binary and mixed-anion compounds

Generally, bismuth binary and mixed-anion compound nano-
particles have been widely synthesized through various simple
techniques such as chemical precipitation, sol-gel methods,
hydrothermal methods, solid phase reactions etc.'****° The
high surface-to-volume ratio and controllable surface mor-
phology of 3D state nanostructures have endowed various
potential applications including catalysis, drug delivery, and
sensors. To achieve the PEC reaction, spin-coating or drop-
casting the as-synthesized nanoparticles on the conducting
substrate is necessary for the photoelectrodes’ construction

Table 1 Crystal structure and basic parameters of Bi,O,Ch. This table has been reproduced from ref. 89 with permission from Wiley, copyright

2021

Material Crystal system Space group Lattice parameters (A) Bandgap (eV) Effective mass (m,)

Bi,0,S Orthorhombic Pnnm a=3.874 1.3 indirect m. = 0.6
bh=3.84 my = 1.04
c=11.92

Bi,0,Se Tetragonal I4/mmm a=3.88 0.8 indirect me =0.14
b=3.88 my, = 0.86
c=12.16

Bi,O,Te Tetragonal I4/mmm a=3.98 0.1 indirect m, = 0.07
b=3.98 my = 0.76
¢c=12.70

10380 | Dalton Trans., 2024, 53,10376-10402
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Fig. 4 Typical schematical image for the preparation of photoelectrodes from nanoparticles.

(Fig. 4). While these methods are very simple, it is challenging
to fully cover the substrate with nanostructures. In addition,
coated nanostructures were easily peeled off from the sub-
strates once immersed in an electrolyte owing to the poor
attachment.'>'"” Compared with the micron or nanoscale
structures, continuous thin films deposited via advanced tech-
niques are more suitable for the construction of large-area
PEC-type devices. Besides, thin films are beneficial for the
investigation of intrinsic properties such as electrical conduc-
tivity and optical coefficient. However, the deposition tech-
niques for the thin films are usually complicated and expen-
sive. Thus, in this part, we reviewed the fabrication techniques
of bismuth binary and mixed-anion compounds from the per-
spective of nanoparticle synthesis and thin film deposition.

3.1 Nanoparticle synthesis

There are a large number of reports and reviews on the nano-
particle synthesis of bismuth binary and mixed-anion
compounds.'*?***® Thus, in this part, the authors did not
introduce it in detail but just point out the facing challenges
and recent report.

3.1.1 Bi,0;. p-Bi,O; nanocrystals were synthesized from
bismuth nitrate and bismuth oxalate by various solution
processes.'®"'® The synthesis of B-Bi,0; is facing some
challenges due to its specific crystal structure and pro-
perties. p-Bi,O; is a metastable phase and tends to trans-
form into the thermodynamically more stable o-Bi,O; at
high temperatures. Achieving pure p-Bi,O; without phase
transformation can be a challenge and may require specific
synthesis conditions and additives to stabilize the f-phase.*°
The choice of precursor materials for the synthesis of
B-Bi,O3 is critical. Bismuth precursors often have complex
chemical behaviors, and the selection of appropriate precur-
sors with a similar structure to p-Bi,O; and reaction con-
ditions is necessary to obtain the desired beta-phase.'’”*'°
In general, organometallic precursors with a similar coordi-
nation structure to p-Bi,O; can be easily decomposed into
B-Bi,O; at the evaluated temperatures (around 400 °C).**°
Mehring ’s team synthesized nanoscale-size p-Bi,O3 using a
simple hydrolysis/annealing protocol, choosing organo-
metallic compounds composed of [BigOs_,J**"™™* motifs as a
precursor (Fig. 5)."*° Extending this [BisOs_.]*"*" motif to
an infinite network result in near-plane central cubic stack-
ing of bismuth atoms, similar to the structure of p- and
8-Bi,03.

This journal is © The Royal Society of Chemistry 2024

f-Bi,O; nanowires were synthesized by metal oxide vapor
transport deposition and metal-organic chemical vapor depo-
sition (CVD)."*"'** In the former method, nanoscale bismuth
droplets are oxidized by O, at a moderate temperature of
250-350 °C, resulting in ultrathin $-Bi,O; nanowires with a
diameter of 7 nm and a length of several micrometers, which
can be controlled by the collection zone temperature of the
CVD furnace."”"'** For metal-organic CVD, O, and trimethyl
bismuth are used as precursors of oxygen and bismuth,
respectively."”> At 400 °C, p-Bi,O; wire with a diameter
between 30-90 nm is obtained, while a cluster or membrane
structure is obtained between 450 °C and 500 °C. To further
increase the reaction surface area, hollow microsphere-like
B-Bi,O; was successfully prepared by using the carbon nano-
spheres as sacrifice templates.'*?

In summary, choosing a suitable precursor is the prerequi-
site for the controllable synthesis of p-Bi,Os;. Besides, the for-
mation of the beta-phase is kinetically controlled. Achieving
high phase purity and avoiding the conversion to the a phase
often requires the precise control of reaction parameters such
as temperature, reaction time, and heating/cooling rates. In
addition, controlling the particle size, shape, and morphology
of B-Bi,O; during synthesis is still challenging. Overcoming
these difficulties often requires a combination of careful
experimental design, optimization of synthesis parameters,
and the use of appropriate additives, precursors, or reaction
conditions.

3.1.2 Bi,S;. Hydrothermal and solvothermal methods are
the most common methods for preparing Bi,S; powders in
recent years, because with hydrothermal methods it is easier
to achieve the morphology control of Bi,S; nanostructures.**>*
By adjusting parameters such as solution pH, temperature,
pressure, reaction time, and precursor ratios, the crystallinity
and morphology of the synthesized Bi,S; can be tailored. So
far, various morphologies of Bi,S; have been prepared, includ-
ing nanospheres, nanowires, nanoflowers, and nanotubes.
Normally, bismuth(m) acetate, bismuth(m) citrate, BiCl, or Bi
(NO3); was used as the Bi precursor and thioacetamide,
thiourea, thiosulphate, H,S gas, S, and Na,S can be used as
the S precursor.**?**

In the case of Bi,S; synthesis, the hydrothermal approach is
typically conducted at temperatures below 200 °C.°>'*>'2¢ [n
some cases, continuous stirring is employed alongside the
hydrothermal method. By utilizing this method, one-dimen-
sional structures of Bi,S; including nanotubes, nanowires, and
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Fig. 5 Hydrolysis synthesis of - and 5-Bi,Os3 starting from various bismuth oxide clusters with a similar structure to Bi,O3.2° This figure has been
adapted/reproduced from ref. 120 with permission from the Royal Society of Chemistry, copyright 2013.

nanorods have been successfully synthesized. A wunique
approach involves the synthesis of hedgehog-like Bi,S; micro/
nanostructures using a soft-template composed of trimetallic
acid and cetyltrimethylammonium bromide, which acts as a
cationic surfactant.">” Another variation of the hydrothermal
method utilizes thiourea as a sulfur source, resulting in
diverse Bi,S; morphologies such as nanorods and nano-
flowers. The reaction carried out at 180 °C involves a 2 : 3 ratio
of hydrated bismuth and thiourea with the addition of nitric
acid under continuous stirring.'*® Benefiting from the merits
of solution-based methods, it is easy to modulate the mor-
phology of nanoparticles by changing the solvent. To enhance
the efficiency of the hydrothermal synthesis of Bi,Ss, certain
chemicals should be added, which promote the crystallization
of Bi,S;.

Compared with hydrothermal methods, the solvothermal
process requires the organic solvent as the medium for the
preparation of Bi,Sz;, while the organic solvent may contain
toxins and is more expensive than water. Both methods are
low-cost in setup and energy. In addition, the sol-gel
method," mechanical milling,”%"*" microwave-assisted
methods,"*? and solid phase reaction'*® were used for the syn-
thesis of Bi,S;. Although these methods exhibited special
merits in the synthesis of Bi,S;, the purity of the synthesized
Bi,S; is not very high owing to the difficulties in controlling

10382 | Dalton Trans., 2024, 53,10376-10402

the reaction process precisely. Currently, achieving the fast
and green synthesis of Bi,S; is highly necessary. Bismuth and
sulfur precursors used in the synthesis of Bi,S; can be difficult
to handle due to their reactivity and sensitivity to air and
moisture. Special precautions need to prevent oxidation or
undesirable reactions during precursor handling and syn-
thesis. Meanwhile, the synthesis of Bi,S; involved slow reac-
tion kinetics and required long reaction times or elevated
temperatures. Optimizing the reaction conditions, such as
temperature, reactant concentrations, and reaction time, is
necessary to promote a complete reaction and obtain high-
quality Bi,S; crystals. In addition, achieving the desired stoi-
chiometry of Bi,S; can be challenging. The reaction conditions
and ratios of bismuth and sulfur sources need to be carefully
controlled to obtain the desired composition and avoid the for-
mation of undesired phases or impurities.

