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1+ 1> 2:Acritical review of MOF/bismuth-based semiconductor composites for
boosted photocatalysis
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Remediation, Beijing University of Civil Engineering and Architecture, Beijing, 100044, China
2 State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical
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Abstract: Photocatalysis is an effective procedure for environmental remediation and energy
production. Considering that both the bismuth-based semiconductors and metal-organic frameworks
(MOFs) are star photocatalysts, the combination of bismuth-based semiconductors with MOFs is
beneficial to overcome their shortcomings like narrow sunlight absorption range, deficient active
sites and rapid charges recombination rate. Recently, these composites displayed outstanding
photocatalytic performances toward nitric oxide (NO) oxidation, Cr(VI) reduction, oxygen
production, nitrogen (N2) fixation and organic pollutants degradation. In this review, we focused to
discuss the fabrication and synthesis methods, characterizations, photocatalytic applications as well
as the corresponding mechanisms of some representative MOF/bismuth-based semiconductor
composites (abbreviated as MBCs). Finally, new insights are proposed to meet the future challenges
and development of the composites, which can provide better knowledge for the advancement of

the related research areas.

Keywords: photocatalysis, metal-organic frameworks, bismuth-based semiconductors, composite,

environmental remediation.
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Heterogeneous photocatalysis is a well-known type of green technology, which has been
depicted as a broad spectrum of applications in selective organic transformation, environmental
remediation and water splitting at ambient conditions [1-5]. The role of photocatalysis is becoming
more important with the growing concerns on environmental problems and reliable energy
production. Fujishima and co-workers [6] have conducted innovative and extensive investigations
on the process of producing chemical energy from light energy with the aid of photocatalysts. Since
then, some typical inorganic photocatalysts with multi-functional aptitudes have been reported by
scientific researchers, such as TiO; [7, 8], ZnO [9, 10], CdS [11-13] and a-Fe203 [14, 15]. However,
the actual applications of the above photocatalysts were severely limited because of the rapid
recombination of electron-hole pairs and poor chemical functionality.

Metal-organic frameworks (MOFs), porous crystalline hybrid materials consisting of metal
ions as templates and organic ligands as linkers, have become hotspots in various fields in the last
two decades [16-18]. MOFs take the advantages of the useful characteristics of both organic ligands
and metal ions, which often offer exceptional properties that surpass the expectations for a mixture
made from different constituents [19, 20]. Owing to the well-ordered highly porous structures, large
surface areas and tunable organic ligands or metal ions, MOFs have drawn great interest in gas
storage and separation [21-23], molecular adsorption [24, 25], drug delivery [26, 27], chemical
sensors [28, 29] and catalysis [30-32]. Amongst catalysis, it is considered that using MOFs for
photocatalysis demonstrates a very promise future in the coming time, which is primarily based on
the facts: (1) As a type of porous materials, MOFs possess many chemical advantages besides the
above-mentioned physical merits, including the presence of unsaturated metal centers, open metal
sites and even typical functionalized organic ligands that are catalytically active [33, 34]; (2) Some
MOFs like UiO-66 (UiO is the abbreviation of University of Oslo), NTU-9 (NTU is the abbreviation
of Nanyang Technological University) and MOF-5 (MOF is the abbreviation of metal-organic
framework) have the properties like semiconductors, which could be employed as charge carrier
systems via the photoexcitation of metal clusters or organic ligands [35]; (3) Contrary to the
conventional semiconductors, it is amazing that the functionalities and structures of the MOFs can
easily be adapted to the desired ones via the modification of their metal centers or organic ligands.

These unique properties of MOFs provide the exciting possibility to control both the physical and



chemical properties of MOFs at the molecular level [36, 37]; (4) MOFs with distinct crystalline
structures can be used for the characterization and estimation of their structure-property
relationships [31, 38]. However, generally, MOFs as photocatalysts with wide bandgaps are inclined
to be excited by UV light, which hinder their applications under sunlight or visible light (Figure
1(a)). Also, some problems such as rapid recombination of electron-hole pairs, inadequate stability
and poor conductivity lead to poor practicality and low photocatalytic efficiency. Considering that
the abundance of MOFs structures and band-edge positions, constructing MOFs-based composites
with narrow gap semiconductors should be an ideal strategy for overcoming the above drawbacks
and inheriting the advantages of the individual component. For instance, our research group has
fabricated several types of MOFs-based composites like NH2-UiO-66/S-TiO. [39], MIL-
53(Fe)/Bi12017Cl2 (MIL is the abbreviation of Material of Institute Lavoisier) [40], MIL-
88A(Fe)/polyaniline (PANI) [41], BUC-21/CdosZnosS (BUC is the abbreviation of Beijing
University of Civil Engineering and Architecture) [42], BUC-21/N-K;TisO9 [43], BUC-
21/Bi24031Brig [44], BUC-21/titanate nanotube [45], BUC-21/g-C3sN4 [46], Ag/AgsPO4/NH,-MIL-
125 [47], MIL-100(Fe)/PANI [48], NH,-UiO-66/Ag,COs [49], UiO-66/g-CsN4 [50], MIL-
100(Fe)/g-CsN4 [51], MIL-100(Fe)/WOs [52], etc. These composites exhibited superior
photocatalytic activities to those of pristine MOFs and another photocatalysts.

Recently, several reviews focusing on MOFs-based composites as photocatalysts were reported.
For example, our research group summarized the fabrication and synthesis methods,
characterizations, photocatalytic applications as well as the corresponding mechanisms of MOFs/g-
C3N4 [37] and MOFs/TiO, composites [53]. Zeng’s group [19, 54] provided two reviews in 2019
and 2020, respectively, which demonstrated metal or metal-containing nanoparticle@MOF
composites (M/MC NP@MOF) and quantum dots (QDs)-MOFs composites can be applied in
various photocatalytic reactions, including hydrogen generation, Cr(VI) reduction, NO oxidation,
organic dye degradation and production of methane (CH.) from CO; reduction. According to our
literature search, however, review outlining for the heterogenous photocatalysis of the
MOF/bismuth-based semiconductor composites (MBCs) and their corresponding mechanisms has
not been reported.

At present, bismuth-based semiconductors have received much attention due to their visible-



light-responsive properties, chemical inertness, non-toxicity and excessive availability [55, 56]. The
valence bands of bismuth-based semiconductors comprise of hybrid orbitals of Bi 6s and O 2p. The
well-dispersed Bi 6s orbital results in shrinking the bandgap and enhanced the transport of photo-
generated charge carriers [57-59]. It is observed that bismuth-based semiconductors generally
possess bandgaps around 3.0 eV. Therefore, almost all of bismuth-based semiconductors have been
synthesized and used as visible-light-responsive photocatalysts like Bi>Os [60, 61], Bi2Ss [62, 63],
BiMOgs (M = W or Mo) [64, 65], BiVO, [66], BiOX (X = Halogens) [67, 68], BixOyX; (X =
Halogens) [69], BiPO4[70, 71], (BiO).CO3[72], BiFeOs [73] and other Bi®*-containing compounds
[74, 75]. As shown in Figure 1(b), it can be found that the band positions of most bismuth-based
semiconductors are suitable for photocatalytic applications, including removal of toxins from air
and water as well as the fuel production. However, one of the most demanding challenges is the
rapid recombination of photo-generated electron-hole pairs during the photocatalytic process. This
issue could be improved through component adjustment [76, 77], morphology control [78, 79] and
heterojunction construction [80, 81]. Up to now, many functional materials have been used to
combine with bismuth-based semiconductors for fabricating binary heterojunction photocatalysts,
such as Au nanoparticles [82-84], TiO. [85-87], g-C3sN. [88, 89], graphene oxide (GO) [90, 91].
Although the above composites exhibit improved photocatalytic performances than the pristine
photocatalyst due to the synergistic effect of materials, their applications are limited by various
aspects. For example, the Au nanoparticles can act as a photo-generated electrons’ reservoir to
accelerate the migration of charge carriers and broaden the light absorption range via surface
plasmon resonance (SPR) effect [82-84]. However, the introduction of heteroatoms may change the
space lattice and induce additional stress of bismuth-based photocatalysts. As to TiO3, the existing
bismuth-based semiconductors mainly play roles in strengthening the visible light utilization of TiO>
and suppressing the phase transformation between anatase and rutile. This means that TiO usually
acts as the primary photocatalyst, bismuth-based semiconductors play the role of co-catalysts.
Lamellar exfoliation g-C3sN4 have proved to be expected to enhance the photocatalytic performances
of bismuth-based semiconductors via surface modifications [55, 92]. But its low surface area and
poor hydrophily seriously affect the adsorption-photocatalytic process for target pollutant removal

in aquatic environment. With respect to GO, it typically plays the electron trapping role in the



corresponding bismuth-based composites [90, 91]. Therein, MOFs with large surface area and
porous structure will offer a platform for dispersing and immobilizing bismuth-based
semiconductors. Moreover, combing MOFs and bismuth-based photocatalysts for composites
construction can significantly boost the corresponding photocatalytic performance by increasing the
active sites, broadening the light spectrum to visible light or UV-visible light regions and inhibiting
the recombination of photo-generated charge carriers.

Herein, this review mainly focuses on the high-level advancement of the MBCs applying in
the field of photocatalysis, covering some representative MOFs, including HKUST-1 (HKUST is
the abbreviation of Hong Kong University of Science and Technology), MIL-100(Fe), MIL-88(Fe),
MIL-53(Fe), MIL-125, NH>-MIL-125, UiO-66, NH»-UiO-66, ZIF-8 (ZIF is the abbreviation of
zeolitic imidazolate framework) and some bismuth-based materials, such as Bi2Os, Bi2S3, Bi;WOs,
BiMo0OQg, BiVO4 BIiOX. Furthermore, their fabrication approaches, applications and the
corresponding mechanism were analyzed detailly. Finally, the current challenges and problems

concerning to the present MBCs are highlighted and the perspectives are suggested.

Figure 1. Band positions of some common (a) MOFs and (b) bismuth-based photocatalysts and the

relevant reaction potentials at pH = 7 [44, 50, 51, 93-124].

2. The current status of MBCs

Recently, MBCs are regarded as a sort of potential photocatalysts and have attracted rapidly
increasing attention. As shown in Figure 2(a), various studies on applications of MBCs in the field
of photocatalysis were reported during the past seven years. Furthermore, the number of
publications is increasing yearly, indicating that the combination of MOFs and bismuth-based
semiconductors has successfully achieved the goal of enhancing photocatalytic performance. As for
application areas of MBCs, 91.5% of published papers verified the applicability of MBCs for
photocatalytic degradation of organic pollutants and Cr(V1) reduction. Table 1 summarized the
existing binary, ternary and even quaternary MBCs. More importantly, some representative MBCs
were selected in this section to highlight their preparation methods, characterizations, applications

and mechanisms.



Figure 2. (a) Number of publications of MBC photocatalysts during the past six years and (b)
doughnut chart of photocatalytic applications of MBCs (source: web of science, date: 6" November

2020, key words: MOFs, bismuth and photocatalysis).



Table 1. Summary of the preparation methods and photocatalytic applications of MBCs.

No. Composite photocatalysts Preparation method Applications Ref.

