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Bi/semiconductor photocatalysts have extensively been applied in the production of hydrogen, CO,
reduction and environmental remediation in recent years. This short review summarizes the role of Bi
metal as a plasma photocatalyst and cocatalyst. As a cocatalyst, Bi metal can be electron/hole trappers,
charge transfer mediators, or oxygen vacancy coordinators. In addition, the preparation methods of the
Bi/semiconductor photocatalysts are also reviewed. Challenges and future research directions related to
Bi/semiconductor photocatalysts are discussed and summarized, including the use of advanced

gie{;":tﬁs" characterization techniques to refine the reaction mechanism, the difficulties of preparing Bi single atom
Plasma photocatalyst catalyst, and the improvement of the reduction ability of Bi-based photocatalysts. This review helps
Cocatalyst understand the reaction mechanisms of the composite photocatalytic systems containing Bi metal and

proposes new perspectives for designing the photocatalysts which can control air pollution via a

Electron/hole trappers

Charge transfer medium reductive process.
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1. Introduction

The ever-growing global concerns about energy crisis and
environmental pollution in the past decades have encouraged the
efforts to seek clean, renewable, and sustainable energy source in
place of fossil fuels including coal and petroleum. Solar energy is
believed as one of promising alternatives of fossil fuels due to its
sustainability, abundance, easy accessibility, and environmentally
friendly properties [1]. Among various methods of utilizing solar
energy, photocatalytic technologies have received intensive interest
in the generation of hydrogen via water-splitting process, the
production of CH,4 via CO, reduction, and environmental remedia-
tion since the pioneering work of Fujishima et al. in 1972 [2].

Great efforts have been contributed to the development of
semiconductor photocatalysts as the critical component of photo-
catalytic system. A large number of catalysts including TiO, [2],
ZnO [3], WO3 [4], CuS [5], CaTiOs [6], Bi,WOg [7], g-C3N4 [8], black
phosphorous [9], and perovskites [10], have been explored to use
solar energy for the generation of H, and CH,4 and environmental
pollution control. Among the explored materials, the past decade
has witnessed a boost of interest in the development of bismuth-
based photocatalysts due to good biocompatibility, chemical
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stability and narrow bandgap, most of which is below 3.0eV.
For the compounds containing Bi>*, their valence bands (VBs) are
believed to derive from the hybridization of O 2p and Bi 6s°
orbitals, leading to VBs upshift. Bismuth-based photocatalysts
include bismuth oxide [11], bismuth oxyhalides [12-16], and
bimetallic oxides (BizWOG, BlVO4, BizMOOG, Bi4Ti3012, Bi]:(303v
CuBi»04, and NaBiOs3) [17-23]. However, the application of Bi-
based photocatalysts in environmental remediation and energy
conversion is not satisfactory owing to their low conduction band
(CB) position and easy recombination of charge carriers. Therefore,
various attempts including morphology control [19], doping [18],
heterojunction construction [17,24,25], stoichiometry control [26],
crystal facet control [12], defect engineering [27], and surface
modification [28], have been made to increase the performance of
Bi-based photocatalysts. There are a few excellent reviews
regarding Bi-based photocatalysts [29-31]. However, limited
review concentrated on the role of metal Bismuth in Bi-based
photocatalytic systems. Bismuth metal possesses noble metal-like
surface plasmon resonance (SPR) property [32]. The SPR effect of Bi
can widen the light absorption range of other catalysts and
promote the separation of photo-induced charge carriers when
coupled with other catalysts [33]. Bi metal also has a series of other
advantages, such as small effective mass, low energy band overlap,
high carrier mobilities and long mean free path. In addition, Bi
metal has a negative Fermi level (—0.17eV) and a low work
function (4.22 eV) [34,35]. When Bi metal is coupled with other
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semiconductors, the negative Fermi level and low work function
help charge transfer between Bi metal and semiconductor.
Considering the high cost and potential toxicity of noble metal,
Bismuth has received increasing attention in the research area of
photocatalysis as an ideal alternative of noble metal in recent years
[23,36].

This review focuses on the possible roles of Bi metal in Bi/
semiconductor photocatalysts reported in the past three years. The
preparation methods of Bi coupled with Bi-based semiconductors
or non-Bi-based semiconductors have been summarized. The
application of Bi metal coupled with other semiconductors with
and without Bi in environmental remediation and energy
production has also been reviewed. We also proposed the potential
research areas necessary for widespread application of these
photocatalysts in water treatment, air pollution control, and clean
energy generation.

2. Preparation methods

The preparation methods can determine the size, morphology,
and dispersibility of Bi nanoparticles which affect the surface
plasmon resonance effect and photocatalytic activity of Bi/
semiconductor composite catalysts. Therefore, it is necessary to
summarize the synthesis methods of Bi/semiconductor photo-
catalysts including Bi/non-bismuth-based material composites
and Bi/bismuth-based photocatalyst composites.