3.1.3 BiOX (X = Cl, Br, I). Since the matlockite type of BiOX
is a stable phase, various synthesis approaches have been
demonstrated for the synthesis of BiOX. The most common
method is a hydrothermal/solvothermal
methods."** %" Bi(NO;); and NaBiO; were usually applied as
bismuth sources, and potassium halide KX, sodium halide
NaX, organic halides, and ionic liquids worked as halogen
sources. BiX; is also used to synthesize BiOX through oxi-
134,135,138 BiOX reflected the anisotropic

series  of

dation reactions.
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crystal structure and appears in various forms depending on
the synthesis method. For applications, crystals at the nano-
meter to micrometer scale have been studied in depth to date.
This section classifies the prepared BiOX by morphology and
reviews previous reports on the preparation of BiOX.

1D nanostructures like wires and fibers, owing to the large
surface area-volume ratio, are suitable for photocatalytic and
PEC applications. Recently, the templated method was used
for the deposition of nanowires/fibers in which nano-porous
anodized alumina and activated carbon fiber can be used as
templates. BiOCl nanofibers were synthesized by adding polya-
crylonitrile to viscous N,N-dimethylformamide solution.**’

As for 2D sheets like BiOX, these are generally synthesized
with CVD on very flat substrates, like mica and oxide single
crystals."*>**! The crystals of BiOX generally exhibit a sheet-
like morphology, which is characteristic of their layered crystal
structure. To synthesize these crystals, precursors such as
powder BiOX and BiX; are placed in a reactor tube and ther-
mally vaporized.’>®*'*! The resulting vapors are transferred
onto a substrate surface positioned at a lower temperature
region. By adjusting the experimental conditions and depo-
sition time, the size of the crystals can be controlled, typically
ranging from micro- to nano-scale in the lateral direction and
the vertical direction, respectively.”” These crystals often
possess a flat surface, making them suitable for constructing
multilayer devices and facilitating the measurement of physi-
cal properties such as conductivity.

Compared with 1D and 2D BiOX, 3D BiOX, like nano-
flowers, was easily formed during the synthesis process. These
3D nanostructures are typically composed of aggregated 2D
sheets, reflecting the layered crystal structure and its aniso-
tropic nature.’**'** The morphology of these microcrystals is
heavily influenced by experimental conditions, including the
PH and reaction temperature. For instance, a solution contain-
ing Bi(NO;); dissolved in nitric acid can be subjected to heat
treatment with the addition of sodium halide, polyvinylpyrroli-
done, and citric acid to produce spherical microstructures of

B\
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BiOX.'*>'*® The halogen composition can be precisely con-
trolled by adjusting the concentration of sodium halide, which
is a significant advantage of the solution-based process. The
concentration of additives, such as polyvinylpyrrolidone and
citric acid, plays a crucial role in determining the morphology
of the resulting microstructures.'*>'*® In the solvothermal
reaction, where BiCl; is dissolved in a mixture of ethanol and
water, the morphology of BiOCI can be altered by varying the
concentration of citric acid."*> Nanosheets can transform into
nanoplates, and nested structures can form hollow spheres as
the concentration of citric acid is increased. This result
demonstrates that citric acid not only serves as a crystal growth
inducer but also acts as a structural guide agent, influencing
the morphology of BiOCl.

Recently, solvent-free mechanical grinding methods have
also been used for the preparation of BiOX (Fig. 6)."*> BiOX
fractional flower-like nanostructures were synthesized by
mixing and grinding Bi(NO3); with KX. During the grinding,
the HNO; acid formed in the product promotes the further
reaction of Bi(NO;); and the nucleation of BiOX. With the
increase in grinding time, the single-layer laminate was
assembled into a flower-like nanostructure. This method is
much simpler and greener than the conventional solvent-
based synthesis techniques, which are suitable for industrial
application. However, further optimization of the synthesis
condition is necessary to enhance the purity and control the
surface morphology of BiOX. Besides, achieving and maintain-
ing the desired stoichiometry of bismuth oxyhalide nano-
particles is challenging. Variations in the reaction parameters,
such as temperature, time, precursor concentration, and other
reaction conditions, can impact the stoichiometry and compo-
sition of the synthesized nanoparticles. In addition, BiOX
nanoparticles are prone to aggregation or stability issues,
leading to unwanted particle growth or changes in properties.
Incorporating appropriate stabilizing agents or surface modifi-
cations, such as surfactants or ligands, can enhance the stabi-
lity and prevent the aggregation of the nanoparticles.

grinding
|
. Q further
Naa + = aggregate —  assembly assembly
O —> -2° e © O e SAQ)) e
L) o _=° /) A ) -
nuclei flakes nanoflower

| | BiNO);5H,0 () KX(CLBrD

) BiOX (X=Cl Br, I)

Fig. 6 Solvent-free synthesis process scheme of BiOX through grinding methods.'*® This figure has been adapted/reproduced from ref. 135 with

permission from the Royal Society of Chemistry, copyright 2018.
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3.1.4 Bi,0,Ch (Ch = S, Se). The hydrothermal method is
the main method for the synthesis of Bi,O,Ch nanopowders.
Bi(NO;);-5H,0 and SC(NH,), have been widely used as precur-
sors in alkaline environments for the synthesis of
Bi,0,5."77'%° Bi(NO;); is hydrolyzed in an alkaline solution to
produce BiONOj;, and the generated BiONO; reacts with SC
(NH,), to produce Bi,0,S. Similarly, Ghosh et al. obtained two-
dimensional Bi,0,Se sheets at room temperature by reacting
(SeC(NH,),) and Bi(NO;); in alkaline solutions.’®'*'"">* The
alkaline solution is probably conducive to the hydrolysis of Bi
(NO3); to BiONO; and the decomposition of SeC(NH,), to
Se’”. Subsequently, BiONO; reacted with Se*~, forming
Bi,O,Se nanosheets. Sometimes, reductants like NaBH, were
used for the reduction of Se.’*>*** Although the hydrothermal
method possessed various advantages, the size and thickness
control of two-dimensional Bi,O,X is still not ideal, which is
appropriately attenuated by controlling the specific growth
direction of the precursor. However, it should be carefully
avoiding the oxidation of Se ions owing to its poor stability,
especially in air. The detailed chemical reaction mechanism
for the synthesis of Bi,O,Ch was still in dispute. Clarifying the
mechanism would be beneficial for the synthesis of high-
quality Bi,O,Ch. In addition, grounding the S and bismuth
oxide aided by NaOH induced a disproportionation reaction of
sulfur, promoting the preparation of Bi,0,S.'*> The ball
milling method is very simple, while it is hard to remove impu-
rities like S. Compared with other bismuth binary and ternary
compounds, Bi,O,Ch is still at the very early stage and the syn-
thesis technique is not very mature. One possible reason is the
difficulties in choosing suitable precursors. To further the
Bi,0,Ch practical applications, finding alternatives to the
expensive SeC(NH,), is highly necessary.

3.2 Thin film deposition

Although thin film is much more suitable for the PEC-type
applications, the number of reports on the thin film depo-
sition of bismuth binary and mixed-anion compounds is
much less than that on the format of nanopowders. Also, com-
pared with well-investigated oxide and 2D materials, the depo-

Table 2 Previous synthetic approaches for 3-Bi,O3
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sition techniques of bismuth binary and mixed-anion com-
pounds still need further investigation. This part mainly dis-
cussed the previously reported film deposition techniques for
the bismuth binary and mixed-anion compounds and pointed
out the challenges.