Prepared ZIF-8 was incorporated with BisOsBr, from its Conversion of nitrogen (N2) to ammonia

1 ZIF-8/BisOsBr2 [125]
precursors via in-situ deposition. (NHs)
Prepared Bi»Sz was incorporated with ZIF-8 from its

2 ZIF-8/BizSs3 Rhodamine B (RhB) degradation [126]
precursors via in-situ deposition.
Prepared BiVO4 was incorporated with ZIF-8 from its

3 ZIF-8/BiVO4 Methylene blue (MB) degradation [127]
precursors via in-situ deposition.
Prepared BinMoOg was incorporated with ZIF-8 from its

4 ZIF-8/BizM00Qs MB degradation [128]
precursors via in-situ deposition.
Incorporation of BiVVO4 from its precursors on the surface of

5 UiO-66/BiV0O, RhB degradation [129]
as-prepared UiO-66 via hydrothermal synthesis.
Incorporation of BiMoQs from its precursors on the surface

6 UiO-66/Bi.Mo0Os RhB degradation [130]
of as-prepared UiO-66 via hydrothermal synthesis.
Solvothermal treatment of the mixture containing the as-

7 Ui0-66/Bi,WOs RhB degradation [131]

prepared UiO-66 and the precursors of Bi;WOs.




10

11

12

13

14

15

UiO-66/BiOBr

UiO-66/BiOBr

Ui0-66/BiOl

UiO-66/BiOCI

NH2-UiO-66/BiOBr

NH2-UiO-66/BiOBr

NH2-UiO-66/BiOBr

NH>-UiO-66/Bi>WOs

Mixing the solutions of prepared UiO-66 and the precursors
of BiOBr and vigorous stirring at room temperature.

Mixing the solutions of prepared UiO-66 and the precursors
of BiOBr and vigorous stirring at room temperature.
Incorporation of BiOl from its precursors on the surface of
as-prepared UiO-66 via hydrothermal treatment.
Incorporation of BiOCI from its precursors on the surface of
as-prepared UiO-66 via hydrothermal treatment.
Incorporation of BiOBr from its precursors on the prepared
NH»-UiO-66 via solvothermal deposition.

Incorporation of BiOBr from its precursors on the prepared
NH»-UiO-66 via solvothermal deposition.

Incorporation of BiOBr from its precursors on the surface of

as-prepared NH2-Ui0O-66 via hydrothermal treatment.

Incorporation of Bi;WOs from its precursors on the prepared

NH.-UiO-66 via solvothermal deposition.

Atrazine degradation

RhB degradation

Salicylic acid

RhB degradation

Norfloxacin (NOR) degradation

Tetracycline (TC) degradation and Cr(V1)

reduction

RhB degradation

NO oxidation

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]




16

17

18

19

20

21

22

NH2-UiO-66/BiWOs

BiOI/NH2-UiO-66/g-C3N4

MIL-125/BiVO,

MIL-125/BiVO,

MIL-125/BiOl

NH2-MIL-125/Bi,M00Os

NH2-MIL-125/Bi;WOs

Incorporation of Bi;WOQOs from its precursors on the prepared
NH2-UiO-66 via hydrothermal treatment.

Preparation of NH,-UiO-66/g-C3N4 from NH»>-UiO-66 and
g-C3N4 deposition, followed by incorporation of BiOIl from
its precursors on the surface of as-prepared NH2-UiO-66/g-
CsNavia in-situ deposition.

Prepared MIL-125 was incorporated with BiVO4 from its
precursors via hydrothermal deposition.

Prepared MIL-125 was incorporated with BiVO4 from its
precursors via hydrothermal treatment.

The as-prepared MIL-125 and BiOl were sonicated for 30
min, then the obtained solution was treated by the
hydrothermal process.

Prepared NH2-MIL-125 was incorporated with Bi2MoOs
from its precursors via solvothermal treatment.

Prepared NH2-MIL-125 was incorporated with Bi;WQOg from

its precursors via hydrothermal deposition.

RhB and TC degradation

TC and RhB degradation

RhB degradation

Comparison of interfacial charge transfer

rate among the as-prepared composites

TC degradation

Dichlorophen/trichlorophenol

degradation and O production

TC and RhB degradation

[140]

[119]

[141]

[142]

[143]

[144]

[145]




23

24

25

26

27

28

29

30

NH2-MIL-125/Bi;WOs

NH2-MIL-125/Bi>Ss3

NH>-MIL-125/BiOBr

NH>-MIL-125/BiOCl

NH2-MIL-125/BiOl

MIL-53(Fe)/Bi12017Cl>

MIL-53(Fe)/BiOBr

MIL-53(Fe)/BiOCI

Prepared NH>-MIL-125 was incorporated with Bi\WOg from
its precursors via hydrothermal deposition.

Prepared Bi»S3 was incorporated with NH,-MIL-125 from its
precursors via solvothermal treatment.

Prepared NH>-MIL-125 was incorporated with BiOBr from
its precursors via hydrothermal treatment.

Prepared NH2-MIL-125 was incorporated with BiOCI from
its precursors via solvothermal deposition.

Prepared NH2-MIL-125 was incorporated with BiOl from its
precursors via hydrothermal treatment.

Ball-milling treatment of the as-prepared MIL-53(Fe) and

Bi12017C|2 mixture.

Prepared MIL-53(Fe) was incorporated with BiOBr from its

precursors via hydrothermal treatment.

Prepared MIL-53(Fe) was incorporated with BiOCI from its

precursors via hydrothermal deposition.

TC degradation

RhB degradation and Cr(V1) reduction

RhB degradation

Bisphenol A (BPA) and TC degradation

Methyl orange (MO) degradation

Cr(VI) reduction

Carbamazepine (CBZ) and RhB

degradation

Photodegradation of RhB assisted by

persulfate (PS)

[146]

[147]

[148]

[149]

[150]

[40]

[151]

[152]

10



31

32

33

34

35

36

37

MIL-53(Fe)/BisOl

MIL-53(Fe)/Bisz.43Feo.5706

MIL-53(Fe)/Bi;WOs

MIL-53(Fe)/a-Bi,O3/g-CsNs

MIL-88A(Fe)/BiOl

BiOI/MIL-88A(Fe)/g-CaNa

MIL-88B(Fe)/Bi.MoOsg with oxygen

vacancies (OVs)

Prepared MIL-53(Fe) was incorporated with BisO-l from its
precursors via hydrothermal treatment.

Prepared MIL-53(Fe) was incorporated with BiszsFeos70s
from its precursors via etching and re-growth method.
Prepared MIL-53(Fe) was incorporated with BioWQOg from
its precursors via hydrothermal deposition.

The a-Bi2O3/g-C3N4 binary composite was firstly prepared,
then the suspension containing the prepared a-BizO3/g-CsN4
and MIL-53(Fe) was stirred constantly under 60 °C.
Prepared MIL-88A(Fe) was incorporated with BiOIl from its
precursors via solvothermal deposition.

Preparation of MIL-88A(Fe)/g-CsN4 from MIL-88A(Fe) and
g-C3sN4 deposition, followed by incorporation of BiOIl from
its precursors on the surface of as-prepared MIL-88A(Fe)/g-
C3NaVvia in-situ deposition.

Solvothermal synthesis of BixMoOs with OVs from its

precursors by adding tetramethylethylenediamine

RhB degradation

Selective oxidation of aromatic alcohols

RhB and phenol degradation

Amino black 10B degradation

Acid blue 92 (AB92) and MB

degradation

AB92, RhB and phenol degradation

BPA and TC degradation

[153]

[154]

[155]

[156]

[157]

[158]

[123]

1"



38

39

40

41

42

MIL-88B(Fe)/BiOl

BiOl/ZnFe,0./MIL-88B(Fe)

AgsPO./BiPO4/MIL-88B(Fe)/g-CsNa

MIL-100(Fe)/BiVOx

MIL-100(Fe)/Bi.Ss

(TMEDA), followed by the incorporation of Bi,Mo0Os with
OVs on the MIL-88B(Fe) from its precursors.

Prepared MIL-88B(Fe) was incorporated with BiOl from its
precursors via solvothermal deposition.

Preparation of ZnFe,O4/MIL-88B(Fe) from MIL-88B(Fe)
and ZnFe,O4 deposition, followed by incorporation of BiOl
from its precursors on the surface of as-prepared
ZnFe;04/MIL-88B(Fe) via in-situ deposition.

Preparation of MIL-88B(Fe)/g-CsN4 from MIL-88B(Fe) and
g-C3sNs4 deposition, followed by incorporation of
AgsPO4/BiPO. from its precursors on the surface of as-

prepared MIL-88B(Fe)/g-CsN4 via in-situ deposition.

Prepared BiVO4 was incorporated with MIL-100(Fe) from

its precursors via hydrothermal synthesis.

Prepared MIL-100(Fe) was incorporated with Bi,Ss from its

precursors via hydrothermal synthesis.

Ciprofloxacin (CIP), phenol and RhB

degradation

AB92, MB and phenol degradation

AB92 degradation

O production

RhB degradation

[159]

[160]

[161]

[162]

[163]

12



43

44

45

46

47

MIL-100(Fe)/Bi,WOs

MIL-100(Fe)/Bi,MoOs

MIL-100(Fe)/Bi12017Cl;

HKUST-1/Bi203

HKUST-1/BiVO4

Incorporation of Bi;WQsg from its precursors on the surface
of as-prepared MIL-100(Fe) via solvothermal synthesis.
Incorporation of Bi;WQOg from its precursors on the surface

of as-prepared MIL-100(Fe) via solvothermal synthesis.

Ball-milling treatment of the as-prepared MIL-100(Fe) and

Bi12017Cl, mixture.

Firstly, HKUST-1 was prepared using the liquid phase
epitaxy (LPE) method. Subsequently, triphenybismuth
(BiPhs3) was injected quickly into the solution containing the
as-prepared HKUST-1 and heated at 65°C for 36 h. Finally,
the BiPhs/HKUST-1 sample was irradiated with 255 nm UV

light for obtaining HKUST-1/Bi>O3 composite.

Prepared HKUST-1 was incorporated with BiVO4 from its

precursors via hydrothermal deposition.

Salicylic acid

RhB degradation

Cr(VI) reduction and photocatalytic
activation of persulfate for BPA

degradation

Nuclear fast red (NFR) degradation

Disulfine blue (DB) and rose bengal (RB)

degradation

[164]

[165]

[166]

[167]

[168]

13



48

49

50

51

52

53

BisPO4/Bi,Ss/HKUST-1

Ag3PO4/BirSs/HKUST-1

MOF-5/BiOBr

MIL-101(Cr)/BiVOx

BUC-21/Bi24031Brio

Co/Ni-mixed-MOF/BiFeO3

The HUST-1 and the precursors of BisPO4 and Bi.Ss were
sonicated for 40 min, then the obtained solution was treated
by the hydrothermal method.

The HUST-1 and the precursors of AgsPO4 and Bi,S3 were
sonicated for 40 min, then the obtained solution was treated

by the hydrothermal method.
Ultrasonic treatment and magnetic stirring of the as-prepared

MOF-5 and BiOBr mixture.

Prepared BiVO4 was incorporated with MIL-101(Cr) from

its precursors via hydrothermal deposition.

Ball-milling treatment of the as-prepared BUC-21 and

Bi24031Brio mixture.

Hydrothermal treatment of the mixture containing the as-

prepared BiFeO3 and the precursors of Co/Ni-mixed-MOF.

Toluidine blue (TB) and auramine-O

(AO) degradation

Trypan blue (TB) and vesuvine (VS)

degradation

MO degradation

RhB degradation

Cr(VI) reduction

4-nitrophenol (4-NP) degradation

[169]

[170]

[171]

[172]

[44]

[173]

14



54

55

BizsFeOso/MIL-

101(Cr)/polythiophene (PTH)

CuWO4/Bi,S3/ZIF-67

Ultrasonication of CHCI; solution containing the as-
prepared MIL-101(Cr), BixFeO4 and thiophene.
Subsequently, anhydrous ferric chloride was added into the

suspension and stirred for 4 h in an ice bath.

Preparation of CuWO4/Bi,Sz from CuWOs and BizSs3
deposition, followed by incorporation of ZIF-67 from its
precursors on the surface of as-prepared CuWO./Bi,S3 via

in-situ deposition.