2.1. Synthesis of Bi/non-bismuth-based material composites

Generally, there are generally two synthetic routes for Bi/non-
bismuth-based materials: (1) Bi nanoparticles are first prepared
alone and then coupled to other non-bismuth-based materials; (2)
the already synthesized catalysts are mixed directly with bismuth
precursors to obtain the final composites via a one-pot method. In
the preparation of Bi metal, commonly used reducing agents
include ethylene glycol, NaBH,4 and NaH,PO,. Jiang et al. [37] added
dodecanethiol to the bismuth-containing solution at 80°C in the
absence of dissolved oxygen and moisture to form a bismuth-
dodecanethiol complex. Then tri-n-octylphosphine was utilized to
reduce the preceding complex to Bi nanoparticles. After aging, Bi
nanoparticles with mean size of 12 nm were obtained. Finally, Bi/g-
C3N4 was successfully prepared by ultrasonication in hexane and
annealing at the reducing atmosphere. Li et al. [38] synthesized Bi
nanoparticles in a water bath at 80 °C using polyvinyl pyrrolidone
(PVP) as a surfactant and NaH,PO, as a reducing agent. Then,
tetraethyl orthosilicate ethanol solution was added to form a SiO,
layer on the Bi nanoparticles, indicating that the Bi@SiO,
composite was successfully prepared. Zhu et al. [39] first prepared
the CusS catalyst by solvothermal method, and then added it to the
bismuth nitrate solution containing ethylene glycol and PVP. After
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a hydrothermal reaction at 160 °C for 24 h, the Bi/CuS composite
was successfully obtained. Feng et al. [40] prepared a nitrogen-
doped graphene (NG)/Bi composite via a simple one-pot method.
All solutions of NaH,PO,, tartaric acid, NaOH, NG and bismuth
nitrate were mixed together, and then the mixture was continu-
ously stirred at 60°C for several hours to obtain an NG/Bi
composite.

2.2. Synthesis of Bi/bismuth-based photocatalyst composites

The in situ reduction method is one of the most commonly used
synthesis methods for Bi/bismuth-based semiconductor compo-
sites. First, the bismuth-based photocatalyst was successfully
prepared, and then Bi>" in the bismuth-based photocatalyst was
reduced to Bi® by a reducing agent [41], photo irradiation [42], or
H, [43], etc., thereby forming a Bi/bismuth-based photocatalyst
composite. It was also reported that the Bi/bismuth-based
photocatalyst composite could be directly synthesized via the
one-pot method. Yu et al. [44] successfully prepared Bi-modified
Bi,WOg complex by a simple in situ reduction method using NaBH,4
as reducing agent. The loading amount of Bi metal in the Bi/Bi,WOg
photocatalyst could be adjusted by the concentration of NaBH,.
The morphological characterization of the Bi/Bi,WOg photo-
catalyst showed that the structure of Bi,WOg was gradually
destroyed with the increase of NaBH, concentration. Wang et al.
[42] synthesized Bi/BiOI-Bi,O3 composites in methanol under
ultraviolet light irradiation. Under ultraviolet light illumination,
photo-generated holes were captured by methanol and Bi**
produced by the partial decomposition of BiOI-Bi,O3 was reduced
to Bi® by photo-generated electrons accumulated on the conduc-
tion band. Zhou et al. [45] successfully constructed the Bi/Bi,0,CO3
heterojunction through the formamide-assisted one-pot method.
The formamide played a dual role as a carbon/alkali source and a
reducing agent. The bismuth nitrate solution and formamide were
completely mixed and suffered 12 h hydrothermal treatment at
170°C, leading to the generation of Bi/Bi,0,CO3 composite.

3. Bi metal-based composites
3.1. Bismuth as a direct plasmonic photocatalyst

The surface electrons of the metal Bi resonate with incident
photons at a suitable frequency, inducing a local electromagnetic
field, which contributes to the generation and separation of hot
electron-hole pairs [46-48]. The hot carriers with high energy can
activate surface O, to produce reactive oxygen species (ROS) to
participate in the subsequent redox reactions [49]. Dong et al.
showed that the metal Bi can be used as a direct plasmonic
photocatalyst for NO elimination under 280 nm light irradiation
[50]. However, the isolated Bi photocatalyst has poor chemical
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Fig. 1. Schematic diagram of the charge separation over Bi/support (semiconductor) when Bi is used as a plasma photocatalyst.
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stability [51]. And the hot carriers generated via SPR are easily
deactivated, resulting in a shortened charge transfer distance [48].
Thus, the photocatalytic performance of the metal Bi is unsatis-
factory. In recent years, great endeavors have been devoted to
search for suitable semiconductors or supports coupling with
metal Bi to address these problems [40,49,52]. Under light
irradiation, the semiconductors or supports accept the hot
electrons generated by metal Bi through SPR to prevent their
deactivation (Fig. 1), thereby conducing to the increased photo-
catalytic activity of the composites. The ideal support (semicon-
ductor) not only facilitates the migration of hot electrons, but also
improves the chemical stability of the metal Bi. Various materials
have been reported as substrates for Bi loading, such as graphene
oxide (GO) [53], SiO; [38,54] and carbon fibers [52].