3.2.1 Bi,0;. As mentioned in section 2, general heat treat-
ment to synthesize $-Bi,O;3 tends to form a stable a-Bi,O3 or
polyphase owing to the thermal stability of Bi,O;. However,
some combinations of appropriate methods, precursors, and
conditions can stabilize f-Bi,O3;. Table 2 summarized the
reported deposition techniques for (-Bi,O; thin films.
Synthesis methods for $-Bi,O; can be divided into: (1) physical
vapor deposition, (2) chemical vapor deposition, and (3) solu-
tion-based film deposition methods. For physical vapor depo-
sition methods such as thermal evaporation and sputtering,
precursors like Bi and Bi,O; are evaporated into atoms and/or
ions by applying high energy in a high
environment.'**™>® These species are then deposited onto
heated substrates. However, the high temperatures that are
typically required for crystallizing the oxide can be challenging
when dealing with volatile bismuth. Moreover, in a vacuum
environment at high temperatures, Bi** ions are readily
reduced to elemental Bi (0)."°*° Hence, previous studies have uti-
lized these techniques to deposit metallic bismuth films and/or
amorphous BiO, precursor films at low temperatures.
Subsequently, these films were crystallized to p-Bi,O; through
annealing in air. For instance, nanoporous films were syn-
thesized from metallic bismuth films on fluorine-doped tin
oxide glass substrates, while (201) oriented films were prepared
using a Bi/BiO, double-layer approach on glass substrates.'>***”

CVD involves transferring gaseous precursors onto a heated
substrate surface, where they undergo a chemical reaction to
form a thin film."®* The quality of the film largely depends on
the specific precursor used. In previous studies on the chemi-
cal vapor deposition of p-Bi,O;, bismuth(ui) tert-butanol was
used as a precursor, resulting in microcrystals with diameters
ranging from 0.4 to 2 pm.'®* By controlling the flow rate of
bismuth precursors, homogeneous $-Bi,O; films were success-
fully obtained on Si (100) and Al,O; substrates."”®

vacuum

Method Temperature Precursor Ref.
PVD Thermal evaporation and post Annealing at 300 °C Bi (001) film, BiO, amorphous film 156
annealing
Sputtering and post annealing 200-600 °C Bismuth metal, Bi,O3 157-159
CVD Aerosol-assisted CVD 300-450 °C Bismuth carbamate 161
MOCVD 450 °C Bi(OtBu); 162
Mist CVD 350-600 °C Bismuth(im) 2-ethylhexanoate 163
Solution-based Photochemical synthesis 250 °C Bismuth(m)-N-methyldiethanolamine 45
techniques complex
Spray pyrolysis 450 °C Bismuth() acetate 164
Spin-coating and post annealing 370 °C Bizg045(0OMc),4(DMSO)o-2DMSO-7H,0 165
300-450 °C Bi(NO;);-5H,0 166
Electrodeposition and post annealing RT and annealing at Bi(NO;);-5H,0, acid/NaOH 167 and
200-600 °C 168
Microwave-assisted chemical synthesis 300 °C Bi(NO3)3:5H,0 169

and post annealing
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In comparison with traditional physical and chemical vapor
deposition methods, the solution deposition method is com-
monly employed for the thin film growth of
B-Bi,05.*> 1047199171 This approach offers several advantages,
such as the wide choice of precursors and a simple experi-
mental setup that can be adjusted based on the chemical pro-
perties of the reactants and products. Atmospheric pressure is
favorable for preventing bismuth evaporation, while low temp-
eratures are conducive to obtaining metastable B-Bi,Os;.
Various solution-based methods for $-Bi,O; deposition have
been reported. For example, one approach involves the ultra-
sonic spraying of a tetrahydrofuran solution containing
[Bizg045(02CC3Hs)4 (DMSO)o]-2DMSO-7H,0, which is then
hydrolyzed and annealed to obtain a thin film with an o- or
f-Bi,O; bulk structure at 550 and 370 °C, respectively.'®

In another report, a solution of bismuth(im)
N-methyldiethanolamine was spun onto a glass or polyimide
substrate to form an amorphous film that crystallized to
B-Bi,O; under ultraviolet irradiation in O, at 250 °C (Fig. 7a).*®
Deposition from bismuth metal electrodes at room tempera-
ture by electrochemical methods has been reported
(Fig. 7b)."®71%%171 B.Bj,0; films are formed on platinum or
graphite rods by the anodic oxidation of citric acid or NaOH
aqueous solutions, and subsequent annealing improves the
crystallinity of the films. To achieve the electrochemical depo-
sition, the substrate is limited to conducting materials. Very
recently, (201) p-Bi,O; epitaxial thin films on o-Al,O3 (0001)

B-Bi,0, film on Pt-coated silicon

|5 Graphite rod
(Cathode)

Post annealing
Air

600 °C, 5min

Fig. 7 p-Bi,O3 thin film deposited by (a) a photochemical solution
method,*> adapted from ref. 45 with permission from Springer Nature,
copyright 2016; (b) electrochemical deposition,'’? adapted from ref. 172
with permission from Elsevier, copyright 2016; and (c) solid-phase
epitaxy via mist CVD,'®® adapted from ref. 163 with permission from the
American Chemical Society, copyright, copyright 2019.
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single crystal substrates were deposited through mist CVD via
choosing bismuth(m) 2-ethylhexanoate as the precursor
(Fig. 7c). The morphology and crystallinity of p-Bi,O; were
highly dependent on the deposition temperature: a high temp-
erature led to the aggregation of thin films and a low tempera-
ture resulted in formation of the amorphous film. Short-time
high-temperature (600 °C) post-annealing was beneficial for
the enhancement of the crystallinity and surface flatness,
while slightly long-time annealing will cause the degradation
of thin film quality (surface roughness and crystallinity).'®® As
far as we know, this is the first report on the epitaxial growth
of B-Bi,Oz; however, owing to the complicated deposition
process, this method is not suitable for industrial application.
Similar to nanoparticles, special synthesis techniques,
optimization of deposition conditions, and the inclusion of
additives may be necessary to stabilize the p phase and prevent
phase transformation. Normally, post annealing to improve
the crystallinity of p-Bi,Oz is necessary for most film depo-
sition methods, which posed challenges in controlling phase
purity and energy saving. In addition, annealing at higher
temperatures than 200 °C would cause the decomposition of
f-BiO;. In that sense, annealing at high temperatures to
stabilize B-Bi,O; is not a good method. Meanwhile, organic
compounds are usually used as precursors for the deposition
of B-Bi, O3, where the issue of carbon residues needs to be con-
sidered. To some extent, carbon residues will degrade the
photoresponse performance. Thus, overcoming these chal-
lenges is necessary for the broad practical usage of f-Bi,O;.
3.2.2 Bi,S;. Bi,S; thin films have been obtained through
various deposition techniques such as CVD, chemical bath
deposition (CBD), spin-coating, and spray pyrolysis,>>>**737177
as listed in Table 3. Spin-coating is one of the simplest film
deposition methods. Bismuth acetate and propionic acid were
used as precursors to form amorphous Bi,S; films and then
annealed them in H,S gas to achieve the crystallization
process (Fig. 8a)."”® The as-prepared Bi,S; films possessed a
relatively small surface roughness and large grain size. The
successive ionic layer absorption reaction (SILAR) method is
also known as an improvement for chemical bath deposition.
Bismuth acetate was used as a cationic precursor to provide
Bi**, and thioacetamide as an anionic precursor to provide
S*>~. The thickness of the Bi,S; films can be controlled via the
deposition cycles. CVD has been used for the deposition of
Bi,S; via sulfidation of the Bi,O; thin films with a two-step
synthesis method (Fig. 8b)."”® However, post-annealing is
needed for most thin film deposition strategies as shown in
Table 3. It should be noted that too short and too long an
annealing time result in partial crystallization and the for-
mation of impurities, respectively.>>'”® Besides, there are still
other various drawbacks for the Bi,S; film deposition tech-
niques, like the requirement for toxic and expensive precur-
sors, difficulty in controlling the surface morphology, a long
reaction time, etc.'”®'”® Among the reported techniques,
MOCVD has the flexibility of choosing suitable precursors to
achieve the efficient synthesis of Bi,S; so that the deposition
process is simple and time-saving. However, the synthesis
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Table 3 Previous synthetic approaches for Bi,Ss
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Technique Precursors Process Ref.
Two-step Electrochemical deposition CH;CSNH,, C;,H;,BiK;0,, or Bi (1) Deposition of bismuth film 182
(NO3);5-5H,0 (2) Oxidized into Bi,0; and