RhB degradation

Metronidazole (MTZ) and cephalexin

(CFX) degradation

[103]

[121]

15



2.1 ZIF-8/bismuth-based semiconductor composites

Zeolitic imidazolate framework-8 (ZIF-8), a typical and unique member of the MOFs family,
is a highly porous structure constituted up from 2-methylimidazole linkers and zinc ions [174, 175].
It exhibits ultrahigh specific surface area up to 1600 m?.g** with zeotype topology and a pore
aperture of six-ring of 3.4 A [176]. Being compared with the other MOFs, ZIF-8 not only has a good
chemical/thermal stability but also possesses an easy synthesis method to obtain uniform structures
with good crystallinity. In recent years, the applications of ZIF-8 were extended in many fields like
gas storage/separation [177-179], drug delivery [180, 181] and chemical sensing [182, 183]. In 2014,
our research group firstly reported the photocatalytic activity of ZIF-8 against the MB degradation
under UV light [184]. However, the large bandgap energy (5.1 eV) highly restrict its potential
applications under visible light illumination. Hence, new strategies and approaches are required to
develop for improving the use of solar energy. The coupling of bismuth-based semiconductors to
prepare composites with ZIF-8 is also attractive because changing interfacial interactions results in
new properties. For example, enhancing interfacial charge transfer, prolonged carrier lifetime and
wider solar utilization spectrum can be obtained from ZIF-8/bismuth-based semiconductor
composites. Up to now, some composites constructed from ZIF-8 and bismuth-based
semiconductors were reported [125, 126, 128, 185]. In this section, two representative cases were
highlighted as the following.

Photocatalytic fixation of N> to NHs; can be performed at ambient conditions, so it is a
sustainable, clean and safe NH3 synthetic approach [186-188]. Nowadays, a number of researchers
have focused on developing new photocatalysts for the reduction of N2 to NHs. Among them, there
are many reports about the establishment of an experimental system based on MOFs [189, 190] or
bismuth-based photocatalysts [191-194]. However, the traditional photocatalytic system such as a
solid-liquid bi-phase reaction system where the reaction fluid enveloped the whole surface of the
catalyst. In such a condition, the photocatalytic system can only fixate the N dissolved in water,
resulting in lower activity due to the slow diffusion rate and poor solubility of N, [195, 196]. In
other words, the key to the mentioned challenge is the deficiency of direct contact between the
photocatalyst surface and gas phase No.

In order to solve this problem, Liu and co-workers [125] synthesized a hydrophobic-

16



hydrophilic photocatalyst with a gas-liquid-solid triphasic reaction interface, where the surface of
hydrophobic ZIF-8 was incorporated with the hydrophilic BisOsBr;to prepare a novel photocatalyst
Bi4OsBr./ZIF-8 composite. In their study, the successful fabrication of BisOsBr»/ZIF-8 composites
was confirmed by UV-visible diffuse reflectance spectrum (UV-vis DRS), Fourier transforms
infrared spectra (FTIR), and powder X-ray diffraction (PXRD) results. It was observed from the
transmission electron microscopy (TEM) micrographs of the ZIF-8 specimen, the pure ZIF-8
consisted of 100-300 nm-sized nanosheet structures (Figure 3(a)). After the combination of
BisOsBr, and ZIF-8, it was clear that the BisOsBr, nanoparticles were doped on the ZIF-8 surface,
the lattice spacing of 0.302 nm indexed to the exposed crystalline surface of BisOsBr (Figure 3(b)).
Being compared with the slight agglomeration of BisOsBr, (Figure 3(c)), the agglomeration of
Bi;sOsBr, was effectively avoided with the presence of ZIF-8 (Figure 3(d)), which might be
beneficial to the follow-up photocatalytic efficiency. Figure 3(e) demonstrated the activities of
photocatalytic N fixation on the as-prepared materials. The large bandgap of ZIF-8 made it inactive
and unsuitable for photocatalytic N fixation. The rate of NHs generation over the BisOsBr;
photocatalyst was 90.586 pmol-h*-g. However, the rate of NH3 generation over the BisOsBr/ZIF-
8 composites was firstly increased and then decreased with the increase in the contents of ZIF-8.
The optimal photocatalyst (BisOsBr./ZIF-8 (30%)) showed the most productive activity of 327.338
umol-h1-g-1, which was 3.6 times higher than the BisOsBr, photocatalyst. Nevertheless, the UV-vis
DRS spectra and Mott-Schottky plots of BisOsBr; and ZIF-8 suggested that ZIF-8 should not
participate in the photocatalytic reaction, which can be ascribed to the mismatch of energy levels
between BisOsBr, and ZIF-8, thereby the photo-generated electrons cannot be effectively utilized
during the photocatalytic process (Figure 3(f)). To investigate the active role of ZIF-8 in
Bi1OsBro/ZIF-8 (30%), the water contact angle (CA) of ZIF-8 and BisOsBro/ZIF-8 (30%) was
measured. The CA of ZIF-8 was observed 147 + 2°, demonstrating the super-hydrophobic nature of
ZIF-8 (Figure 3(g)). But after the BisOsBr. deposition, the CA was found 17 + 2°, demonstrating
that the surface of photocatalyst became hydrophilic (Figure 3(h)). The above results indicated that
hydrophobic ZIF-8 was inclined to capture atmosphere-connected bubbles, resulting in the
formation of micro/nanoscale level tri-phase mixed air, liquid and solid phases. Thus, the triphasic

interface offered a direct supply of N2 to the photocatalytic interface from the air. For the traditional
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bi-phase photocatalytic system where the reaction fluid (liquid phase) enveloped the whole surface
of the catalyst (solid surface). In such a condition, the photocatalytic system can only fixate the N>
dissolved in the bi-phase system results in lower activity due to insufficient N2 supply. Just by
comparison, N2 can be directly supplied from the air phase in the tri-phase system. In order to verify
this inference, the rate of N2 fixation in different light intensities over BisOsBr; and BisOsBra/ZIF-
8 (30%) was investigated (Figure 3(i)). It was obvious that with increasing light intensities, the
photocatalytic activity of BisOsBr, was no further increase. This can be explained that the N>
consumption rate was more rapid than the supply rate due to its slow diffusion rate and poor
solubility in water. It was concluded from these results that the N> mass transfer mainly controlled
the photocatalytic process. In contrast, the reaction rates over BisOsBr./ZIF-8 (30%) were linearly
increased with light intensities, revealing that the photocatalytic efficiency of triphasic system
increased with the N2 supply. In that way, the photocatalytic activity of the photocatalyst can be
significantly enhanced by the tri-phase system (Figure 3(j)). In this study, hydrophobic ZIF-8 could
not directly participate in the photocatalytic process due to its large bandgap. However, the
construction of BisOsBr./ZIF-8 composites was beneficial to set up an effective tri-phase contact
interface for rapid delivery of Ny, thereby enhancing the photocatalytic performance. More
importantly, as shown in Table 2, being compared with some traditional TiO>-based materials, metal
sulfides, carbonaceous materials, hydrous oxides, bismuth-based semiconductors and MOFs, the
photocatalytic N fixation activity of the as-prepared BisOsBro/ZIF-8 composite was relatively
competitive, suggesting it could effectively convert atmospheric N2 to NHs under UV or UV-visible

light illumination.

Table 2. Comparison of the BisOsBr,/ZIF-8 composite with other representative photocatalysts for

N fixation.
NH3
Photocatalyst Light source Scavenger Ref.
(umol-h-g)
MoS; 500 W Xe lamp (\>420nm)  None 325 [197]
360 W Mercury lamp (A =
Fe-doped TiO2 None 10 [198]

254 nm)
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Ru-loaded TiO; 150 W Xe lamp Ethanol 22.7 [199]

Cdo5ZNnosS 300 W Xe lamp (A > 400 nm) None 2.84 [200]
BiOBr with oxygen
300 W Xe lamp (A > 420 nm) None 104.2 [201]
vacancies
Carbon-tungstic
500 W Xe lamp None 205 [202]
acid hybrids
g-C3aNy 250 W Sodium lamp Ethanol 7.2 [69]
Ru@n-GaN
290-380 nm UV irradiation None 120 [203]
nanowires
NH2-MIL-125(Ti) 300 W Xe lamp (A > 400 nm) None 12.3 [189]
BisOsBro/ZIF-8 300 W Xe lamp None 327.338 [125]

Figure 3. TEM micrographs of (a) ZIF-8, (b) and (d) BisOsBr2/ZIF-8 (30%), (¢) BisOsBr
nanoparticles, (e) photocatalytic N fixation activities of as-prepared materials, (f) band potentials
of ZIF-8 and BisOsBr2, (g)-(h) contact angles of ZIF-8 and BisOsBr./ZIF-8 (30%), (i) photocatalytic
efficiencies of BisOsBr, and BisOsBro/ZIF-8 (30%) versus light intensities and (j) photocatalytic
mechanism of BisOsBr./ZIF-8 (30%) [125], copyright (2019) Elsevier.

Bi,S3 is a prominent lamellar-structured semiconductor, which possesses a small bandgap of
1.3-1.7 eV and has drawn much consideration among researchers due to its good photoconductivity
and photosensitivity toward visible and near-IR light [204-206]. But the aggregation during
reactions, the rapid recombination of photo-generated charges, photo-corrosion property and low
adsorption capacity for target pollutants severely restrict the utilization of pure Bi.Sz. Because of
the advantages of ZIF-8 (high surface area and stability) and Bi»Ss (high optical absorbance), they
can be good partners to overcome the rapid recombination of photo-generated charges. For instance,
Ding and co-workers [126] successfully made-up Bi,Ss/ZIF-8 composites (denoted as B@2Z)
through the in-situ self-assembly approach (Figure 4(a)). The scanning electron microscopy (SEM)
micrographs (Figure 4(b)-(e)) demonstrated that Bi,Ss displayed a regular nanorod structure with a
smooth surface, while ZIF-8 was composed of hexahedrons with 200 nm average-sized particle. It

was observed in the B@Z composites, the Bi,Ss surface turned out to be rough and was completely
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covered by the ZIF-8 nanocrystals, suggesting that the development of excellent core-shell
heterostructures. However, it was remarkable to find that the ZIF-8 size implanted in or dropped
from the Bi,Ss nanorods was smaller (approximately 100 nm) than the pure ZIF-8 nanocrystals,
signifying the confinement effect of the Bi»Ss nanorods [207]. Moreover, the TEM micrographs
(Figure 4(f)) demonstrated that the ZIF-8 nanocrystals were closely distributed on the surface of the
Bi>S3 nanorods. The attachment of ZIF-8 crystals on Bi.Sz nanorods surface was solid that even
strong ultrasonication for 1 h did not detach them from the Bi,Ss nanorods (Figure 4(g)). This stable
attachment of ZIF-8 was due to the covalent bonding of Bi-S-Zn. Additionally, it was necessary to
be indicated that all the peaks in Zn 2p, Bi 4f and S 2p XPS spectra shifted to higher binding energies,
which provided further evidence of the formation of Bi-S-Zn bonds. With respect to photocatalytic
activities, all the B@Z composites showed increased activities towards RhB degradation than pure
Bi,>S3 and Degussa P25 photocatalysts under visible light irradiation. There were two main reasons
for the above experimental phenomenon: (i) the light adsorption ranging from 700 to 400 nm in the
visible light region was remarkable for the B@Z composites; (ii) the B@Z assembly can devastate
the recombination of charge carriers. Active-species-capture studies suggested that holes (h*) and
superoxide radicals (-O27) played dominating roles in this photocatalytic system. Usually, the
diffusion of -O; into the bulk solution is difficult [208], and only the adsorbed pollutant molecules
can be photodegraded. Hence, the porous ZIF-8 was in favor of transporting RhB molecules, which
can promote -0, to act more significantly in the degradation process. In such a way, the photo-
generated charges will separate more efficiently (Figure 4(h)). In this study, the presence of ZIF-8
made the B@Z composites possess more active sites and penetrable paths for accelerating the
transfer of active radicals (-O2~and h*) and the target pollutants to the inner structure. In such a way,
the photo-generated charge pairs were sufficiently separated and can be fully utilized for the

degradation of organic pollutants.