Li et al. [49] successfully prepared uniformly dispersed Bi
nanospheres using PVP surfactants, which were then loaded on
GO. The numerical simulation results indicated that the electro-
magnetic fields generated by the adjacent Bi nanospheres super-
imposed to create hot carriers with high energy. The covalent
interaction between Bi and GO provided a special channel for
charge transport (Fig. S1a in Supporting information). The hot
electrons excited by SPR tended to migrate from Bi to graphene
carbon atoms, and then transferred to the carboxyl group on the
edge of GO (Bi — Cgraphene — Ccoon — Ocoon) (Fig. S1b in Supporting
information). The accumulated hot electrons can reduce O, to form
0, to take part in the photocatalytic reaction. The introduction of
GO promoted the rapid transmission of hot electrons, thus
avoiding their energy loss. The prepared Bi-NPs@GO exhibited
excellent photocatalytic activity in terms of NO elimination. In
addition, Bi@graphene nanocomposite also possessed good photo-
catalytic disinfection activity for Escherichia coli (E. coli) under UV
light irradiation [55]. This is attributed to the SPR effect of the
metal Bi and the effective separation of carriers promoted by GO.
The H,O0 and O, molecules on the photocatalyst surface were
activated to form ROS with strong oxidizing ability, which can
directly kill bacteria. It has been reported that a thin SiO, shell
enhanced the stability of Bi, while its activity was not affected [38].
The porous SiO; shell can not only be used as a protective layer to
inhibit the oxidation of the active Bi core, but also as a specific
transmission channel to promote the separation of hot carriers.
The photocatalytic activities of Bi@SiO, with different molar ratios
(Bi:Si0O, =1:0.1, marked as S1; Bi:SiO, = 1:0.3, marked as S2) were
compared with those of pure Bi and SiO,. The results showed that
the removal efficiency of both Bi@SiO, composites and pure Bi
achieved 100% for rhodamine B (RhB, solution pH 3) (Fig. S2a in
Supporting information). In bisphenol A (BPA) solution (pH 7), the
Bi@SiO, composites displayed significantly improved degradation
efficiency (70%) of BPA compared to Bi (12%) (Fig. S2b in Supporting
information). Chen et al. [48] constructed Bi-BiPO4 nanocomposite
by in situ solvothermal reduction method, and the removal
efficiency for NO (initial concentration: ~400 ppb) reached
32.8% over Bi-BiPO4 nanocomposite under visible light irradiation
for 30 min. The generated hot electrons migrated from Bi to BiPO,
through the Bi-BiPO, interface, facilitating the valid separation of
hot carriers. The calculation manifested that compared with BiPO,
top and Bi top, O, and NO molecules were more easily activated at
the Bi-BiPO, interface, which contributed to the succedent
photocatalytic reaction.

The metal Bi possesses a series of unique advantages, such as
negative Fermi level (—0.17 eV) [34], relatively low work function
(~4.22 eV) compared to most metals [56], and less energy level
overlap between the VB and the CB. When the size of Bi is reduced
to the nanoscale, the unique nano-quantum confinement will
induce the transition of Bi from metal to semiconductor [57]. Thus,
after Bi is coupled to the semiconductor with a matching band gap
structure, the electrons generated in Bi tend to transfer to the CB of

the semiconductor under light irradiation. This effectively
promotes the spatial separation of electron-hole pairs, resulting
in significant photocatalytic performance. Jiao et al. [58] system-
atically explored the charge transfer mechanism in the Bi/TiO,
heterojunction under visible light irradiation by using the in situ
XPS method (Fig. S3a in Supporting information). The results
showed that the electrons generated by the SPR effect of Bi firstly
migrated to the CB of TiO, and then transferred to the outer Bi,O3
layer of Bi. Meanwhile, in the outmost Bi,O3 layer, the immigrant
electrons can reduce Bi,O3 to elemental Bi (Fig. S3b in Supporting
information). The TiO, acted as a “charge transfer bridge”. This
special charge transfer route was attributed to the fact that the
Fermi level of Bi is lower than that of n-type TiO, and higher than
that of p-type Bi,Os. The layered 2D/2D heterojunction Bi@BisO-I/
rGO composite was constructed by Liang et al. [34], displaying the
large contact area and abundant charge transmission channels.
The photocatalytic degradation efficiency of levofloxacin (LVFX,
20 mg/L) over Bi@BisO;I/rGO ternary composite achieved 87.7%
under visible light irradiation (A >420nm). The addition of Bi
strengthened the light absorption of the catalyst in the visible
region. The hot electrons excited on the Bi surface easily migrated
to the conduction band of BisO-I, since the latter’s conduction band
position was lower than the former’s Fermi level. The accumulative
photogenerated electrons on the BisOI continued to flow into the
rGO nanosheets, leading to rapid charge transfer in the entire
system.

A bifunctional Bi/a-FeC;04-2H,0 (Bi/a-FOD) composite was
reported to exhibit excellent visible light-driven photoreduction
activity for Cr (VI) and high Fenton oxidation activity for RhB
decompostion [57]. In the Bi/a-FOD system, the electrons excited
by SPR migrated from Bi to the conduction band of «-FOD, and the
electrons inspired on the valence band of «-FOD maintained the
initial state of Bi, significantly inhibiting the recombination of
photogenerated carriers. Furthermore, the formed Fe(Ill) can be
reduced by Bi to prevent the decomposition of a-FOD. The
accumulated electrons on the conduction band of «-FOD
completely reduced Cr(VI) to Cr(Ill), and the ‘OH produced by
Fenton reaction effectively degraded RhB. He et al. [59] activated
amorphous Bi;WOg by depositing Bi,O3 and Bi in order on its
surface. Since the Fermi level of Bi was higher than the conduction
band of Bi, O3 and Bi,WOg, the migration direction of photoexcited
electrons was: Bi — Bi,O3 (CB) — Bi;WOg (CB). The photoexcited
holes were transferred directly from the VB of Bi,WOg to the VB of
Bi,03, showing prominent charge separation. The photocatalytic
efficiency of Bi/Bi,03/Bi,WOg ternary heterojunction for NO
removal was increased, which was ascribed to the synergistic
effect of heterojunction structure and SPR.

In short, the generation of hot electrons through the SPR effect
of Bi can activate surface oxygen molecules to produce a large
number of reactive oxygen species. Bi transfers from metal to
semiconductor when the size of Bi particles is reduced to the
quantum scale. Therefore, the metal Bi can act as a plasma
photocatalyst, and related reports are listed in Table S1 (Supporting
information).