(3) Vulcanized to Bi,S; 183

Sputtering and solution-assisted Bi, 03, CH4N,S (1) Synthesis of Bi,O5 thin film by radiofre- 179

method

Chemical vapor deposition (CVD) Bi metal, S

Spin coating
CeHoBiOs, CH,N,S

Hydrothermal method Na,S,03, Bi(NO3);

Successive ionic layer adsorption
and reaction
One-step CVD

Bi(NO;);, Na,S-9H,0
Bi,S; nanopowders

Metal-organic CVD

Mist CVD BiClj;, thiourea
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! 1
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Fig. 8 Bi,S; deposited by (a) spin-coating method,'”® adapted from ref.
176 with permission from the American Chemical Society, copyright 2018;
(b) CVD deposition,*”® adapted from ref. 178 with permission from Wiley,
copyright 2020; and (c) dual-source mist CVD,*®! adapted from ref. 181
with permission from the American Chemical Society, copyright 2022.
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Bi(NO;);-5H,0, Na,S-9H,0

Secondary amine, CS,, Bi,O3

quency sputtering

(2) Hydrothermal treatment for 3 h

(1) Synthesis of Bi,O; exfoliated from Bi 178
(2) Vulcanized to Bi,S;3

(1) Synthesis of Bi,S; powder 184
(2) Film deposition

(1) Deposition of amorphous Bi,S; film 176
(2) Crystallized under H,S gas

(1) Deposition of intermediates films at 600 °C 185
for 12 h

(2) Annealed at 150-250 °C

(1) Two-step dipping process 186
(2) Post annealing

Evaporation of precursor at 600 °C and 59

deposited at 500 °C

(1) Synthesis of the metal-organic precursor Bi 180
(S:CNEt,)5

(2) Film deposition

Dissolved in DMF solvent, atomized into mist, 181
deposited at 450 °C

process of metal-organic compounds Bi(S,CNEt,); is too
complicated and this compound is toxic."®°

Very recently, mist CVD, a kind of green and open-air
pressure solution-based method, has demonstrated the fast
deposition of Bi,S; thin films via applying the less toxic,
cheap, and commercially available BiCl; and thiourea as the
precursors (Fig. 8c)."®" To our knowledge, this is the simplest
method for the synthesis of high-quality Bi,S; film, while the
surface morphology is rough and discontinuous. Hence, devel-
oping facile techniques to prepare uniform and continuous
Bi,S; thin films is still highly necessary. Until now, discontinu-
ous thin films were obtained in which the synthesized Bi,S;
thin films were composed of nanowires and/or nanoplates.
Especially, enormous efforts should be devoted to the surface
morphology modulation of Bi,S; thin films.'®" Besides, the
crystallization temperature is normally higher than 400 °C
which is not suitable for some organic-based flexible sub-
strates and energy saving. Besides, there are no epitaxial Bi,S;
thin films, which might be attributed to the anisotropic crystal
structure. Thus, finding suitable precursors to decrease the
deposition temperature of Bi,S; may be beneficial for broaden-
ing the application of Bi,S;.

3.3 BiOX (X=Cl, Br, I)

CVD is one of the most commonly used techniques for the
deposition of BiOX from bismuth halides. Dating back to
1998, BiO,l, thin films were deposited on MgO (100) substrates
with CVD from Bil; and O,."®” In the conditions examined, the
growth window of stoichiometric BiOI was very small, and
iodine deficiency was observed in the most of checking experi-
mental conditions. In addition, the surface of the substrate
was not fully covered by the film. Recently, BiOX in the format
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of nanoplates with the size of around tens of micrometers was
deposited via CVD in which the substrate is not fully covered
by the nanoplates (Fig. 9a).8%8>8%141L1887191 Cyrrently, there
are nearly no reports of BiOX thin films deposited via the
vacuum-based technique, which might be attributed to the
difficulty of controlling the chemical composition due to very
volatile halides and bismuth.

Instead, solution-based approaches for depositing continu-
ous BiOX thin films are frequently documented.”®”%1927196
One of the simplest methods is the SILAR method (Fig. 9b)."*?
Immersing the glass substrate coated with FTO in a solution
containing bismuth and halogen precursors resulted in the
formation of a BiOX film.'®® The film comprises aggregated
nanosheets that grow vertically on the substrate. Immersing
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Fig. 9 Schematic diagram of preparing BiOX thin films using (c) CVD,%*
adapted from ref. 83 with permission from Wiley, copyright 2020; (b)
SILAR,**® adapted from ref. 193 with permission from Wiley, Elsevier,
copyright 2018; and (c) aerosol-assisted CVD.”® adapted from ref. 76
with permission from the Royal Society of Chemistry, copyright 2016.
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the substrate in HF, HCI, and KBr solution also facilitates the
conversion of Bi,O; film into BiOX at room temperature.”>
However, the conversion is not fully complete for bismuth oxy-
iodide. As in the case of the SILAR method, the obtained film
consists of nanosheets.

Another straightforward solution-based technique is spray
pyrolysis.’®” In this process, a solution of Bi(NO;); and NH,I
glycol solutions is sprayed onto a heated substrate, where a
film is formed through the evaporation and chemical reaction
of the precursor. The deposition temperature played a crucial
role in determining the morphology and composition of the
films."®” Like the impregnation method, the resulting film is
composed of nanosheets. AACVD, combing the merits of vapor
and solution deposition techniques, is applied to BiOX films
(Fig. 9¢).”®™* The bismuth halide N,N-dimethylformamide
solution was atomized with a piezoelectric device and trans-
ferred to a heated FTO-coated glass substrate. The resulting
film consists of nanosheets with improved flatness and
density. Very recently, mist CVD, similar to AACVD, was widely
used for the deposition of BiOX epitaxial and polycrystalline
thin films. By choosing perovskite-type oxides like SrTiO; as
the substrates, the BiOX showed epitaxial growth so that the
obtained thin film possessed high crystallinity and an atomic
flat surface.'®® Also, on the polycrystalline conducting glass
substrate, the preferred orientation of BiOX was tuned by con-
trolling the deposition temperatures.”®'*>'%® Also, the thick-
ness of BiOX thin films was controlled by tuning the precursor
concentration and deposition time.'®*'°® However, it is very
hard to obtain very thick BiOX thin films with mist CVD. In
addition, BiX; is very easily hydrolysed into other compounds
which is not suitable for the deposition of BiOX. Adding an
acid reagent can prevent the hydrolysis of BiX;, which also
degrades the obtained BiOX thin films. The epitaxial thin
films are suitable for the construction of high-performance
PEC-type devices. However, the epitaxial growth is highly
dependent on the single crystal substrates. Until now, commer-
cially available conducting single crystal substrates have been
very limited. Overall, finding suitable precursors, substrates,
and deposition techniques is highly necessary for the depo-
sition of BiOX thin films.

3.4 Bi,0,Ch (X=S§, Se)

Attracted by the very high carrier mobility of Bi,O,Ch, film
deposition techniques have shown great improvement during
recent years. At present, the Bi,O,Ch film deposition tech-
niques mainly include the liquid phase method,"""*® physi-
cal/chemical vapor deposition,>* molecular beam epitaxy,>**
and other technologies.'>>'*® Table 4 briefly summarized the
reported Bi,O,Ch thin film deposition techniques. Bi,O,S
films are mainly prepared by chemical bath deposition and
spin coating. Bi(NO;);-5H,0 and thiourea or Na,S were used
as precursors, and alkaline solutions (KOH, NaOH) were added
to accelerate the formation of Bi,O,S. The reaction time of the
Bi,0,S prepared by this method is usually long, and the
surface of the Bi,0,S prepared is rough and nanoflower-
like.'*7"*°%2%% The primary method for preparing Bi,O,Se is
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chemical vapor deposition, which typically uses Bi,O; or
Bi,Se; as the precursor.”>'*%?% By precisely controlling the
parameters of the film deposition and selenization or oxi-
dation processes, the deposition of Bi,O,Se films can be suc-
cessfully achieved (Fig. 10a). Bi,O,Se epitaxial thin films with
precise control over thickness down to the monolayer were
demonstrated on TiO,terminated SrTiO; through MOCVD.>**
In addition, high-quality Bi,O,Se epitaxial thin films with high
crystallinity and a flat surface have been synthesized by mole-
cular beam epitaxy (MBE, Fig. 10b).>*" However, the MBE
method is not suitable for industrial-scale production owing to
the expensive setup and difficulties in the synthesis of large-
size epitaxial thin films.>**