Figure 4. (a) The fabrication of the Bi,S3/ZIF-8 core-shell composites, (b)-(e) SEM micrographs of
pure Bi,Ssz, ZIF-8, B@Z-7, and B@Z-10, (f)-(g) TEM micrographs of B@Z-10 and the material
after treatment with ultrasonication for 1 h, and (h) the photocatalytic mechanism for the RhB

decomposition over B@Z-10 [126], copyright (2018) Royal Society of Chemistry.
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2.2 (NH2)-UiO-66/bismuth-based semiconductor composites

Ui0O-66 belongs to the UiO family, which was firstly reported by Cavka and co-workers at Oslo
University [209]. The chemical composition of UiO-66 is Zrs04(OH)4(BDC)s (BDC = terephthalic
acid). UiO-66 exhibits mechanical, chemical and extremally high thermal stabilities because of the
high affinity and strong bonding between carboxylate O atom and Zr(IV). Therefore, it can be
treated in organic solvents as well as in water environments, and even found it is stable and tolerable
to the acid solution [210-212]. Such exceptional properties make UiO-66 more useful in many fields
such as photocatalysis [213-215] and gas adsorption/separation [216, 217]. However, UiO-66 is
unable to absorb the visible light because the redox potential of Zrs secondary-building units (SBUs)
in UiO-66 possesses a higher energy level than the BDC linkers’ LUMO. Therefore, it is extremely
necessary to modify the UiO-66 and make it responsive as a visible light photocatalyst [218]. As a
facile and feasible method, the modification of organic ligand can alter the energy bandgap of MOFs
to some degree, which expands the absorption ability of MOFs to visible light [219]. Silva et al.
[220] reported the synthesized NH.-UiO-66 via substituting H.BDC by 2-amino benzene
dicarboxylic acid (H,BDC-NHy>). Contrary to the UiO-66, NH2-Ui0-66 exhibits absorption in UV
light as well as in visible regions ranging from 300 to 440 nm. The shifting of absorption into the
visible region can be attributed to the amino substituent is responsible for bathochromic and
auxochromic properties in the atomic framework. Furthermore, the pure NH>-UiO-66 has been
employed for the photocatalytic degradation of organic pollutants [214], As(l1l) oxidation [221],
Cr(VI1)/CO; reduction [222-224] and H; evolution [220]. To further improve the photocatalytic
efficiencies of UiO-66 or NH,-UiO-66, a relatively ideal solution is to construct heterogeneous
photocatalysts with narrow bandgap semiconductors [33, 49, 50]. Up to now, large amounts of
(NH2)-UiO-66/bismuth-based semiconductor composites have been constructed and proven to
enhance the photocatalytic reactions due to the mutual interactions and synergistic effect of both
coupled components [119, 129-139].

BiOX (X = Br, CI, I) are economic and effective photocatalysts. They possess exceptional
layered structure and indirect transition mode that help in the effective transfer and separation of
charge carriers [57, 58]. Among different BiOX photocatalysts, BiOBr has a 2D lamellar structure

and a narrow bandgap, which makes it the most suitable photocatalyst in visible light irradiation

21



[225-227]. However, 2D BiOBr nanoplates are tending to agglomerate, which leads to low surface
area, limited active sites and weak affinity for target pollutants. Furthermore, the pure BiOBr does
not show enough wide range of light absorption and its recombination of photo-generated electron-
hole pairs is comparatively rapid [107, 228]. Thus, incorporating the BiOBr with NH,-UiO-66 or
Ui0-66 is not only expected to avoid the aggregation of pure BiOBr, but also possible to improve
the photo-absorption ability and enhance charge separation and migration.

In 2015, Sha et al. [133] firstly synthesized UiO-66/BiOBr composites with different
proportions of BIiOBr via a convenient solution method. All the UiO-66/BiOBr composites
exhibited excellent photocatalytic activities against the RhB degradation in visible light. The higher
efficiencies offered by the UiO-66/BiOBr composites should be attributed to the large available
surface area of BiOBr in the composites and good contact between BiOBr and UiO-66. In order to
expand the applications of UiO-66/BiOBr composite, Xue et al. [132] subsequently synthesized
visible-light-responsive UiO-66/BiOBr photocatalyst through a simple solution process to
efficiently photodegrade atrazine, which is a typical herbicide and has been posing a serious threat
to the ecological environment. As shown in Figure 5(a)-(b), the BiOBr specimen was comprised of
the plane and sporadic flakes with sizes from 200 to 600 nm and the nanoflakes of BiOBr in
composites were thinner than pure BiOBr. Furthermore, the PXRD pattern of BU-3 (the as-prepared
composites were defined as BU-x, x was the molar ratio of Bi to Zn) demonstrated all the diffraction
peaks belonged to pure BiOBr and UiO-66 (Figure 5(c)). It was worth noting that the pure BU-3
and BiOBr had similar adsorption edge of 440 nm, the corresponding Eg values were estimated as
2.82 and 2.80 eV, indicating the UiO-66/BiOBr composites possessed visible light absorption
properties (Figure 5(d)). For the removal of atrazine, as demonstrated in Figure 5(e), the adsorption
capacities of atrazine were 1.8%, 2.1%, 1.6%, and 2.5% for physical mixture sample, UiO-66,
BiOBr, and BU-3, respectively. This phenomenon may be attributed to the possible interactions
between BiOBr and UiO-66 resulted in the arbitrary growth of BiOBr, which can increase the
available interspace in the BU-3. Thus, the increased surface of the composite provided a large space
for more atrazine molecules and enhanced the degradation of atrazine molecules.

As expected, the optimal BU-3 could degrade almost 88% of the atrazine, while the physical

mixed sample could degrade only 74% of the atrazine. The reasons for superior photocatalytic
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activities of BU-3 were summarized as follow: (i) UiO-66 nanocrystals regularly distributed on the
surface of BiOBr, which was beneficial to avoid overlay of BiOBr nanoflakes on each other. (ii) the
fabrication of UiO-66/BiOBr composites enhanced the separation efficiency of photo-generated
charges. Furthermore, the effects of typical environmental aspects (i.e., water matrix, common
anions, pH) were extensively studied to find out their impact on the atrazine degradation. In the
strong acidic condition of pH = 3.1, the rate of degradation of atrazine was found the fastest one,
which was mainly attributed to the surface of the composite was positively charged under acidic
conditions. Considering that the chlorine atoms on the atrazine molecules possessed electron-
withdrawing effect, thus the composite demonstrated stronger electrostatic attraction to the atrazine.
The photocatalytic efficiency was apparently inhibited by HCO3~ and SO4%- due to that they are
very strong scavengers toward hydroxyl radical (-OH) and h* [229]. Moreover, the atrazine removal
efficiencies in river water, tap water, and mineral water were obviously lower than those in pure
water. It may be due to the presence of organic matters in the above water matrices will consume
the produced active radicals. As to the UiO-66/BiOBr composite, the photo-generated charges can
be excited under visible light, the presence of UiO-66 can facilitate the charges transfer. Therefore,
more h*, -OH, and O radicals can be formed, which played significant roles in the degradation of
atrazine (Figure 5(f)). Among the most MBCs, the bismuth-based semiconductors were usually
fastened or even glued to the MOFs particles. However, this study indicated that BiOBr flakes can
be interspersed with UiO-66, which can effectively inhibit the BiOBr agglomeration, thereby
significantly improving the photolytic activity. Moreover, the authors firstly applied the UiO-
66/BiOBr composite for atrazine photodegradation, rather than the common organic dyes.
Nevertheless, it should be admitted that the photodegradation efficiency of atrazine over the UiO-
66/BiOBr composite should be further enhanced. In 2019, Alkayal and Hussein [230] adopted
deposition process to synthesize x wt% Ag@Mg.Ta,Og nanoparticles (x was the Ag content in the
composite) for photocatalytic degradation of atrazine. Under the same light source irradiation (300
W xenon lamp with 420 nm cut-off filter), 100 mg-L of atrazine can be completely removed with
40 min over the optimal 2.0 wt% Ag@Mg.Ta,Oq (photocatalyst dosage was 2.0 g-L™). Previous
studies [55, 231, 232] had demonstrated that the bandgap of bismuth-based semiconductor could be

narrowed by adjusting its morphology to 3D structure. Considering that the BiOBr in this study
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possessed flake-like structure and the E4 value of BU-3 was only 2.82 eV. Therefore, the
morphology of BiOBr is of interest to regulate into flower-like, sponge-like or cubic-like 3D
structures to fasten UiO-66 nanoparticles, which might improve its visible-light-driven

photocatalytic activities.

Figure 5. (a)-(b) SEM images of pure BiOBr and BU-3 composite, (¢)-(d) PXRD patterns and UV-
vis DRS spectra of BiOBr, UiO-66 and BU-3 composite, () the degradation of atrazine in visible
light radiation by different photocatalysts, insert: adsorption curves of atrazine by the samples, (f) a
possible reaction mechanism of atrazine degradation over UiO-66/BiOBr composite [132],
copyright (2019) Elsevier.

After that, various NH,-UiO-66/BiOBr were reported by three research groups [136-138]. For
instance, Hu and co-workers adopted solvothermal method to grow BiOBr nanosheets on the NH»-
UiO-66 surface for preparing the NH2-UiO-66/BiOBr composites (as illustrated in Figure 6(a))
[137]. In detail, a prescribed amount of the as-prepared NH2-UiO-66 and Bi(NOs)s-5H.0 were
dispersed into mannitol using sonicator, then the mannitol solution containing the ionic liquid
[C16mim]Br was added dropwise. The reaction mixture was further magnetically mixed for a preset
time and subsequently heated for 24 h at 140°C. Then the precipitates were finally collected through
cleanout and vacuum drying processes. Figure 6(b)-(c) displayed the SEM and TEM images of NH.-
Ui0-66/BiOBr composites (named as NU/BOB-15). It can be found that the BiOBr nanosheets
distributed homogeneously on the surface of NH,-UiO-66, indicating the two components coupled
together tightly. As a consequence, the NU/BOB-15 exhibited enhanced photocatalytic activities for
Cr(VI) reduction and TC degradation under simulated solar light than pure BiOBr and NH,-UiO-
66. This result should be ascribed to the unique features of the as-prepared composite, such as
intimate interface contacts for the separation of photo-generated charge carriers and enlarged surface
area for pollutant adsorption.