3.2. Bismuth as electron or hole trapper

In addition to the role as a plasma photocatalyst, the metal Bi
can also play the role of the cocatalyst when coupled with other
semiconductors [60]. In general, Bi can be used as an electron
acceptor or hole trap to reduce the recombination of photo-
generated carriers in semiconductors, leading to the increased
photocatalytic activity of the semiconductors. Wang et al. [61]
boosted the photocatalytic degradation efficiency of ciprofloxacin
(CIP) by using zero-dimension (OD) Bi nanodots as charge
gathering regions. The degradation rate of CIP over 0D Bi/2D
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BisNbO, was 4.58 times higher than that over pure BisNbO;
(Fig. S4a in Supporting information). And Bi/BisNbO; showed
enhanced mineralization ability for the removal of antibiotics.
Since the conduction band (—0.49 eV) of BisNbO; is more negative
than the Fermi level of Bi, the Bi can continuously receive
photogenerated electrons from the CB of the BisNbO thereby
promoting the separation of photoexcited carriers in the BisNbO;,
semiconductor. The formation of strong covalent bond between Bi
atoms in Bi nanodots and Bi-O layer in BisNbO- provided transport
channels for charge migration. Meanwhile, molecular oxygen
adsorbed on Bi captured the accepted electrons to produce O, ,
and then further formed singlet oxygen ('0,) (Fig. S4b in
Supporting information). The radical trapping experiments con-
firmed that these active species played an important role in the
photocatalytic degradation of CIP over Bi/BisNbO,. Jia et al
prepared the flower-like Bi/Bi,WOg microspheres [62], displaying
high photocatalytic activity in terms of the removal of phenol and
Cr(VI) under visible light irradiation. Due to the different work
functions of Bi and Bi,WOg, electrons tended to transfer from Bi to
Bi,WOg until the Fermi level reached equilibrium. Thus, an anti-
barrier layer was built at the Bi/Bi,WOs interface, which
accelerated the photoinduced carrier migration. The photogen-
erated electrons on the CB of Bi,WOg were quickly transferred to
the Bi surface due to the built-in electric field at the interface. The
electrons accumulating on Bi surface activated molecular oxygen
to generate active oxygen species to eliminate pollutants.

Sun et al. [60] in situ deposited Bi nanoparticles on the surface of
Bi»0,CO5 nanoplates (marked as BBOC) by a new method without
the addition of reducing agents. The prepared BBOC composites
were applied for photocatalytic hydrogen production. In 100 mL of
an alkaline solution, the BBOC composite (50 mg dosage) could
produce 244.5 pmol/g of H; after 3 h under simulated sunlight. The
hydrogen production rate over BBOC (81.5 wmolg~'h~!) was 2
times faster than that over pure Bi,0,CO3 (41.1 wmol g~ ' h~'). The
enhanced photocatalytic activity of BBOC was attributed to Bi
receiving photogenerated electrons from Bi,0,CO3, which pro-
moted the efficient separation of photogenerated electron-hole
pairs. This helped to increase the quantum yield of photolyzing
water to produce hydrogen over BBOC. In recent years, the studies
about Bi as an electron capture center have been widely reported,
such as Bi QDS/BI4V201] [63], Bl/BleOG [64], BIOZ,X/BI [65] and

A limited number of articles suggest that Bi can also be used as a
hole trapping center, thereby increasing the reducing capacity of
the reaction system. In the Bi/TiO, heterojunction [56], the
quantum confinement effect of Bi quantum dots endows it with
semiconductor properties, which offers Bi the ability to trap holes.
The high-resolution XPS spectra of Bi 4f showed that the ratio of
Bi*/Bi® increased from 1.314:1 to 2.986:1 as the illumination time
increases (Fig. S5a in Supporting information). This may be because
Bi quantum dots were gradually oxidized to Bi** after capturing
photogenerated holes. Therefore, Bi quantum dots consumed
photogenerated holes under visible light irradiation, thereby
promoting the effective separation of photoexcited carriers. The
photogenerated electrons remaining on the CB of TiO participated
in the photocatalytic reduction reaction. For bromate which is a
carcinogenic disinfection by-product, the Bi/TiO, heterojunction
exhibited excellent photocatalytic reduction activity without the
addition of sacrificial agents. After 60 min of the reaction, the
bromate concentration decreased to 0, and bromide was the only
reaction product (Fig. S5b in Supporting information), indicating
that the bromate can be completely removed in the Bi/TiO, system.
To date, the studies about Bi as a hole trapping/consumption center
are very limited. The improvement of the reduction performance in
the photocatalytic system containing Bi metal needs further
investigation.