In recent studies, wafer-scale Bi,O,Se epitaxial thin films
have been successfully grown on perovskite-type oxide single
crystal substrates such as LaAlOj, SrTiO;, and (La, Sr)(Al, Ta)
0,.5%294206 These perovskite-type oxides possess a similar
crystal structure to Bi,O,Se, resulting in a small lattice mis-
match between the substrate and the film. By utilizing these
perovskite-type oxide single crystals as substrates, high-quality
Bi,0,Se thin films with controllable thicknesses and wafer
sizes were obtained.’*® Except for the small lattice mismatch,
the strong interatomic interaction at the interface of the
Bi,0,Se and SrTiO; promoted the epitaxial growth of Bi,0,Se,
which initiates at the Bi-O layer at the SrTiO; interface.***
These findings emphasized the significance of selecting suit-
able substrates for achieving large-size 2D single crystals and
provided insights for the synthesis of large-size Bi,O,S and
Bi,0,Se epitaxial thin films.

To achieve the epitaxial growth of Bi,O,Se, it is commonly
necessary to utilize oxide single-crystal substrates. However,
there are several challenges arising from the limitations associ-
ated with these substrates. The size of the oxide single crystal
substrate limits the preparation of large-size Bi,O,Se epitaxial
thin films.®%2°%2%7 Most of these substrates are insulators,
which are not suitable for the construction of PEC-type
devices. Achieving the exfoliation of thin film is necessary.
However, the Bi,0,Se epitaxial thin films grown on oxide
single crystal substrates are limited by the strong binding force
between the Bi,O,Se and the substrate, making it difficult to
exfoliate the thin film from the substrate.?*®*°° Additionally,
Bi,0,Se grown on a mica substrate is prone to achieving thin
film exfoliation and transfer, but mica is hard to remove com-
pletetly during the transfer process.”’®?° Besides, some per-
ovskite-type oxide single crystal substrates are expensive and
not suitable for large-scale applications.

Although the advanced thin film techniques, like CVD and
MBE,*?*?°" exhibited various advantages in high-quality
Bi,0,Se thin film deposition; these abovementioned thin film
deposition methods have high requirements for atmosphere
and temperature, and the deposition equipment is relatively
expensive. Compared with these techniques, solution-based
techniques probably achieve the facile synthesis of Bi,O,Se
thin films.>'*?" The solution-assisted method first spin-
coated Bi,O; thin films, which were annealed under Se vapor
to generate Bi,0,Se (Fig. 10c).'°" The prepared thin film has a

Ref.
147
150
202
1
205
140
91
03
204
200
201
150
101

Sample form
Nanosheet ~ 100 nm
Nanosheet ~ 2 pm
Nanosheet ~ 100 nm
Nano-flower-like film
Continuous film
Nanosheet ~ 200 pm
Nanosheet ~ 250 pm
Nanosheet ~ 500 pm
Epitaxial thin films
Epitaxial thin films
Epitaxial thin films
Nanosheet ~ 2 pm
Continuous film

375 °C, 0.71Pb(Mg;/3Nb,,3)05-0.29PbTiO;

SITiO,

Air annealed, selenized

Alkaline solution, 12 h
Alkaline solution, 12 h

KOH solution
40 h, 180 °C
Salt assisted, 500 °C

200 °C, 80 min
350 °C

30°C, 4 h
500-700 °C

Condition
680 °C

Ch Source
Thiourea
Thiourea
Thiourea
Thiourea
Na,S
Na,SeO;
Se

Se
Se

Bi,0,Se prepared by Bi,O3, Bi, Se

Bi
Bi,O; film by spin coating

CeH,3BiN,0,-H,0
Bi,O,

Bi(Ph);, (CH;),Se,
Bi(NH;),CsH,0,

Bi Source
Bi(NO,);-5H,0
Bi(NO;);-5H,0
Bi(NO,);-5H,0
Bi,0;, Bi,Se;
Bi,0;

Bi,Ses, O,

Hydrothermal + spin coating
Chemical bath deposition
Pulsed laser deposition
Molecular beam epitaxy
Hydrothermal + spin coating
Solution-assisted

Method
MOCVD

CVD

Table 4 Previous synthetic approaches for Bi,O,Ch thin films

Bi,0,S
Bi,0,Se
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2Bi + Se + O,—~Bi,0,Se
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©) & Bi(NOs)/(CH:OH): Bi:0:Se
N 1. Annealing in air

\\ /

Substrate

>

2. Selenization

Fig. 10 Schematic diagram of preparing Bi,O,Se thin films using (a) CVD,2°%2%7 adapted from ref. 206 and 207 with permission from the American
Chemical Society, copyright 2017 and 2019; (b) molecular beam epitaxy,?°* adapted from ref. 201 with permission from Wiley, copyright 2019 and
(c) solution-assisted deposition with spin-coating deposition and annealing,’®* adapted from ref. 101 with permission from the American Chemical

Society, copyright 2019.

large size of 2 cm, a controllable thickness, and a continuous
and smooth surface, demonstrating high potential in the
large-scale preparation of Bi,0,Se. However, there are few
reports on the efficient preparation of Bi,O,Se thin films using
solution-based deposition techniques, possibly due to the
limitations of traditional liquid-phase methods in precursor
selection and film rate control. To achieve the efficient prepa-
ration of Bi,O,Se thin films by the liquid-phase method,
further optimization is needed in selecting suitable precursors,
simplifying the deposition process, improving the quality of
thin films, and preparing large-sized thin films.

For the deposition of Bi,0,Se and Bi,0,S, it is very impor-
tant to ensure the phase purity as Bi,Se; or Bi,S; might be
formed during the synthesis process.”"* Therefore, conditions
such as temperature, pressure, and reaction time affected
phase purity and crystallinity. In addition, the morphology of
the material determined its application in photoelectric chem-
istry and photocatalysis. It may be necessary to achieve the

This journal is © The Royal Society of Chemistry 2024

preparation of Bi,0,Se and Bi,0,S with specific morphologies,
like nanoflower or nanowire. As pointed out in the nano-
particle part, understanding the crystal growth mechanism of
Bi,0,Se is necessary. By overcoming these challenges, high-
quality Bi,O,Se and Bi,O,S thin films can be facilely syn-
thesized, and their application potential in PEC, photocataly-
sis, photovoltaic, and other fields can be expanded.

4. PEC applications of bismuth
binary and mixed-anion compounds
4.1 PEC-type photodetection

PEC-type photodetectors are a class of photodetectors that
utilize the photoelectrochemical reaction to convert light into
electrical signals. PEC-type photodetectors consist of a photo-
active material, electrolyte, and appropriate electrode configur-
ations (Fig. 11).7?'**'> The photoactive material serves as a
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» PEC-type photodetection

Electrochemical

Workstation
w Rl ¢
- ¢ S

y

R: Reference electrode
W: Working electrode
C: Counter electrode

Fig. 11 Setup of a PEC-type photodetector.?!® This figure was adapted
from ref. 216 with permission from Wiley, copyright 2024.

light absorber and generates electron-hole pairs when exposed
to light. These photoexcited charge carriers then migrate to
the electrode-electrolyte interface, where they engage in redox
reactions with the electrolyte. The resulting photocurrent or
photovoltage is measured to detect and quantify the incident
light.

PEC-type photodetectors offer several advantages, such as
high sensitivity, tunable spectral response, and the ability to
operate under various lighting conditions.”?'**'> They are
highly sensitive to light due to their efficient conversion of
absorbed photons into photocurrent or photovoltage. The
spectral response of PEC-type photodetectors can be tuned by
selecting or engineering the photoactive materials with
specific bandgaps. Moreover, PEC-type photodetectors can be
designed to be flexible and conformable, enabling integration
onto unconventional substrates or curved surfaces. This flexi-
bility opens up opportunities for use in wearable devices, flex-
ible electronics, and integrated systems.