Unlike the previous study, Yang and co-workers [136] adopted an alternative route for the
synthesis of NH»-UiO-66/BiOBr in the same year. Briefly, the as-prepared NH»-UiO-66 powders
were dispersed in KBr solution with the aid of ultrasonic oscillation, then the obtained suspension

was dropwise added to the glycerol solution containing Bi(NOz)3-5H,O powders. After strong
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magnetic stirring for 3 h, the final products (light yellow precipitate) were gathered by washing and
vacuum drying at 353 K for 20 h. As revealed in Figure 6(d)-(e), the NH>-UiO-66/BiOBr composite
(denoted as BUN-20) consisted of nanosheets that were settled in a specific way to adapt flower-
shaped morphologies. The plausible formation process of BUN-20 composite can be concluded as
follows: (i) the Bi®* ions in Bi(NO3)s-5H,0 were transformed into alkoxides (Bi(C3H;Os3)?*) after
reacting with glycerol, which inhibited the hydrolysis of Bi%* ions and a molecular level
homogeneity was attained for the better interactions with the other component [233]. (ii) The rate
of diffusion of Bi(CsH-O3)?* became slow due to the high viscosity of the solution containing NH.-
Ui0-66 particles surrounding by Br~ions [234]. (iii) Upon the dropwise addition of the suspension,
the Br-ions around NH,-UiO-66 particles rapidly reacted with Bi(CsH7O3)?* to produce BiOBr
nanoplates. The BiOBr nanoplates were accumulated on the surface of NH,-UiO-66 and stuck on
by intimate interaction, thereby adapting the flower-like structures. With respect to photocatalytic
activity, BUN-20 exhibited good structural stability and the best performance on the removal of
NOR. The removal efficiency of NOR (10 mg-L) over BUN-20 (0.3 g-L"1) was up to 93.60% after
simulated sunlight irradiation for 180 min (Figure 6(f)). The BUN-20 photocatalytic rate was
observed 0.01340 mint, which was almost 2.4 and 31.9 times of the pure BiOBr and NH»-UiO-66,
respectively. Furthermore, BUN-20 showed improved mineralization property compared with the
physical mixture sample (denoted as Mix-20), namely 60.58% of TOC can be removed within
prolonged 270 min under identical conditions (Figure 6(g)). In general, the NH2-UiO-66/BiOBr
composites constructed in this study should be classified as Type Il heterojunctions, as illustrated in
Figure 6(h), in which NH»-UiO-66 played a significant role in conducting charges in the composites.
The photo-generated electrons on the lowest unoccupied molecular orbital (LUMO) of NH2-UiO-
66 were used in the reduction of Oz into -O2~. Meanwhile, the light-excited holes on the valence
band (VB) of BiOBr were involved in the oxidation of H,O to form -OH. Ultimately, h*, -Oy~,
and -OH involved in degrading the NOR molecules, and the degradation of NOR molecules might
be depicted by the given below reaction equations. Summarily, the major innovation of this research
was the synthesis method of NH»-UiO-66/BiOBr composites. The strategy overcame the
disadvantages of typical synthetic route, such as the need of high pressure and temperature, template

agents, etc. Additionally, this study exhibited the MBC’s great potential in eliminating antibiotics in
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water environments. For the ease of comparison of the selected study, Table 3 summarized some

recently reported photocatalysts for NOR photocatalytic degradation. Taking the dosage, NOR

initial concentration, light source, reaction time, photocatalytic efficiency and mineralization degree

into consideration, the NH»-UiO-66/BiOBr should be a good candidate for NOR removal in

wastewaters.

NH>-UiO-66 + hv — NH,-UiO-66 (h* + e7)

NH,-UiO-66 () + Oz — NH,-UiO-66 + -O;

NOR + -OH/-O27/h* — products — CO2 + H.0O

BiOBr + hv — BiOBr (h* + )

BiOBr (h*) + Ho0 — BiOBr + -OH

@)
()
®3)
(4)
©)

Table 3. Comparison of the NH-UiO-66/BiOBr with other photocatalysts for NOR degradation.

Dosage Time Efficiency
Photocatalyst concentration Light source removal  pgef.
(@Y (min) (%)
(mg-L?) (%)
500 W Xenon lamp
FeTiOs/BiFeOs 1.0 5.0 150 61.6 No data  [235]
(A > 420 nm)
300 W Xenon lamp
NH-UiO-66/CoTiOs 1.0 20.0 60 90.13 No data  [236]
(A > 420 nm)
BiFeO3s/CuBi.04/BaTiO3 1.0 10.0 500 W Xenon lamp 60 63.5 60.3 [237]
BiOCI with oxygen 300 W Xenon lamp
0.5 5.0 120 about 60.0 Nodata [238]
vacancies (A > 420 nm)
500 W Xenon lamp
BiOBr/B-Bi>0O3 0.5 20.0 60 70.0 35.0 [239]
with AM 1.5G filter
150 W Xenon lamp
BiVVO4/BiOCI 0.5 5.0 60 80.0 Nodata [240]
(> 420 nm)
300 W Hg vapor
ZnS/RGO 1.0 20.0 240 92.0 Nodata [241]
lamp
Ce02/g-C3N4 1.0 10.0 150 W Xenon lamp 60 46.1 No data [242]
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(L > 420 nm)

300 W Xenon lamp

Ag/AgCI-CeO; 0.6 10.0 90 91.0 59.61
(A>420 nm)
300 W Xenon lamp
WO3/Ag@Ag:0 0.6 10.0 120 815 25.72
(A > 420 nm)
NH.-UiO-66/BiOBr 0.3 10.0 500 W Xenon lamp 180 93.6 60.58

[243]

[244]

[136]

Figure 6. (a) The procedure for the preparation of NH»-UiO-66/BiOBr in Hu and co-workers’ study,
(b)-(c) SEM and TEM images of the NU/BOB-15 composite, (d)-(e) SEM images of the BUN-20
composite in Yang and co-workers’ study, (f) removal performances of NOR in the existence of
diverse samples (pH = 7), (g) TOC removal efficiency of BUN-20 and Mix-20, (h) the possible
reaction mechanism of NOR over the BUN-20 in simulated sunlight [136, 137], copyright (2019)
Elsevier.

BiOl, atypical p-type semiconductor, can be deemed as a promising BiOX photocatalyst owing
to its anisotropic layered structure and narrow bandgap (1.7-1.8 eV), which makes it powerfully
responsive towards visible light [245, 246]. However, two fundamental challenges strictly limit its
photocatalytic activity: the first one is poor conductivity and the second one is the rapid
recombination of photo-generated charge carriers. Such issues were addressed by the fabrication of
BiOl with TiO2 [247], ZnO [248], BiOCI [249], MnNb2Os [250] and g-CsN4 [251, 252] to prepare
binary composites with improved photocatalytic activities. Considering that MOFs as a class of
highly porous materials can offer more channels for the transfer of photo-generated charges and
photodegradation products, which can effectively inhibit the photocatalyst deactivation. Thus, the
construction of a ternary photocatalytic system containing BiOl and MOFs can be an effective
approach to advance photocatalytic activities. As illustrated in Figure 7(a), Liang and co-workers
[119] synthesized a ternary BiOI/NH2-UiO-66/g-C3N4 composite (denoted as BiOI@UNCN-x, x
referred to the nominal weight ratios of NH2-UiO-66/g-CsN4 (UNCN) to BiOIl) by in-situ
solvothermal-hydrothermal method to achieve broadening visible light absorption range, enlarging
the surface area, and accelerating the photo-generated charges migration. The SEM and TEM

images (Figure 7(b)-(c)) revealed that the BIOI@UNCN possessed sandwich-like structures, which
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was beneficial to increase its contact area with the target pollutants. The surface areas of the
BiOI@UNCN-40 and BiOI@QUNCN-60 composites were increased to 123 and 152 m?-g?,
respectively. Comparing the surface areas of NH,-UiO-66 (842 m?-g*) [253] and UNCN (265 m?-g-
1), the surface areas of BiOI@UNCN-x were much lower, but the surface areas were much higher
than the pure g-C3N4 (35 m?-gt) and BiOl (63 m?-gt) nanosheet [254]. The photocatalytic activities
of the as-prepared composites were assessed by RhB and TC degradation in visible light. As
illustrated in Figure 7(d)-(e), the activities of BIOI@UNCN composites were outstanding to that of
the specific component such as UNCN, BiOl, and NH,-UiO-66. This should be attributed to the
ternary BIOI@UNCN composites can effectively separate the photo-generated charges. It was
agreed with the electrochemical impedance spectra (EIS) Nyquist analysis and PL spectra analysis.
More importantly, there was no apparent reduction in RhB degradation efficiency after the cycling
experiment. After four cycling runs approximately 87.7% of RhB could be removed (Figure 7(f)),
indicating that BIOI@UNCN composites can effectively inhibit the photo-corrosion and maintain
good stability. Based on the electrochemical and active-specie-trapping experiment results, the
excellent photocatalytic activity and good reliability of BiOI@UNCN were allocated to the
establishment of n-p-n junction in ternary composites. And the Z-scheme photocatalytic mechanism
could account for the photo-generated charges migration (Figure 7(g)). In detail, the electrons in
conduction band (CB) of BiOl will be combined with the holes generated from the highest occupied
molecular orbital (HOMO) of NH2-UiO-66 and VB of g-CsN4. Then, the CB of g-C3N4 (-1.08 eV
vs. NHE) and LUMO of NH2-UiO-66 (-0.51 eV vs. NHE) were more negative than the redox
potential of O/-O2~ (-0.33 eV vs. NHE), the photo-generated electrons remained in the CB of g-
CsNs and LUMO of NH-UiO-66 can react with O, to produce -O; radicals, which played a
significant role in degrading RhB and TC. In the interim, the holes generated in VB of BiOl were
inclined to decompose the organic pollutants. Additionally, the accumulated holes in the VB of BiOI
(2.37 eV vs. NHE) could oxidize OH~ to produce -OH (1.99 eV vs. NHE), which was also
responsible for the RhB and TC removal. In this study, the dominating roles of NH»-UiO-66 were
to increase the specific surface areas of the BIOI@UNCN composites and to make BiOl more
dispersive in the ternary photocatalysts. BiOl, as a p-type semiconductor, was the crucial factor for

accelerating the separation of the photo-generated charge carriers in the n-p-n type heterojunction
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by Z-scheme mechanism. Although this type of migration of photo-generated electrons and holes
retained the redox capacity of the photocatalyst, the photocatalytic activities for decomposition of
organic pollutants should be further enhanced. For example, the degradation efficiency of RhB
achieved by the optimal BiOI@UNCN-40 was lower than that of hexagonal boron nitride (h-BN)/g-
C3N4 [255] and BiOCI/Bi»02COs3 [256] binary composites. Considering that the adsorption capacity
of a photocatalyst has great influence on the subsequent photocatalytic process, thereby future work
needs to focus on increasing the specific surface areas of the BiOI@UNCN-x composites to further
enrich their active sites. Combing with the above merits, the implication of this research is that more
ternary photocatalysts based on MOFs and bismuth-based semiconductors should be developed for

environmental remediation.

Figure 7. (a) Schematic representation for BIOI@UNCN composites fabrication, (b)-(c) SEM and
TEM images of BiOI@UNCN-40, (d)-(e) the degradation of TC and RhB over as-prepared
materials in visible light, (f) the cyclic degradation of RhB over BiOl and BiOI@UNCN-40, (g) the
proposed photocatalytic mechanism over the BiOI@UNCN-40 under visible light [119], copyright
(2019) Elsevier.

As Bi-based ternary metal oxide photocatalysts, Bi2MoOs (Eg = 2.6 eV) [257] and Bi;WOs (Eq
= 2.75 eV) [258] usually exhibit good photocatalytic activities under visible light. However, the
Bi2MoOg or Bi;WOs shows low quantum yield, thus it was found to be unsuitable for the
photocatalytic activities in practical applications. The coupling of MOFs to fabricate binary
composites can enhance the photocatalytic activities of BizMoOg and Bi,WOs. Ding and co-workers
[130] fabricated UiO-66/Bi-MoQOg composites through a simple hydrothermal method. The UiO-
66/BiM0Og composites exhibited improved photocatalytic efficiencies against RhB degradation.
More importantly, they also revealed that MOFs may be utilized as an admirable substrate for the
photocatalysis in wastewater treatment applications. In 2020, Liu and co-workers [139] constructed
a direct Z-scheme photocatalytic system by coupling Bi;WOQOs with NH>-UiO-66 via a hydrothermal
process. The incorporation of NH,-UiO-66 into Bi,WOs can not only enhance its activity against
the oxidation of NO, but also improve its selectivity to convert NO into NOs~ or NO,~. The

incorporation of NH2-UiO-66 supplied abundant active sites to enhance the photocatalytic reaction
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and to improve the adsorption capacities of NH2-UiO-66/Bi;WOs composites. Furthermore, the
direct Z-scheme system not only promoted the charge carriers transfer and migration, but also
preserved the strong redox abilities of coupling components. This work indicated that MBCs had
strong potential for handling low-concentration (approximately 500 ppb) air pollutants.