3.3. Bismuth as charge transfer medium

The Bi can be employed as a charge transfer medium between
different semiconductors because it possesses good conductivity
[66]. When Bi is coupled with semiconductors, Bi can transfer
photoinduced electrons from one semiconductor conduction band
to another semiconductor conduction band as a charge mediator,
as shown in Fig. 2a. The presence of Bi accelerates the migration
speed of photogenerated charges, thereby significantly increasing
the removal efficiency of pollutants, as shown in the photocatalytic
systems of CdS QDs/Bi/Bi,WOg [67], Bi/a-Bi,03/g-C3N,4 [68] and
Bi>MoOg/Bi/TiO, [69]. Moreover, the introduction of Bi can also
constitute an all-solid-sate Z-Scheme heterojunction (Fig. 2b). The
Z-Scheme migration mechanism of carriers not only facilitates the
spatial separation of photoexcited electron-hole pairs, but also
retains strong redox capacity [17]. Xu et al. [23] constructed a
ternary Cu,O/Bi/Bi;M00g Z-Scheme heterojunction system by
combining Bi spheres with Cu,;0/Bi;MoOgs hollow spheres. The
removal efficiency of sulfadiazine (SDZ) and Ni(Il) reached 98.6%
and 93.2% after 100 min and 60 min over this composite under
visible light irradiation, respectively. In a mixed system containing
organic pollutants and heavy metal ions, the Cu,0/Bi/Bi,M0Og Z-
scheme heterojunction removed both contaminants at the same
time, and exhibited superior photocatalytic performance com-
pared to Bi,MoOg. The significant increase of photocatalytic
activity was ascribed to the effective divorcement of photo-
generated carriers in the ternary system. In detail, the photoin-
duced electrons on the conduction band of Bi;MoOg easily
migrated to Bi. The strengthened electric field around the Bi
spheres facilitated the continuous migration of electrons to the
valence band of Cu,0, and then recombined with photoinduced
holes. In the carrier transmission pathway of the ternary Cu,0/Bi/
Bi;MoOg composite, Bi played a role of an electronic medium.
Deng et al [66] synthesized graphene-functionalized Z-
scheme heterojunction through utilizing Bi as a bridge to connect
BiOCl and Bi,0s3. This multi-component system showed the highest
photocatalytic activity (99.7%) under visible light in terms of 2-
nitrophenol removal. The synergistic effect of multi-channel
charge transport (Bi-bridge and rGO) and efficient charge
separation was the key for the increased activity. The photoexcited
electrons generated by Bi,O3 were transferred to the valence band
of BiOCl with oxygen vacancies through the Bi-bridge. The holes
with strong oxidizing capability remaining on Bi,O3 can oxidize 2-
nitrophenol. The removal efficiency of chemical oxygen demand
(COD) in actual industrial wastewater reached 70.3% with the
addition of 1 mL 30% H,0, in BiOCI-Bi-Bi,O3/rGO system under
visible light for 11 h. In the heterojunction structure containing Bi,
Bi plays the part of charge transport bridges. The similar carrier
migration mechanisms have also been reported in other systems,
such as Bi-Bi;MoOg nanosheet/CdS-diethylenetriamine [70], Bi/
BiPO4/Bi,WOg [71] and Bi-BiOCl/AgCl [72]. The Bi metal has the
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Fig. 2. The mechanism diagram of Bi metal as a charge transfer medium in type-II
heterojunction (a) and all-solid Z-scheme heterojunction (b), respectively.
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potential of replacing precious metals as a charge transport
channel to enhance separation efficiency of electron-hole pairs.

Besides serving as an electronic medium between different
semiconductors, Bi was also reported to play a role in transferring
charge at the interface of layered semiconductors. Xu et al. [73]
compared the charge transport mechanism of Bi deposited on
different exposed crystal planes of Bi;MoOg. The structure of
Bi,Mo00Og consists of Bi,0,2" units and MoO42~ slabs, and the
internal electric field region can be established between the layers.
The charge alternation directions of the (001) and (010) crystal
planes of Bi,MoOg are completely different. The results indicated
that Bi deposited on the (001) facet forms strong covalent
interactions with O in both Bi,0,2* and MoO42", facilitating
interfacial charge transmission. Based on theoretical calculations
and experiments, two charge transport channels for Bi deposition
on the (001) and (010) facets of Bi,MoOg were proposed (Figs. 3a
and b). The charge in Bi-BMO-001 was transferred through the
Bi»0,%* - Bi —» M00,42~ channel (Fig. 3a). This efficient migration
channel prolonged the lifetime of electrons and dramatically
increased the separation efficiency of photogenerated electron-
hole pairs. On the other hand, the bulk charge alternation in Bi-
BMO-010 promoted carrier recombination. Even though Bi can trap
electrons, the weak interactions between layers hindered the
charge migration. For Bi;MoOg on the exposed (001) facet, the
incorporation of Bi greatly enhanced the photocatalytic perfor-
mance. Compared with that over BMO-001, the removal efficiency
of sodium pentachlorophenate (NaPCP) over Bi-BMO-001 in-
creased 2.9 times under visible light irradiation. The photocatalytic
activity of Bi-BMO-010 only ascended 0.9 times (Fig. 3c). This
unique charge transport channel of Bi»0,%" — Bi » M00,4%~ and the
electronic localization induced by Bi accelerated the charge
delivery to molecule oxygen. As a result, Bi-BMO-001 could
generate a large number of O, and 'O, radicals (Fig. 3d),
suggesting the rapid interfacial charge migration could effectively
activate the molecular oxygen.

The similar electron transport pathway was proposed in the work
of Li et al. [74]. The charge migration along the Bi,0,>* — Bi — Br~
route at the Bi-BiOBr-010 interface resulted in the interfacial charge
separation. The Bi-BiOBr-010 composite constructed by depositing
Bi on the exposed (010) plane of BiOBr presented increased NO
removal efficiency (60.4%) compared to BiOBr-010 (14%). After five
cycling tests, the removal efficiency of NO over Bi-BiOBr-010
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Fig. 3. Schematic diagram of the interface charge migration pathways over
Bi@Bi;MoOg on the (001) facet (a) and (010) facet (b). (c) The degradation rate
constants of NaPCP over Bi;MoOg and Bi@Bi,MoOg at different exposed crystal
surfaces. (d) 0, ~ and '0, concentration detected by ESR in different photocatalysts.
Reprinted with permission [73]. Copyright 2020, American Chemical Society.

remained at the initial level without significant inactivation,
indicating good stability and persistence. A new route of charge
migration along surface cation — plasmonic metal — anion was
established in the plasmonic photocatalysts. When charge alterna-
tion occurs on the exposed crystal planes of the photocatalysts, this
particular pathway facilitates the interfacial charges separation,
markedly increasing the photocatalytic efficiency. The design of
photocatalysts by coupling plasmonic metals to specific crystal
surfaces will be a promising research area.