Different types of photoactive material can be utilized in
PEC-type photodetectors, including semiconductor materials
like metal oxides, organic semiconductors, quantum dots, or
hybrid structures. The choice of materials depends on factors
such as the desired spectral response, stability, and efficiency.
Additionally, PEC-type photodetectors can be combined with
other functionalities, such as energy conversion or sensing
capabilities, to create multifunctional devices. This integration
enables the development of compact and versatile systems for
various applications. Overall, PEC-type photodetectors offer a
promising approach for sensitive and efficient light detection,
with potential for further applications in solar energy conver-
sion, environmental monitoring, and optoelectronic devices.

Recently, bismuth binary and mixed-anion compounds
have been gradually used for the construction of PEC-type
photodetectors.”®'*7149217224 The photodetection perform-
ance of bismuth binary and mixed-anion compound-based
PEC-type photodetectors is summarized in Table 5.
Remarkably, these photodetectors demonstrate a performance
that is comparable to, and sometimes even superior to, the
well-studied compound-based PEC-type photodetectors

10390 | Dalton Trans., 2024, 53,10376-10402

Table 5 Photodetection performance of bismuth binary and mixed-anion compound-based PEC-type photodetectors

Ref.

D* (Jones) 7,/7q (ms)

R(mAW™)

Voltage (V)

Light (nm)

Electrolyte

Fabrication method

Sample
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Fig. 12 Comparison of the photodetection performance of bismuth-
based semiconductors and other well investigated PEC-type
photodetectors.

(Fig. 12). They exhibit a broad spectral response, enabling light
detection across a wide range of wavelengths. For instance,
Bi,0,S has been reported to respond to light up to 850 nm,
covering ultraviolet (UV) to infrared wavelengths, making it
suitable for diverse applications.’*® Meanwhile, the low toxic
and Earth-abundant nature of bismuth-based semiconductors
endow it with possibilities for use in the construction of wear-
able devices.

Bismuth-based PEC-type photodetectors offered high
photocurrent and photoresponsivity, indicating their ability to
generate significant electrical signals in response to low-inten-
sity light (Fig. 13a—c). The performance of bismuth-based PEC-
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type photodetectors was heavily dependent on the electrolyte
composition (Fig. 13d). With the increase of electrolyte con-
centration, the interfacial resistance would decrease. The intro-
duction of a hole scavenger to the electrolyte effectively pro-
motes the separation of photogenerated electron-hole pairs,
preventing the photodegradation of photoelectrodes.”® For
some cases, the electrolyte may react with the bismuth-based
compound, leading to corrosion, degradation, or alterations in
material properties, thus compromising the stability of the
device.”®® Bismuth-based PEC-type photodetectors displayed
fast response times, with rise and decay times in the micro-
second order.”®*?°?® This rapid response is essential for real-
time or high-speed light sensing and optical communications.
These advantages make them highly appealing for large-scale
manufacturing and integration into practical devices.

While bismuth-based compounds PEC-type photodetectors
exhibited high responsivity, a broad-band range, and a rapid
response time, the photoresponse stability deserved attention.
To enhance the photoresponse stability, choosing a suitable
electrolyte or applying a bias voltage is necessary.”>'*° Appling
a voltage would lose the merits of self-powering so external
electrics should be supplied. Adding a hole scavenger to the
electrolyte or choosing a high-conductivity electrolyte can
effectively improve the PEC-type photodetection stability,
where the photogenerated holes can be promptly consumed by
the hole scavenger.”” However, with the increase in working
time, the consumption would decrease the PEC photodetec-
tion performance.

The instability of bismuth-based compounds in the electro-
Iyte is a major factor affecting the stability of PEC-type photo-

@[ Dak T W m: v, V]| (D)o} ,.., 0Vvs. SCE (c) +. OVvs.SCE = 850 nm
12 pAlcm® . . . . . B e 1 " * 630 nm
_fovvs.sce: oo ndnnann g ] . + 525nm
€| < I FetEep TR PR ~ 10°} v v v 2 v 455nm
S 65 nr | 1 1 0 ~ ik AT v = °
2 JUUSCHEAA A § A = 365nm| oz 0Af 4, e
s L e} < 401 + 630nm| 3 Lav,
P 5 il | ) 1% S 107 F o S T OB 7] s . X v
s 455 nm . : Wy ! = . 4 625nm H
E [ 525 pm CMIUUAMIALL)  <* .. = v assom| So0o1f -
o |— naanan - - @ .
| 630 nm . H A H 2 el 107f . -4385l0m o
850 nm . : 0.001} . . " -
1 1 1 i 1 -3 " 1 1 L
0 100 200 300 400 500 600 700 o 10 20 30 40 50 OF G A0 10 RaD, 25 190 (TN $0TIA0
Time (s) Power intensity (mW/cm?) Power intensity (mW/cm®)
(d) Dork : v (e) "”'I””l””””"'B"'O]ll”'s'zlo'”"1'3”2'0"\'/\'//"'2"
. —~~ -

120 pA/cm? N 200 I (T I s nm’ T ,rn ‘cm‘ =
< \ T ‘ ‘
E |06V vs.scE g ‘ ‘ ’ |
<
< 1.0 M KOH ] =2 100 | |
[ o -— I
- = |
3 |0.5MKOH j ] ‘ ‘

0.1 M KOH M| 5 0 I 1 DALY w

0.5M Na SO, o 0 1000 2000 3000 4000

100 150 200 250 300 .
Time (s) Time (S)

Fig. 13
Effect of electrolytes on Bi,O,S PEC-type photodetectors. (e) Stability of

(a) Current density, (b) /on, and (c) responsivity of Bi,O,S PEC-type photodetectors under the illumination of various wavelengths of light. (d)

BiOl PEC-type photodetectors. These figures have been adapted/repro-

duced from ref. 149 with permission from the American Chemical Society, copyright 2022 and from ref. 229 with permission from the American

Chemical Society, copyright 2023.
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detectors. Bismuth-based compounds undergo chemical reac-
tions when exposed to harsh environmental conditions or pro-
longed light illumination, leading to degradation.>*
Additionally, uncontrolled charge carrier recombination at the
surface or within the bismuth-based material can contribute
to the deterioration of performance and stability in PEC-type
photodetectors. This recombination process results in the loss
of photoexcited charges before they can contribute to the
photocurrent, diminishing the device’s stability over
time.”*'**"> The packaging and protection of bismuth-based
PEC-type photodetectors are vital for their long-term stability.
Inadequate encapsulation or exposure to environmental
factors, such as moisture or oxygen, can accelerate device
degradation and impair stability. Furthermore, peeling off the
thin films or nanoplates can also lead to a decrease in photo-
detection performance. Potential chemical degradation reac-
tions affecting the stability of these compounds will be dis-
cussed later.

Addressing these stability challenges requires a comprehen-
sive understanding and control over the material structure,
device construction, and environmental conditions. Ongoing
research should focus on developing strategies to mitigate
these stability issues through interface engineering, material
modifications, protective coatings, encapsulation techniques,
and device architecture. These efforts aim to enhance the
stability and durability of bismuth-based PEC-type photo-
detectors for practical applications in marine environments.
Additionally, although the PEC performance of the bismuth-
based compounds is comparable to the well-investigated com-
pounds, there are few solar-blind photodetectors for the
bismuth-based semiconductors, like GaN, which might be
attributed to the relatively narrow bandgap.

4.2 PEC water splitting for H, generation

PEC water splitting is a kind of environmentally friendly, sus-
tainable, and renewable technology to produce hydrogen
energy. PEC water splitting in the sea holds significant impor-
tance from several aspects.”® By harnessing the abundant
solar energy available in marine environments, PEC water
splitting can contribute to the production of clean hydrogen,
benefiting both the marine industry and the broader energy
sector. Meanwhile, PEC water splitting in the sea can contrib-
ute to reducing greenhouse gas emissions and marine
pollution.”® At present, PEC water splitting for H, generation
in the sea mainly focuses on the following aspects:” (1) finding
suitable sunlight absorption materials, and (2) optimization of
the architecture of the photoelectrodes. By optimizing the con-
figuration of the whole reaction system, including the optimiz-
ation of the electrodes, the PEC performances can be much
improved.