2.3 (NH2)-MIL-125/bismuth-based semiconductor composites

Titanium (Ti) is a very potential element for the development of photocatalysts due to its low
toxicity and redox activity. MIL-125 is composed of H.BDC linkers and titanium-oxo-hydroxo
(TigOs(OH)a4) clusters and was firstly reported in 2009 [259]. MIL-125 exhibits thermal stability up
to 360°C, which is an ultimate property for the development of photocatalysts at high temperatures.
However, the energy bandgap of MIL-125 is wide (3.6 eV) like UiO-66, indicating that only UV
light could be used to excite MIL-125 [260]. The structure of NH2-MIL-125 is isostructural to MIL-
125 and can be synthesized by just substituting H.BDC-NH; instead of H.BDC in the substrates.
The NH2-MIL-125 bandgap is about 2.6 eV [260], enabling it to possess semiconducting
applications under visible light. This effect originates from the redshift in the valence band of MIL-
125 by the donation of aromatic electrons from N-containing ligand [261]. However, intrinsic
defects of NHx-MIL-125 or MIL-125, such as poor conductivity, low stability, and rapid
recombination of charge carriers result in relatively low photocatalytic activities [33, 262]. For NH»-
MIL-125 or MIL-125, the approach by combining with semiconductors for photocatalysis is
frequently used. Very recently, NH2-MIL-125 or MIL-125-based composites were constructed by
different bismuth-based materials like Bi,MoOs [144], Bi;WQOs [145, 146], BiOBr [148], BiOl [150],
BiOCI [149], BiVO4 [141, 142] and Bi,»S3[147]. In this section, some representative (NH2)-MIL-
125/bismuth-based semiconductor composites for various practices were highlighted.

In 2019, Zhang et al. [144] adopted a facile approach to fabricate mesoporous NHx-MIL-
125/Bi;M00O¢ core-shell composites via the solvothermal method with surface defects. As illustrated
in Figure 8(a), a certain amount of prepared NH>-MIL-1125 (denoted as TiM) was suspended in
absolute ethanol using probe sonicator. Then the ethylene glycol solution containing
Bi(NO3)3-5H,0 and Na;MoO4-2H,0 (molar ration of Bi to Na = 1:1) was added dropwise. The
reaction mixture was moved into the autoclave and was autoclaved at 160°C for 12 h. Finally, the

NH>-MIL-125/Bi,M0Os composites (symbolized as x-TiM@BiMO, x was the molar ratio of NH»-
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MIL-125 to BizM0Og) were obtained after washing and drying process. The successful construction
of x-TIM@BiIMO composites can be proved by X-ray photoelectron spectra (XPS), PXRD, and
FTIR results. As shown in Figure 8(b)-(e), the SEM images indicated that TiM had a homogeneous
decahedron morphology and the BiMO grew as a thin layer on the surface of TiM. For the cases of
0.65-TIM@BIMO and 0.32-TiIM@BiIMO composites, the morphology of TiM can be clearly
realized. But as the content of BiMO further increased, the decahedron morphology of TiM
disappeared. This phenomenon suggested that higher amount of BiMO could cover the surfaces of
TiM and overspread its pores, which could block the channels of photon and mass transfer. The UV-
vis DRS spectra (Figure 8(f)) showed that the photo-response absorption edges of the TIM@BiIMO
composites were wider than that of pure TiM and BiMO, respectively. The broadening of absorption
ranges from UV to visible light were beneficial to enhance the corresponding photocatalytic
performances. Moreover, the 0.32-TiIM@BIMO displayed the broadest expansion to visible light,
indicating the excess of BiMO might accumulate on the surface of TiM, thus shielding the light
absorption of TiM in the composites. Meanwhile, the transient photocurrent responses and EIS
Nyquist spectra demonstrated that the separation of photo-generated charges was enhanced via the
incorporation of BiMO. Furthermore, the work functions of as-prepared material were measured
using scanning Kelvin probe (SKP) procedure, because the lowest energy of the work function can
be interpreted as the capacity for charge transfer from the inner to the external of the samples. The
TiM, BiMO, and TIM@BiMO were presented as a specimen a, b, and c, respectively in the SKP
charts (Figure 8(g)). The work function of TIM@BiIMO was observed 4.73 eV, which was lower
than pure BiMO (4.95 eV) and TiM (5.10 eV). This result suggested the electron transformation
capacities of different photocatalysts followed the order of TIM@BIMO > BiMO > TiM. As
expected, the photocatalytic degradation efficiencies of extremely toxic trichlorophenol and
dichlorophenol over the optimal 0.32-TiIM@BiMO were 92.19% and 93.28%, respectively (Figure
8(h)-(i)). And the respective rate constants were almost 17 and 8 times greater than the rates
achieved by pure NHz-MIL-125. Moreover, the efficiency of oxygen production by 0.32-
TiM@BIMO raised to 171.3 umol g, which was 5.1 and 27.1 times greater than that of pure BiMO
and TiM (Figure 8(j)). The photocatalytic mechanism of this experimental system was illustrated in

Figure 8(k). In summary, since the intimate contact between TiM and BiMO, the mesoporous core-
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shell structures of the TIM@BiMO composites favored the charge separation and mass transfer. The
transformation between Ti®* and Ti**, and the generation of h* resulted in efficient O, production.
About chlorophenol degradation, the Ti®* defects, -OH, and h* radicals jointly played key roles in
opening the chlorophenols benzene rings. This study revealed that the as-prepared NH.-MIL-
125/Bi;Mo00Os core-shell composites exhibited bi-functional photocatalytic property for degradation
of organic pollutants and generation of O, owing to the presence of Ti-oxo clusters in NHz-MIL-
125. More importantly, considering that bismuth-based materials are highly likely to block the pores
of MOFs, thereby reducing the mass transfer efficiency and accelerating the electron-hole pairs
recombination of the composites. Therefore, optimization of pore utilization in MOFs is the key

factor to improve the photocatalytic performance of MBCs.

Figure 8. (a) The procedure for the preparation of NH2-MIL-125/Bi,MoOs composites, (b)-(e) SEM
images of 0.32-TiIM@BIiMO, 0.65-TiIM@BIMO, 0.97-TiIM@BIMO, 1.3-TiIM@BIMO, (f) UV-vis
DRS spectra of the as-prepared materials, (g) SKP maps of TiM, BiMO, and TIM@BIiMO, (h)-(j)
the photocatalytic activities for dichlorophen and trichlorophenol degradation and O production
over the different samples in visible light, (k) illustration of the photocatalytic mechanism of NHa-
MIL-125/Bi,MoOs core-shell composites [144], copyright (2019) Elsevier.

As mentioned above, Bi,WOg is the other Aurivillius-structural bismuth-based compound that
has been widely applied in the fields of photocatalysis due to its unique structure and
physicochemical property [263, 264]. However, it is desirable to acquire effective charge separation
efficiency, extend light absorption range, improve recyclability as well as high surface area for
Bi,WOs¢ nanoparticles. In 2020, Li and co-workers [145, 146] fabricated NH2-MIL-125/Bi,WOs
composites via the hydrothermal method. These composites demonstrated higher activities for the
elimination of RhB and TC. The electron spin resonance (ESR) and radicals quenching experiment
analysis exhibited that the -O2~ and h* were the major active species. The effective transfer of photo-
generated charges, intrinsic porous structure and enlarged light absorption range endowed the NH,-
MIL-125/Bi,WOs composites with superior photocatalytic performance.

Similar to NH,-UiO-66 photocatalysts, fabrication of NH,-MIL-125 composites with BiOX

(X =Cl, Br, 1) semiconductors has been frequently reported in recent years [148-150]. For instance,
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Hu et al. [149] adopted a hydrothermal approach for the development of NH2-MIL-125/BiOCI
composites with the different loading amounts of BiOCI (Figure 9(a)). Characterization techniques
including PXRD, FTIR, XPS, Raman confirmed the successful formation of NH>-MIL-125/BiOCI
composites (denoted as NM/BOC-x, x was the content of NH2-MIL-125). The materials’
morphologies were examined by TEM and high-resolution TEM (HRTEM). As shown in Figure
9(b), the NM/BOC-10 TEM images demonstrated that nanosheets of BiOCI were firmly stuck on
the NH2-MIL-125 surface. The NM/BOC-10 HRTEM image depicted in Figure 9(c) presented
lattice spacing at 0.275 and 0.344 nm, which can be indexed to the tetragonal phase BiOCI (110)
and (001) planes [265]. As displayed in Figure 9(d), it was excellent that the absorption edge of
BiOCI was about 380 nm, related to the bandgap of 3.31 eV. Following the deposition of NH>-MIL-
125, the composites possessed more intense absorption in visible region. The higher absorption
allowed NM/BOC-x composites to take in more visible light and produce more charges participating
in the photocatalysis procedure, which might give a higher photocatalytic performance. Furthermore,
the EIS Nyquist plots and transient photocurrent responses (Figure 9(e)-(f)) indicated that the
introduction of NH,-MIL-125 improved the charge separation efficiency in NM/BOC-x composites.
For the photodegradation of organic contaminants, the optimal NM/BOC-10 displayed a higher
activity towards TC and BPA than pure BiOCI and NH2-MIL-125. Furthermore, the degradation of
TC was measured by conducting the TOC analysis (Figure 9(g)). Under irradiation for 2 h, almost
45% of TC was mineralized, implying that TC can be photodegraded by the as-prepared composites
under visible light. To find out the accurate photocatalysis mechanism, the radical trapping
experiments and ESR techniques were introduced in this study. As shown in Figure 9(h), it can be
assumed that -O,™ acted as the major active specie in the reaction. Concluding all the findings
described above, a prospective photocatalytic mechanism was presented in Figure 9(i). Since the
band alignment between NH>-MIL-125 and BiOCl was well-matched, therefore, the photo-
generated h* could be traveled to that of BiOCI from the HOMO of NH»-MIL-125. Contrary to this,
the photo-generated electrons could be transferred to the Ti#* in the Ti-O cluster of NH,-MIL-125
from the CB of BiOCI. Subsequently, the Ti** was inclined to form Ti** with the existence of photo-
generated electrons. Owing to the strong reducing ability of Ti®* (-1.37 V vs. SHE), the O, was

reduced to -O; through the intervalence electron transfer in the Ti-O clusters. Correspondingly, the
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Ti®* ions were inclined to oxidize to Ti**, leading to the reactions as expressed in Equations (6)-(8).
The main finding of this work was to uncover the improved photocatalytic activity was ascribed to
the Ti®*-Ti** intervalence electron transfer in NH,-MIL-125 and synergistic effect between BiOCI
and NH>-MIL-125. Moreover, the favorable mineralization capacity of NH>-MIL-125/BiOCI

composite made it a promising photocatalyst in organic pollutants’ degradation.