Overall, metal Bi plays a role of cocatalyst in the composites,
where it can trap electrons/hole or act as a charge transfer medium.
Table 1 [37,39,43,60,63-65,67-71,75-86] lists the applications of
Bi as a cocatalyst for the degradation of pollutant and energy
production.

3.4. Synergistic effect of Bi metal and oxygen vacancies

In general, Bi/semiconductor composites [58] are usually
prepared by in situ reduction of bismuth-based photocatalysts.
The composites constructed by this method are often accompanied
by the generation of oxygen vacancies [87-89]. The introduction of
oxygen vacancies (OVs) can improve the activity of photocatalysis
effectively, which is attributed to the defect energy levels formed
between the CBs and VBs [90,91]. However, the deactivation of
oxygen vacancies weakened the photocatalytic activity during the
cyclic use of photocatalyst [92]. Chen et al. [93] prepared Bi metal-
loaded Bi,0,C03 (Bi@OV-BOC) to improve the stability of OVs. The
existence of OVs was proved by EPR. Oxygen vacancies in the
Bi@OV-BOC were more stable than in OV-BOC (Fig. S6a in
Supporting information). The existence of Bi metal nanoparticles
improved the stability of OVs by capturing O, and H,O molecules
which were able to occupy the oxygen vacancies. The total charge
(Aq) of O, calculated by density functional theory (DFT) followed
the order: BOC (0.14 e) < OV-BOC (—0.076 e) < Bi@OV-BOC (—0.39
e), indicating that the presence of Bi metal was favorable for the O,
activation to generate ROS. The transfer path of e~ in Bi@OV-BOC
was: e~ —» OVs — Bi — O,, which contributed to restraining the
recombination of photogenerated charge carriers. In addition, the
bond length of O, adsorbed on the surface of Bi@OV-BOC was
maximum (Fig. S6b in Supporting information), indicating that Bi
metal nanoparticles contributed to the activation of O, molecules
as well. The photocatalytic activity of Bi@OV-BOC was tested by
eliminating NO. The removal ratio of NO over Bi@OV-BOC reached
40.8%. It still maintained high photocatalytic activity (34.5%) after
five cycles of experiments.