Currently, bismuth binary and mixed-anion compounds
possess a high enough band level for H, (or O,) production
and a narrow band gap (<3.0 eV) for efficient visible light
absorption.'***2%2% 1t is indicated that the bismuth-based
compounds discussed in this review showed great potential
applications in H, generation, while there are no realistic
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applications.”**>?%?* Thus, this part just introduces PEC
water splitting from the angle of laboratory experiments. For
the bismuth binary and mixed-anion compounds in this
review, most of them are n-type semiconductors. When the
n-type bismuth-based semiconductor absorbed photons with
energies higher than its own bandgap,>>*° the photogenerated
electrons moved to a counterelectrode, like Pt, used for the H,
generation. Meanwhile, the holes migrate to the surface of the
bismuth-based semiconductor and oxidize water to form O,.
To promote the efficient separation and transfer of the photo-
generated carriers, an external electrical or chemical potential
would be necessary to reduce the resistance at the electrode
interfaces and within the solution. However, relying on a large
external bias would result in high energy consumption.

Table 6 comprehensively summarized the recent PEC per-
formance for the bare bismuth binary and mixed-anion com-
pounds photoelectrodes. It can be summarized that the crys-
tallinity, surface morphology, crystallographic orientation, and
thickness would determine the PEC performance of bismuth-
based semiconductor photoelectrodes. f-Bi,O; thin film
photoanodes with nanoporous surfaces showed better PEC
activity at a bias of 0.197 V Vyug than film photoanodes with
dense surfaces.”” Due to the nanoporous surface, the incident
light reflected between the grains and electrolyte on the
surface, rather than directly passing through the film, which
significantly enhanced the photon absorption ability.
However, to some extent, the very rough surface morphology
would cause the recombination of electron holes at the bound-
ary of the nanoplates.>** However, it should be noted the rela-
tively large bandgap for p-Bi,O; was not efficient in absorbing
the sunlight, leading to a moderate PEC performance among
the bismuth binary and mixed-anion compounds.

For the Bi,S;, the deposition of continuous thin films is
still very difficult, which limits the PEC performance.
Meanwhile, the crystallinity influenced the photoresponse
activity so that crystallized Bi,S; thin films exhibited a much
superior PEC performance to that of amorphous thin films.'8
In addition, the substrate would influence the PEC perform-
ance, and the observed photovoltage trend of the Bi,S; electro-
des (FTO > ITO > Mo > Au) inversely correlates with the
Schottky barrier height at the Bi,S; and substrate interface.
FTO forms an ohmic contact, resulting in the smallest barrier
height, which leads to the largest photovoltage and photo-
current. This trend suggests that the choice of electrode
material significantly impacts the performance of Bi,S;-based
photovoltaic devices."®® Among the BiOX, BiOCIl possessed a
large bandgap higher than 3.0 eV, which is not suitable for
harvesting solar light for the PEC applications.'®® In addition,
due to the long transfer distance of charge carriers, excessively
thick films can lead to electron-hole recombination.'®® As for
the BiOBr and BiOl, there is a large number of reports con-
firming that BiOBr (Fig. 14a) exhibited better PEC perform-
ance than that of BiOI (Fig. 14b), although the BiOI possessed
a stronger absorption ability for sunlight.”® According to the
calculation report, the large electron and hole mass for the
BiOI would degrade the transfer and separation efficiency of

This journal is © The Royal Society of Chemistry 2024
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photogenerated carriers. Prof. Carmalt’s group demonstrated a
preferred growth of the BiOBr film resulting in internal electric
fields that minimized charge carrier recombination.”
Recently, the effect of the crystallographic orientation on the
PEC performance of BiOI was investigated. The intensive
surface band bending and larger donor density for (102)-
oriented BiOlI effectively enhanced the charge separation and
transfer.”” However, as for the detailed mechanism, further
investigation is necessary. Unlike other compounds, the inves-
tigation of Bi,0,S and Bi,O0,Se in PEC water splitting is still at
the early stage, which might be attributed to the immature
thin films’ deposition techniques. However, due to the nar-
rower bandgap and high carrier mobility, it should exhibit a
much more promising PEC performance.

Developing effective strategies to suppress electrode degra-
dation, such as surface passivation or introducing appropriate
heterojunctions, is essential for achieving high PEC perform-
ance. Efficient and durable catalysts are required on the
surface of bismuth-based photoelectrodes to facilitate the
water-splitting reactions. Although there are some reports on
the heterostructure construction, doping, and modification of
bismuth-based photoelectrodes, this review did not comment
on this point in detail. However, nearly all the reports are on
the format of nanoparticles.”>"* As introduced in the above
section, constructing photoelectrodes from nanoparticles via
spin or dip coating is not an ideal method. Thus, exploring
cost-effective synthesis methods and scalable manufacturing
techniques is crucial to enable the widespread adoption of
bismuth-based PEC devices.

In addition, the integration of “tandem” systems is a kind
of promising strategy for enhancing PEC performance.*** In a
tandem configuration, one system includes a photoelectrode
paired with a solar cell that provides the necessary external
bias between the photoelectrode and the counterelectrode.
The other system comprises an n-type semiconductor electrode
alongside a suitable p-type semiconductor electrode. At the
same time, these kinds of tandem device would also broaden

10394 | Dalton Trans., 2024, 53,10376-10402

the light absorption range. Very recently, BiVO,-BiOI-based
photoelectrodes exhibited a comparable PEC performance to
that of the well-investigated photoelectrodes,*** indicating the
potential of bismuth-based semiconductors in PEC water split-
ting. Although the bismuth-based semiconductors did not
exhibit much promising performance like other well-investi-
gated compounds like Cu,O and TiO,, under continuous efforts
from the point of innovative material design and advanced fab-
rication techniques, it is possible to realize the full potential of
bismuth-based photoelectrodes in PEC applications.

3.3 Challenges and issues for PEC applications

PEC-type photodetection and water splitting based on bismuth
binary and mixed-anion compounds showed promising poten-
tial in marine engineering. However, since 1990, the stability
of bismuth-based compounds in electrolytes has attracted the
attention of researchers.”®® Understanding the degradation
mechanisms of bismuth-based photoelectrodes is critical for
enhancing their stability and durability in PEC-type
applications.

One degradation mechanism is photocorrosion, where
electrochemical reactions occurred within the material under
light illumination, leading to its deterioration. Photocorrosion
involves reduction, dissolution, or the formation of self-passi-
vating surface layers.'®” Additionally, bismuth-based photo-
electrodes undergo surface oxidation in the presence of oxygen
197 Another factor contributing to degradation is rapid
electron-hole bismuth-based
material. This recombination process hampers the charge sep-
aration efficiency, resulting in a reduced photocurrent and
overall photoelectrode performance.”® Previous reports suggest
that changing the electrolytes, with or without hole scavengers
like Na,SO;, simplifies the degradation mechanism.'®” If elec-
trons cannot be promptly consumed, photogenerated electrons
may reduce Bi** into Bi (0) following the equation:

or water.
recombination within the

BiOX + 2H' +3e~ — Bi+ X~ + H,0

This journal is © The Royal Society of Chemistry 2024
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Furthermore, the marine environment introduces
additional challenges such as salt and humidity, which can
affect the corrosion resistance of materials. Bismuth-based
semiconductors must exhibit excellent corrosion resistance to
ensure prolonged stable operation. Further research and
exploration are necessary to overcome these challenges and
promote the application of bismuth-based semiconductors in
marine engineering. In conclusion, addressing the stability
and durability of bismuth-based photoelectrodes is crucial for
their successful deployment in PEC-type applications, includ-
ing those in the marine environment.

5. Prospects and outlook of recent
advances
5.1 Optimization of electrode architecture

To some extent, bismuth binary and mixed-anion compounds
for PEC-type device construction were underexplored for a long
time owing to the not good stability. Very recently, Andrei and
coworkers confirmed that bismuth-based semiconductor BiOl-
BiVO, tandem photoelectrodes can approach and even chal-
lenge the performance of well-established light absorbers with
an appropriate device architecture.*** In this work, the p-type
amorphous NiO, and n-type ZnO were used as a hole transport
and electron layer respectively, and graphite composite epoxy
was used as a conductive encapsulator to improve the transfer
and separation efficiency of photogenerated electron-hole
pairs. In addition, multiple-pixel devices were found that
would be useful in overcoming the current leakage in the grain
boundary and defects of thin films.?**

In addition, Feng proposed the planar interdigital photo-
electrode structure (Fig. 15), which has been successfully
applied in p-Se and CuSe PEC-type photodetectors, showing
various advantages, like a simplified design and excellent
photoresponse.’*® The planar interdigital photoelectrode
structure offers a novel approach to the development of high-

This journal is © The Royal Society of Chemistry 2024
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performance, cost-effective, photoelectrodes.>*®  Shortly,
further optimization of the lateral and vertical structure would
be necessary for the enhancement of the PEC performance of
conventional PEC-type devices.