Ti**-NH2-MIL-125 + &= — Ti3*-NH,-MIL-125 (6)
Tit*-NH-MIL-125 + O; — Ti**-NHo-MIL-125 + -0~ )
.0+ TC/IBPA - other products —» CO, + H.0 ®)

Figure 9. (a) Schematic representation of the synthesis of NH>-MIL-125/BiOCI composites, (b)-(c)
TEM and HRTEM images of NM/BOC-10, (d) UV-vis DRS spectra of the as-prepared materials,
(e)-(f) transient photocurrent responses and EIS Nyquist plots of NM/BOC-10, BiOCI, and NH.-
MIL-125, (g) the reduction in TOC during the photodegradation of TC over NM/BOC-10, (h)
DMPO--O,™ ESR signals recorded with NM/BOC-10 and BiOCI and, (i) the possible mechanism
for the transport of charges in NH,-MIL-125/BiOCI composite [149], copyright (2018) Elsevier.
Besides Biz2MoOs and BiOX photocatalysts, BiVO; is a typical n-type semiconductor, which
possesses a small bandgap and has drawn much consideration among researchers due to its good
photoconductivity and photosensitivity toward visible light. Therefore, it has been considered as an
exceptional photocatalyst to be used in the water splitting and decomposition of the organic
pollutants [266-268]. The crystalline structure of BiVO. has a significant responsibility in its
activity during photocatalysis [266]. The three most prominent crystalline phases of BiVO, are
tetragonal scheelite (s-t), tetragonal zircon (z-t), and monoclinic scheelite (s-m) structures. The
monoclinic scheelite (m-BiVOa) has a relatively small bandgap (2.34 eV) compared to other phases,
S0 it exhibits enhanced activity than the tetragonal phases [266]. More importantly, m-BiVVO4 has
suitable band edges (Ece = 0.34 eV, Evs = 2.75 €V), which can match well with MIL-125 (Exomo
=3.29 eV, ELumo = 0.88 eV) to form a binary composite [142]. Recently, Yang et al. [141] firstly
reported the MIL-125/BiVO4 composites with significantly increased photocatalytic activity for

RhB degradation and good stability after 5 irradiation cycles. In addition to the MIL-125/BiVO4
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composites, Wang and the co-workers [147] reported various NH>-MIL-125/Bi,Ss composites
prepared through the solvothermal treatment approach and employed as a bifunctional photocatalyst
for the RhB degradation and Cr(VI) reduction under visible light. As a photosensitizer, Bi.S3
improved the visible light absorption and narrowed the band gap of NH2-MIL-125/Bi,S3; composite
to be 2.59 eV. The detailed reaction mechanism analysis suggested that the photo-generated
electrons transferred from NH2-MIL-125 to Bi,Ss through NH2-MIL-125/Bi,S; composite with
well-matched band energies, which efficiently suppressed charge recombination and enhanced the
final photocatalytic performance.

2.4 MIL-53(Fe)/bismuth-based semiconductor composites

Fe-based MOFs are extremely attractive as iron is an earth-abundant element and the Fe-
containing hybrids are frequently used in heterogeneous catalysis [35, 269, 270]. Among them,
MIL-53(Fe) is an environment-friendly Fe-based MOF that is composed of the FeO4(OH), and
terephthalic acid linkers. The Fes-ps-oxo clusters present in this MOF are responsive to the visible
light regions and can harvest the photons more effectively [271]. Moreover, MIL-53(Fe) possesses
stronger visible light absorption capacity in the range of 300-500 nm than NH2-MIL-125 and UiO-
66 [33, 37, 53]. Meanwhile, the valence alternation of the metal sites endows this MOF with the
catalytic activities like activation of persulfate (PS) or hydrogen peroxide (H202) for SO4-~and -OH
production [272-274], which significantly improve the catalytic activities. The MIL-53(Fe)
generally requires fabricating with other efficient materials for enhancing its photocatalytic activity
because of its instability in water and rapid recombination of photo-generated charge carriers. In
this section, some composites constructed from MIL-53(Fe) and bismuth-based photocatalysts will
be discussed [40, 151-153, 156].

Tang and co-workers [151] proposed a coprecipitation approach to construct MIL-
53(Fe)/BiOBr hybrid photocatalysts (BM-x, x represented the MIL-53(Fe) contents (wt%) in the
composites) to strengthen the photocatalytic capability against the degradation of CBZ and RhB.
As demonstrated in Figure 10(a)-(b), MIL-53(Fe) possessed an irregular rod-like morphology and
BiOBr exhibited a smooth surface with the 2D lamellar structure. The TEM image of BM-20 (Figure
10(c)) showed that the ultra-tiny particles of MIL-53(Fe) were uniformly emerged on the surface of

BiOBr nanosheets. As displayed in Figure 10(d), the pure BiOBr was mainly responsive to UV light.
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While the MIL-53(Fe) was responsive to much wider regions ranging from 200 to 600 nm, mainly
concentrated on the visible region. Moreover, the Eg of BM-20, BiOBr, and MIL-53(Fe) was
measured to be 2.64, 2.75, and 1.92 eV, respectively. The narrow bandgap of BM-20 indicated it
was reliable to harvest the visible light and to show enhanced photocatalytic performance. As
expected, all of BM-x composites exhibited better photocatalytic activities towards RhB and CBZ
degradation under visible light irradiation than the pure BiOBr and MIL-53(Fe), and the
photocatalytic activity of BM-20 was the most efficient. To assess the higher activity of BM-20, the
Nyquist impedance plots, transient photocurrent curves and PL spectra were measured (Figure
10(e)-(g)). The results indicated that it was useful to employ BM-20 as the photocatalyst for
effective separation of photo-generated charge carriers. By analyzing the electrochemical data, the
CB potential (Ecg) of BM-20 was 0.11 eV vs. NHE. And using the equation (Eve = Eq + Ecg), the
VB potential (Eve) of BM-20 was calculated 2.75 eV vs. NHE, which was much positive than the
redox potential of -OH/OH~ (+2.38 eV vs. NHE) [275]. Therefore, the BM-20 can convert OH-
into -OH, but -O, cannot be generated during the photocatalytic process because of the potentials
of O2/-O2 (-0.33 eV vs. NHE) was more negative than the Ecg of BM-20 [275]. The active-specie-
trapping experiments showed that the CBZ degradation was inhibited remarkably as the
triethanolamine (TEOA) and isopropanol (IPA) were introduced. This phenomenon confirmed the
main active species were -OH and h*. Furthermore, the addition of K,Cr,O; suppressed the
decomposition of CBZ to some extent, indicating that electrons in the conduction band of BM-20
had a key role in the process of photocatalysis (Figure 10(h)). This study revealed that the
incorporation of MIL-53(Fe) can not only accelerate the separation of photo-generated charge

carriers, but also effectually boost the light absorption of the MBCs.

Figure 10. SEM and TEM images of (a) MIL-53(Fe), (b) BiOBr, (c) HRTEM images of the BM-
20, (d) UV-vis DRS spectra of MIL-53(Fe), BiOBr and BM-x composites, (e)-(g) Nyquist
impedance plots, transient photocurrent responses, PL spectra of the as-prepared materials and (h)
schematic representation of the CBZ degradation over the BM-20 [151], copyright (2019) Elsevier.

When MOFs and bismuth-based semiconductors possess suitable band energy levels, an ideal

composite might be fabricated due to an intimate contact interface can be formed after both
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components were combined. For most of Type | or Type Il heterojunctions, owing to their potential
difference, the photo-generated charges are inclined to migrate into CB or VB of the attached
component. Nevertheless, both the oxidizability of holes and reducibility of electrons are weaker
after charges migration [276-278]. In order to prevent the photo-generated charges from
recombination and to maintain the effective redox ability of remaining holes and electrons, a Z-
scheme MIL-53(Fe)/a-Bi2O3/g-C3N4 composite was synthesized by Cui and co-workers [156].
Among these three components, g-C3sN4 has drawn greater scientific attention in the area of
photocatalysis due to a metal-free visible-light-driven (VLD) semiconductor [279]. However, the
pure g-CsNa generally shows low activity due to the fast recombination of photo-generated charges.
a-Bi2O3 has also been often studied owing to its environmental-friendly and thermal stability
features [280]. The a-Bi2O3 possesses less positive CB and almost similar to the VB of g-C3N4, so
a-Bi>O3z can be used to couple with g-C3N4 to develop a Z-scheme composite. Moreover, MIL-53(Fe)
as porous materials could provide more channels for the transfer of photo-generated charge carriers
and degradation products, thus enhancing the photocatalytic performance.

For the preparation steps of the composites, the pure g-CsN4 powder was firstly synthesized by
calcination with dicyandiamide as a precursor. Then the a-Bi>,0O3/g-C3N4 composite was prepared
through the hydrothermal treatment approach. Thirdly, a specific amount of MIL-53(Fe) powders
synthesized by a solvothermal treatment approach were added to the a-Bi>O3/g-CsN4 mixture for
stirring vigorously under 60°C. After evaporating the organic solvent, the final orange powder was
MIL-53(Fe)/a-Bi20s/g-CsN4 ternary composite. The mass fractions of MIL-53(Fe) in these
composites were taken 10%, 25%, 32%, and 40%, and the respective composites were denoted as
10%-MBC, 25%-MBC, 32%-MBC, and 40%-MBC, respectively. The 32%-MBC TEM image in
Figure 11(a) suggested that both g-C3sNa4 and the MIL-53(Fe) were closely attached to the a-Bi»Os3,
demonstrating the intimate interaction between MIL-53(Fe), g-CsNs, and a-Bi»O3. After the
embedding of MIL-53(Fe), the pore volume and surface area of ternary composites were greater
than binary composites (Figure 11(b)). Usually, the larger surface area not only can afford more
active sites for adsorption of pollutants but also enhance the migration of photo-generated charges
[37, 281]. Furthermore, as shown in Figure 11(c), the enhanced visible light absorption and redshift

were observed among the ternary materials, which was ascribed to the incorporation of MIL-53(Fe)
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and the strong interactions among the three components. The Mott-Schottky plots, EIS Nyquist
curves, and photo-current response tests were conducted to measure the capability of the charge
transfer of the MIL-53(Fe)/a-Bi»O3/g-CaN4 composites. As illustrated in Figure 11(d)-(e), 32%-
MBC material showed the most intense photocurrent response and the smallest circle on the EIS
Nyquist plots. The obtained results revealed that the smallest charge transfer resistance existed in
the 32%-MBC composite, concluding that it had the highest photo-generated charges separation
efficiency. Previous studies had demonstrated that the charge density was inversely proportional to
the slope of the Mott-Schottky plot [282, 283]. Obviously, 32%-MBC showed larger charge carrier
density compared to MIL-53(Fe) and a-Bi>O3/g-C3N4 owing to its smaller slope (Figure 11(f)).
Moreover, the positive shift of fermi level would be occurred with increasing charge carrier density,
resulting in band bending at the surface of the composite, and this phenomenon would further
promote the charges separation and migration [284]. This phenomenon was consistent with the
results of transient photocurrent and EIS Nyquist measurement. In this work, amido black 10B dye
was selected as the modeling pollutant. As displayed in Figure 11(g), MIL-53(Fe)/a-Bi,03/g-CsN4
composites showed much better photocatalytic performance than that of pure g-CsNa4, 0-Bi2Os,
MIL-53(Fe) and binary composites under same experimental condition. Among them, 32%-MBC
showed the optimal degradation efficiency, in which 100% of amido black 10B could be eliminated
within 45 min. The reactive species trapping experiments suggested that both the h* and -O,~ were
the main active species in the photocatalytic process, while -OH played a relatively small role.
Combing with the above results and the band positions of the three components, the photocatalytic
mechanism can be summarized as follows (Figure 11(h)). The photo-generated electrons in the CB
of a-Bi,Oz would rapidly be captured by the h* generated from the VB of g-CsN.and MIL-53(Fe).
Therefore, the remained h* retained in the VB of a-Bi,O3 might participate in degrading the amido
black 10B. Meanwhile, since the CB and LUMO of g-C3Na (-1.13 eV vs. NHE) and MIL-53(Fe) (-
0.47 eV vs. NHE) were more negative than O/-O; reduction potential, thereby the photo-generated
electrons gathered in CB of g-C3N4 and LUMO of MIL-53(Fe) could react with O to produce -O;™,
which was beneficial to decompose the amido black 10B. In summary, this work was novel because
the authors firstly reported that the dual Z-scheme MIL-53(Fe)/a-Bi>O3/g-C3N4 ternary composites

can be fabricated via a facile precipitation method, which provided a feasible strategy to prepare
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ternary composites containing MOFs and bismuth-based semiconductors for photocatalytic

applications.