The existence of Bi can not only inhibit the deactivation of OVs,
but also compose the charge transfer channel with OVs to promote
the separation of photogenerated carriers, leading to the genera-
tion of more ROS and increased photocatalytic activity. In addition,
the SPR effect of Bi induces the generation of hot electrons to
increase the quantum yield. Cui et al. [94] successfully deposited Bi
on the surface of Biz04Cl with OVs. The results showed that the
deposition amount of Bi was positively correlated with the amount
of OVs. The introduction of Bi metal was conducive to the
formation of OVs. The charge difference distribution reveals that Bi
metals serve as the charge transfer channel and yield hot electrons
which was transferred to the conduction bands of Biz04Cl. As a
result, the separation of photogenerated carriers and the produc-
tion of ROS were promoted. With the increase of Bi amount, the
removal ratio of NO increased first and then slightly decreased. The
NO removal ratio over the optimal photocatalyst was 36.78%.
Besides, some researchers reported the same mechanism that Bi
metals and OVs co-served as charge transfer channels. Dong et al.
[95] prepared Bi metal@defective BiOBr. Under the visible light
irradiation (A >420nm), 0.20g of the optimal photocatalyst
removed 63.53% NO. Wang et al [96] constructed Bi
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Table 1
The bismuth acts as a co-catalyst in order to transfer or trap charges.
Photocatalysts ~ Preparation Reactants Reaction conditions Photocatalytic Ref
efficiency
Bi/g-C3Ny - NO: 500 ppb Photocatalyst: 0.2 g; Light source: visible light (> 420 nm); 60.8% [37]
Irradiation time: 30 min
CdS QDs/Bi/ In situ reduction and RhB: 10 mg/L Photocatalyst: 1g/L (RhB), 0.3 g (formaldehyde); Light source: RhB: 95.5% [67]
Bi,WOg deposition process Formaldehyde: visible light (> 420 nm); Irradiation time: 120 min (RhB), 3 h Formaldehyde: 75%
6.6 mg/L (formaldehyde)
Bi/Bi4Osl> One-pot solvothermal bisphenol A: 20 mg/L Photocatalyst: 1g/L; Light source: visible light (> 420 nm); BPA: 94% MO: 99.4% [75]
method methyl orange: Irradiation time: 15 min (BPA), 50 min (MO)
20 mg/L
Bi/BiVO4/V,05s  Annealing of BiVO,4 in Ar/ O, evolution Photocatalyst: 40 mg; Light source: visible light (> 400 nm); 2413 pmol g h™! [43]
H, Irradiation time: 20 min
Bi-BiOIl Hydrothermal BPA: 10 mg/L Photocatalyst: 1g/L; Light source: visible light; Irradiation time: BPA: 86% MB:80% [76]
MB: 10 mg/L 4h (BPA), 120 min (MB)
Bi-Bi,MoOg/ Solvothermal H, evolution Photocatalyst: 50 mg; Light source: visible light (> 420 nm) 7.37 pmol h' g~! [70]
CdS-DETA
Bi/a-Bi03/g- Calcination- TC: 10 mg/L Photocatalyst: 1g/L; Light source: visible light (> 400 nm); TC: 90.2% RhB: 95.6%  [68]
C5Ny photoreduction technique RhB: 5 mg/L Irradiation time: 180 min (TC), 90 min (RhB)
Bi/BiPO4/ One-step solvothermal MB: 10 mg/L 2,4- Photocatalyst: 1g/L; Light source: Xenon lamp; Irradiation time: MB: 62% 2,4- [71]
Bi,WOg method Dichlorophenol: 75 min Dichlorophenol:
30 mg/L 0.0118 min ™"
BiO,_«/Bi Time-dependent method BPA: 20 mg/L Photocatalyst: 1g/L; Light source: visible light (> 420 nm); 83.0% [65]
Irradiation time: 300 min
Bi/BisO;Br-OV Hydrothermal Phenol: 10 mg/L Photocatalyst: 0.1 g/L; Light source: visible light (> 420 nm); 99% [77]
Irradiation time: 120 min
Bi/Bi,WOg Solvothermal NO: 600 ppb Photocatalyst: 0.3 g; Light source: visible light (> 400 nm); 53.1% [64]
Irradiation time: 35 min
Bi-Bi,MoOg/ Hydrothermal and in situ  Phenol: 10 mg/L Photocatalyst: 1 g/L(phenol), 3 g/L (oxygen evolution); Light Phenol: 95% oxygen [69]
TiOy.x solid-state chemical Oxygen evolution source: visible light (> 420 nm); Irradiation time: 210 min evolution: 134 pmol
reduction (phenol) hlg!
Bi QDs/Bi,V,04; Two-step hydrothermal CO, photoreduction ~ Photocatalyst: 0.10 g; Light source: Xenon lamp 324pmol g ' h! [63]
Bi/BiOBr Combustion method RhB: 10 mg/L Photocatalyst: 1g/L; Light source: Visible light; Irradiation time: 95.2% [78]
30 min
Bi-Bi;204,Cl, In-situ chemical reduction RhB: 20 mg/L Photocatalyst: 1g/L (RhB,TC), 10 g/L (BA); Light source: visible RhB: almost complete [79]
TC: 15 mg/L light (400—780 nm); Irradiation time: 150 min (RhB/TC), 8 h (BA) degradation BA :45%
BA: 1 mol/mL
rGO QDs-Bi liquid-phase deposition RhB: 20 mg/L Photocatalyst: 1 g/L; Light source: visible light (>420 nm); RhB: 95% Phenol: 93% [80]
-Bi;WOg/EP method Phenol: 20 mg/L Irradiation time: 15 min (RhB), 75 min (phenol)
g-C3N,4@Bi/ Solvothermal TC: 12 mg/L Photocatalyst: 1g/L; Light source: visible light; Irradiation time: RhB: 98% TC: 78% [81]
BiOBr RhB: 20 mg/L 80 min (RhB), 4 h (TC)
WO5_x/Bi/BiOCl  Solvothermal RhB: 10 mg/L Photocatalyst: 0.05 g; Light source: Vis/NIR/UV light; Irradiation Vis: 100% NIR: 96% UV: [82]
time: visible light (3 min) / NIR (120 min) / UV (8 min) light 100%
Bi-BiO Partial reduction with NO: 500 ppb Photocatalyst: 0.20 g; Light source: visible light (> 420 nm); 53.0% [83]
NaBH4 Irradiation time: 30 min
BiOI/Bi/Bi,S3 Hydrothermal RhB: 20 mg/L Photocatalyst: 0.2 g/L; Light source: visible light (> 420 nm); 90% [84]
Irradiation time: 30 min
Bi/Bis0,I/Sn304 - H, evolution Photocatalyst: 50 mg; Light source: visible light (> 400 nm); 1630 pmol/g [85]
Irradiation time: 5h
Bi/CuS Two-step hydrothermal MB: 1 x107> mol/L  Photocatalyst: 0.2 g/L; Light source: Xenon lamp; Irradiation time: MB: 99.72% MO: [39]
method MO: 1x107° mol/L 60 min 90.20%
Bi/Bi»0,CO3 One-pot solvothermal H, evolution Photocatalyst: 0.5 g/L; Light source: Solar simulator; Irradiation = 244.5 wmol/g [60]
time: 3 h
Bi@BiOCl Solvothermal RhB: 10 mg/L Photocatalyst: 0.5 g/L; Light source: visible light; Irradiation time: nearly 100% [86]

50 min

metal@defective BiOCl by one-step solvothermal method. With
0.1 g of the prepared sample dispersed in the reaction system, NO
removal ratio reached 67.5% after 30 min visible light irradiation.
Dong et al. [97] fabricated Bi decorated BiOCl (Bi@BiOCl) by the
reduction of partial Bi** to Bi, with the formation of oxygen
vacancies. Under visible light irradiation, the photodegradation
efficiency of NO was 50% for the optimal photocatalyst.

4. Bismuth single-atom in Bi/semiconductor composite

Since the pioneering work of Zhang et al. [98] who reported that
the Pt;/FeOx catalyst with anchoring single Pt atoms on the FeOy
support showed high activity for CO oxidation, single-atom
catalysts (SACs) have become a novel and promising research
topic in the field of heterogeneous catalysis. In general, a single-
atom catalyst consists of the anchored isolated metal single-atoms

and solid support [99]. The metal single-atoms can be stabilized by
chemical interaction with the support or coordination with
adjacent surface atoms [100]. Compared with metal clusters and
nanoparticles, SACs generally exhibit excellent photocatalytic
activity and selectivity [100]. This is mainly due to the following
significant advantages of single-atom catalysts: (1) The increased
active sites attributed to highly dispersed metal single-atoms
[101,102], (2) the adsorption and activation of reactants promoted
by unsaturated coordination environment [103], (3) enhanced
light absorption and charge migration [104], (4) reduced catalysts
cost ascribed to the maximum atom-utilization -efficiency
[100,103]. Therefore, single-atom catalysts in bismuth-based
photocatalysts have also been reported in recent years.