5.2 Fabrication of freestanding membranes

Freestanding membranes, also known as self-supporting mem-
branes, are thin, flexible structures or films that are capable of
standing or existing independently without the need for
additional external support.”*” Freestanding membranes are
typically thin and flexible, allowing them to conform to
different shapes and surfaces. This flexibility enables their inte-
gration into complex structures or devices, making them suit-
able for applications that require conformable materials.
Meanwhile, the freestanding membranes are free of solid-state
bulk substrates like single crystal and glass substrates, which
effectively reduce the cost and weight.**® Importantly, freestand-
ing membranes minimize interfacial effects between the mem-
brane and the supporting substrate. This allows for a more
accurate characterization of intrinsic membrane properties and
mitigates potential limitations associated with interfacial inter-
actions, such as diffusion barriers or catalytic effects.>***>°

Currently, there are nearly no reports on bismuth-based
binary and mixed-anion compound freestanding membranes,
while there are several reports on the exfoliation and transfer
of Bi,0,Se nanoplates.>*®?% Thus, future research should be
devoted to the perspective of selecting suitable substrates, and
optimization of exploitation-transfer techniques. Coupling the
freestanding membranes with flexible organic conduction
layers will be suitable for practical PEC device construction
with low cost and weight, better flexibility, and enhanced PEC
performance. In addition, the successful fabrication of free-
standing membranes would promote the investigation of
intrinsic properties and enhancement of transfer and separ-
ation efficiency of photogenerated electron-hole pairs.
Advances in material science and manufacturing techniques
should continue to expand the capabilities and explore new
applications for freestanding membranes. Freestanding mem-
branes offer a versatile platform for various applications like
flexible smart devices.

5.3 Underwater communication through PEC-type
photodetectors

PEC-type photodetectors can play a crucial role in underwater
communication systems by enabling the wireless transmission
of data using light.” PEC-type photodetectors excel at detecting
light signals and converting them into electrical signals. In
wireless communication, these devices can receive optical
signals carrying information and convert them into electrical
signals that can be processed by electronic systems. PEC-type
photodetectors can be integrated into optical communication
systems to receive data encoded in optical signals (Fig. 16).>'®
For instance, in free-space optical communication or optical
wireless communication, PEC-type photodetectors can detect
modulated light signals, such as those from laser diodes or
light-emitting diodes (LEDs), and convert them into electrical

Dalton Trans., 2024, 53,10376-10402 | 10395


https://doi.org/10.1039/d4dt01212g

Published on 17 Mai 2024. Downloaded on 05.08.2024 06:38:16.

Perspective

Transmitter

Receiver

View Article Online

Dalton Transactions

Processor

Electrochemical
Workstation

Displayer

Underwater communication

Fig. 16 The schematic diagram for the underwater optical communication system.?® This figure was adapted with permission from Wiley, copy-

right 2024.

signals for further processing. As depicted in section 4.1, the
PEC-type photodetectors constructed from the bismuth binary
and mixed-anion compounds can operate with self-powered,
high-photoresponse speeds, excellent sensitivity, and a broad
photoresponse to light signals, making them suitable for
applications such as wireless communication links between
remote locations, the transmission of data at high speeds, and
supporting a large data transfer capacity.>'® However, the
development of PEC-type photodetectors in the field of under-
water communication is still at an early stage. Shortly, the
PEC-type photodetectors can be paired with other electronic
and optical components, like optical transmitters, to establish
a complete wireless underwater communication link, allowing
for bidirectional communication.

5.4 Finding novel mixed-anion compounds

Bismuth-based binary and mixed-anion compounds have been
regarded as a kind of important functional material due to
their various extraordinary properties, like the tunable
bandgap and ultrahigh carrier mobility.”®" In the past
decades, the investigation of bismuth-based binary and mixed-
anion compounds was mainly focused on simple ternary com-
pounds like bismuth oxyhalides,"* though slightly changing
the chemical composition would bring unprecedented pro-
perties. For instance, despite the similar Bi: S molar ratio and
crystal structure for Bi,S; and Bi;3Sigl,, the bandgap of
Bi;3S15L, (0.8 eV)*** was much narrower than that of Bi,S; (1.3
eV)."®! Benefiting from the narrow bandgap, Bi;3S;s], attracted
much attention for various applications, like solar cells, photo-
electrodes, and photodetectors.”>***> Thus, for fruitful appli-
cations of bismuth-based binary and mixed-anion compounds,
controlling the anion composition would be a promising way
to optimize the physical and chemical properties of bismuth-
based compounds to meet the high demand of PEC-type
device construction.

In addition, doping elements, introducing oxygen
vacancies, and constructing heterostructures can significantly
enhance the PEC performance of bismuth-based com-
pounds.”*® Most of the previously published reports on
bismuth-based compounds have focused on nanoparticles.
Achieving modifications in the format of thin films remains
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challenging, and this can be attributed to the immaturity of
deposition techniques for thin film fabrication. Despite these
challenges, the modification of bismuth-based compounds
holds promise for improving their properties and expanding
their potential applications in PEC systems. Efforts in research
and development are necessary to overcome the current limit-
ations and fully unlock the potential of bismuth-based com-
pounds. Progress in materials synthesis techniques, especially
in developing reliable methods for thin film deposition, will
be essential to advance the modification of bismuth-based
compounds for practical applications. Continued research is
vital to address these challenges and achieve the desired
improvements in the properties and performance of bismuth-
based compounds.

5.5 Challenges for practical applications in marine
engineering

PEC-type devices based on bismuth-based compounds hold
great potential for practical applications in marine engineer-
ing. However, there are several challenges associated with PEC
activities in marine environments. One of the main challenges
is corrosion. Marine environments are highly corrosive due to
the presence of salts, minerals, and other impurities in sea-
water. Therefore, PEC materials and electrodes used in water
splitting systems must be corrosion-resistant to ensure long-
term performance and durability. Another challenge is
fouling. Marine environments are prone to fouling, where
organisms such as algae, barnacles, and mussels attach and
grow on the surfaces of PEC systems. This can hinder water
flow and reduce the efficiency of light absorption, leading to
decreased performance and increased maintenance require-
ments. Moreover, seawater has higher light absorption and
scattering properties compared with freshwater or air, which
can further reduce the efficiency of light absorption in PEC
systems. As mentioned above, the stability and durability of
bismuth-based materials in marine environments are also
crucial for their practical applications. Research and develop-
ment efforts are required to improve the stability and dura-
bility of these materials under marine conditions. Lastly, the
manufacturing, installation, and maintenance of large-scale
PEC systems in marine environments require significant
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investments and infrastructure. Future research should focus
on improving the corrosion resistance, anti-fouling properties,
light absorption, stability, and cost-effectiveness of PEC
materials and systems in marine engineering applications.

6. Conclusion

This review initially discusses the crystal structure and intrinsic
properties of bismuth binary and mixed-anion compounds.
Their excellent optical and electrical properties make them
promising candidates for potential applications in marine
environments. Currently, PEC-type devices based on bismuth
binary and mixed-anion compounds can effectively harness
photon energy and perform various functions in marine engin-
eering, such as hydrogen production and photodetection.
However, it is important to recognize that further research and
development are required to optimize the performance and
stability of bismuth-based PEC devices for marine engineering
applications. While the application of bismuth optoelectronic
semiconductor materials in marine engineering is still in the
research stage, the deepening exploration of marine spaces will
unveil the unique advantages of bismuth-based semiconductor
materials in multiple scenarios, including underwater communi-
cation, desalination and water treatment, corrosion protection,
and environmental monitoring. Meanwhile, these materials can
contribute to realize the zero carbon and smart ocean.
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