Lietal [105] reported a Bi single-atom modified TiO, nanosheet
(TiO,-Bi) catalyst prepared by a facile surface ion adsorption
method for photocatalytic CO, reduction. The isolated bright spots
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TiO, TiO,-Bi

Fig. 4. (a) HAADF-STEM image of TiO,-Bi sample. (b) EXAFS spectra of Bi L;-edge in
TiO,-Bi and Bi,0s. (¢) Comparison of photocatalytic CO, reduction performance of
TiO,-Bi and TiO,. (d) Schematic of photocatalytic CO, reduction reaction over TiO,-
Bi. Reprinted with permission [105]. Copyright 2018, Springer.

on the TiO, nanosheets in the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image
were attributed to the single Bi atoms (Fig. 4a). According to the
extended X-ray absorption fine structure (EXAFS) spectra (Fig. 4b),
unlike Bi,0s, there is only one peak at 1.62 A in the TiO,-Bi sample,
which corresponds to the Bi-O bond. In addition, the Bi-Bi bond in
Bi,O3 was not observed in the TiO,-Bi sample. These results
indicated that Bi single-atom instead of Bi,O3 was generated on the
TiO, nanosheets, and the isolated Bi atoms coordinated with O
atoms on the surface of TiO,. The lock-in based surface photovolage
(SPV) test showed that the TiO,-Bi sample possesses a stronger
surface photovoltage response than TiO,. This confirmed that the
separation efficiency of photogenerated carriers was increased
after the introduction of the Bi single-atom into TiO,. The charge
transfer mechanism was further explored through DFT calcula-
tions. The result of the charge density difference revealed that
electrons transferred from the Bi single-atom to TiO,, leading to
charge redistribution on the surface of TiO,. The built-in electric
field in the TiO,-Bi sample was induced, which accelerated the
divorcement of photogenerated electrons and holes. Therefore, the
TiO,-Bi sample exhibited superior photocatalytic activity. In detail,
the yield of CH4 and CO on the TiO,-Bi was 4.4 and 1.7 times than
that over TiO, (Fig. 4c), respectively. The process of photocatalytic
CO, reduction in this work is shown in Fig. 4d. In general, the
efficient separation of photogenerated carriers due to the
introduction of Bi single-atom mainly accounts for the enhance-
ment of photocatalytic performance.

5. Conclusion and prospect

This review summarizes the development of metal Bi in
photocatalysis in recent years. Bi can not only serve as a plasma
photocatalyst, but also act as a cocatalyst to facilitate the efficient
separation of photogenerated electron-hole pairs in the composite
catalysts. Limited study on the application of Bi single atoms in
photocatalysis has also been summarized. Although the studies on
the role of Bi in the photocatalytic systems have achieved
significant progress, a few research directions still deserve special
attention.

(1) Basic mechanisms: The bismuth is easily oxidized to form thin
bismuth oxide layer in the surrounding environment. Whether
bismuth surface obtained by the available preparation

methods contains bismuth oxides and how the bismuth oxide
layers influence the photocatalytic process still remain
unanswered. Some advanced characterization techniques
(e.g., EXAFS, X-ray absorption near-edge structure (XANES),
HAADF-STEM, in situ XPS) need to be incorporated in future
studies to improve the state of knowledge for photocatalytic
reactions at the molecular or atomic level. Furthermore, in situ
analytical techniques should be employed to monitor the
variation of contaminants or catalysts during the reaction in
real time. These technologies can help identify the intermedi-
ates generated during the reaction, thus allowing a reasonable
inference of the reaction pathway.

(2) Development of Bi single atoms: Reducing nanoparticle size to
single atoms can offer obvious advantages, such as reduced
catalysts cost due to the maximum atom utilization rate and
increased reactive sites. The studies on Bi nanoparticles has been
extensively reported, which have laid the groundwork for further
development of single atoms in a number of ways including the
selection of preparation methods and supports. The stability and
individual dispersion of atoms remain a challenge in the
preparation of single-atom catalysts. Nowadays, single atoms
catalysis has attracted growing attention in the field of catalysis.
However, most studies related to single atoms focus on the
development of noble metal single atoms. The studies on Bi
single atoms catalysts are limited [106]. Therefore, the develop-
ment of Bi single atoms deserves further studies.

(3) Explore Bi/semiconductors catalysts with strong reduction
ability: The photocatalytic oxidation can mineralize antibiotics,
dyes and other organic pollutants in the wastewater by
hydroxyl radicals. The oxidative removal of some pollutants,
such as NO, is not satisfactory. The final product of photo-
catalytic NO oxidation is NO,~ and NOs~. These products
accumulate on the surface of the catalysts during NO oxidation,
leading to the deactivation of catalysts and second pollution in
the environment. Therefore, it is desirable that Bi acts as a hole-
capture center, coupled with a semiconductor possessing
highly reductive CB electrons to convert NO to N, by
photocatalytic reduction reaction. It is believed that the Bi/
semiconductors with strong reduction ability have a promising
application in the generation of clean energy, such as hydrogen
production and CO, reduction.
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