Figure 11. (a) TEM image of 32%-MBC, (b) N2 adsorption-desorption isotherms of MIL-53(Fe),
a-Bi203/g-C3N4 and x-MBC composites, (c) UV-vis DRS spectra of g-CsN4, a-Bi>03, MIL-53(Fe)
and x-MBC composites, (d)-(e) transient photocurrent curves and EIS plots of g-C3sNa, a-Bi2Os,
MIL-53(Fe), 0-Bi203/g-CsN4 and 32%-MBC, (f) Mott-Schottky plots of MIL-53(Fe), a-Bi203/g-
C3sN4, 32%-MBC composite, (g) degradation of amido black 10B over different materials and (h)
photocatalytic activity of MIL-53(Fe)/a-Bi>03/g-CsN4 in visible light [156], copyright (2020)
Elsevier.
2.5 MIL-88(Fe)/bismuth-based semiconductor composites

The MIL-88(Fe) series are a type of economical, biodegradable, and biocompatible Fe(l1l)-
dicarboxylate MOFs. They are composed of various types of organic dicarboxylate linkers and oxo-
centered trimers of metal octahedra. The organic linkers in MIL-88A(Fe), MIL-88B(Fe), MIL-
88C(Fe), and MIL-88D(Fe) refer to fumaric acid, terephthalic acid, 2,6-naphthalene dicarboxylic
acid and 4,4’-biphenyl dicarboxylic acid, respectively [285, 286]. Among the above four materials,
MIL-88A(Fe) and MIL-88B(Fe) possess narrow bandgaps of 2.60 and 2.39 eV as well as strong
thermal stabilities, which make them very suitable for photocatalytic applications [287, 288].
However, the MIL-88(Fe) applications in photocatalysis limited severely due to its low conversion
of solar energy and rapid recombination of the photo-generated charge carriers when compared to
other inorganic semiconductors [37, 281, 289]. Up to now, a number of MIL-88(Fe)-based
composites have been reported to advance the photocatalytic applications, such as MIL-
88A(Fe)/graphene oxide [275], MIL-88A(Fe)/g-C3sN4 [290], MIL-88A(Fe)/CdLa,Ss [291], MIL-
88B(Fe)/Fez04 [292], MIL-88B(Fe)/TisC, [293], MIiL-88A/PANI [41], etc. Furthermore, some
MIL-88(Fe)/bismuth-based semiconductor composites were made-up to accomplish prominent
photocatalytic activities against the degradation of organic pollutants [123, 157-161].

Recently, it has been established by some researchers that developing surface oxygen vacancies
(OVs) could lead to the suppression of the bulk charge carriers recombination [294-296]. Zhao and

co-workers [123] introduced the BiMoOs (BM) modified by surface OVs into MIL-88B(Fe)
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through a facile two steps solvothermal method, which exhibited superior separation efficiency of
the photo-generated charges at the interface and bulk simultaneously. For the preparation of the
binary composites, the pure MIL-88B(Fe) and BM with OVs (BMO) were firstly synthesized by
solvothermal treatments according to the previous reports [294, 297]. Secondly, a certain amount of
BMO (0.1, 0.2, 0.3, 0.4, 0.5 g) was used to prepare a mixture with the MIL-88B(Fe) precursors.
After the solvothermal treatment of the above mixtures, the obtained powders were Bi,MoOs/MIL-
88B(Fe) composites, which named X-BMO/M88 (X represented the weight in unit of 0.1 mg, X =
1,2, 3,4andb5). As illustrated in Figure 12(a)-(b), pure BM looked like a flower-shaped microsphere
with almost 2 um diameter, but the BMO sample showed small asymmetrical smooth-surfaced
nanoparticles. This phenomenon indicated that the OVs were produced on the surface of Bi,Mo0Os.
It should be noted that the small-sized Bi.MoOg particles are useful to decrease the distance for
photo-generated charges from the crystal to surface, resulting in inhibition of charge recombination.
After embedding the BMO, the 3-BMO/M88 surface was intimately deposited with 20 nm-sized
BMO nanosheets (Figure 12(c)-(d)). ESR and XPS analysis were performed to deeply investigate
the development of OVs defects in BMO. As shown in Figure 12(e), the characteristic peak at 532.0
eV with a relative area (almost 31.69%) was ascribed to the OVs in BMO. As to ESR analysis, a
prominent signal was detected at the g = 2.004 for BMO (Figure 12(f)), which was attributed to the
electrons captured by OVs [298, 299]. It was noteworthy that the OVs defects in BMO/M88
composites played an important role in the light-harvesting process. As displayed in Figure 12(g),
after the development of OVs on the surface of the BMO, an obvious enrichment was observed in
absorption of visible light ranging from 420 to 800 nm. The Eq values of 3-BMO/M88, BMO, BM,
and M88 were calculated to be 2.22, 2.71, 2.80, and 2.39 eV, respectively. This result should be
attributed to the synergistic effect between the surface OVs on Bi:Mo0Ogs and MIL-88B(Fe).
Moreover, the time-resolved fluorescence decay spectra were used to explore the dynamic behavior
of charge migration in the various X-BMO/M88 materials (Figure 12(h)). The average fluorescence
lifetime calculated for 3-BMO/M88 was found to be 4.60 ns. The prolonged lifetime demonstrated
that several contact interfaces and abundant nanochannels were developed in the BMO/M88
composites for the rapid transfer of the charge carriers. The optimal 3-BMO/M88 demonstrated that

99.5% of RhB can be decomposed within 120 min upon irradiation with visible light and 100% of

40



BPA molecules were removed with the addition of 10 mM H,0,. These results showed that the
surface OVs and formed heterostructure were promising to increase the photo-Fenton-like reactions.
Based on the energy band structures of MIL-88B(Fe) and BMO and trapping experiment results,
the superior 3-BMO/M88 photocatalytic activity was assigned to the formed built-in electric field
at the interface of type Il heterojunction, which effectively separated the photo-generated charges.
Moreover, the greater content of OVs was believed to be trapping sites to prevent electron-hole pairs
recombination (Figure 12(i)). This study revealed the importance of introducing OVs in the MBCs.
On the one hand, the presence of OVs could notably widen the light adsorption range. On the other
hand, the large amounts of OVs are considered to be electron-trapping centers to inhibit the photo-
generated electron-hole pairs recombination. In the future, fabrication of MBCs with abundant OVs

was worth trying to enhance the separation and migration of charges in the bulk and interface phases.

Figure 12. SEM images of (a) BM and (b) BMO, TEM images (c)-(d) of the sample of as-prepared
3-BMO/M88, (e) XPS O 1s spectra and (f) ESR spectra of BMO and BM samples, (g) diffuse
reflectance UV-vis spectra and (h) time-resolved fluorescence decay curves of M88, BM, 3-
BMO/M88 and BMO samples and (i) the mechanism of 3-BMO/M88 for photocatalytic degradation
in visible light [123], copyright (2020) Elsevier.

Recently, S.G. Khasevani and M.R. Gholami fabricated some binary, ternary and quaternary
MIL-88(Fe)/bismuth-based semiconductor composites including MIL-88A(Fe)/BiOl [157], MIL-
88A(Fe)/BiOl/g-CsN4 [158], MIL-88B(Fe)/BiOl/ZnFe;04 [160] and MIL-
88B(Fe)/AgsP04/BiPO4/g-C3N4 composites [161]. All the above composites exhibited superior
photocatalytic activities to accomplish efficient organic pollutants degradation upon the irradiation
of visible light, such as MB, AB92, RhB, and colorless phenol. The greatly improved photocatalytic
performances were attributed to the substantial harvesting of visible light and inhibition of charges
recombination through introducing MIL-88(Fe) in the corresponding composites.

2.6 MIL-100(Fe)/bismuth-based semiconductor composites

MIL-100(Fe) was also known as a Fe-based MOF that is composed of benzene-1,3,5-

tricarboxylic acid and Fe-O octahedra clusters. And it was firstly synthesized by Horcajada and co-

workers in 2007 [300]. It possesses a definite zeotype crystal structure comprising of 2.9 and 2.5

41



nm mesoporous cages accessible through window sizes of approximately 0.86 and 0.55 nm,
respectively [301, 302]. Owing to the high chemical, photo, thermal and water stability and
especially narrow bandgap (Eq = 1.82 eV) [33], MIL-100(Fe) has been considered as a typical MOF
for photocatalysis applications under visible light. As mentioned above, iron element has numerous
advantages over other metals, such as environmental-friendly, low toxicity and economical in cost
[303]. However, the poor conductivity of MIL-100(Fe) significantly limits its potential applications.
Up to now, a number of MIL-100(Fe)-based composites have been fabricated with the
semiconductor photocatalysts like TiO2 [304], ZnO [305], FezO4 [306] and g-C3Na4 [51] and even
polymer conductor like PANI [48] to advance its photocatalytic applications. In this section, some
MIL-100(Fe)/bismuth-based semiconductor composites were introduced in detail [162-165].

Han and co-workers [162] synthesized a series of MIL-100(Fe)/BiVO. composites following
a mild hydrothermal approach to decorate the surface of decahedron BiVO4 with the MIL-100(Fe)
nanoparticles. More importantly, the MIL-100(Cr)/BiVO4 composite was adopted as a referential
photocatalyst in this study, as the chromium carboxylate MIL-100(Cr) was isomorphic with the
MIL-100(Fe). Thus, the respective photocatalytic reaction can be examined by targeting a particular
variable. As shown in Figure 13(a), no characteristic PXRD diffraction peaks for MIL-100(Fe) were
observed in the as-prepared composite, which can be ascribed to the high dispersal of MIL-100(Fe)
particles on the surface of BiVO4 nanoparticles. Being compared with the UV-vis DRS spectrum of
pristine BiVO,, the as-prepared composite (MIL-100(Fe)/BiVO,4) demonstrated an extensive and
broad absorption in the visible region from 500 to 800 nm [307, 308]. A redshift was observed in
absorption after coating the BiVO4 with MOFs, indicating that the visible light response was
significantly enhanced (Figure 13(b)). From the SEM micrographs of the as-obtained materials
(Figure 13(c)-(d)), the pristine BiVVO4 nanoparticles displayed decahedron structure with a smooth
surface. Furthermore, the deposition of nanoparticles of MIL-100(Fe) on the BiVO4 surface resulted
in a rough surface of the MIL-100(Fe)/BiVOs. The XPS analysis showed that with the deposition
of ultra-tiny particles of MIL-100(Fe), a decline in binding energies of V 2p and Bi 4f occurred,
which confirmed strong affinity between BiVO, and MIL-100(Fe). The photocatalytic O>
production activities over the as-prepared materials were tested under a 420 nm LED lamp using

NalOs as an electron sacrificial agent. The optimal photocatalyst 8%-MIL-100(Fe)/BiVO4exhibited
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superior activity for O, production (almost 333.3 umol-h*-g), which was 4.3 times higher than
that of the pure BiVO4 (77.3 pmol-h*-g?). While the MIL-100(Cr)/BiVO, sample was almost
inactive under the same experimental conditions. For the purpose of understanding the improved
photocatalytic activity of MIL-100(Fe)/BiVQOs, various photo-electrochemical characterizations
were carried out. Figure 13(e) depicted that the PL intensity of as-prepared MIL-100(Fe)/BiVO4
was significantly dropped down compared with the pure BiVOs, while it remained almost the same
PL intensity over the MIL-100(Cr)/BiVO4 composite, signifying that only MIL-100(Fe) deposition
can effectively promote the separation and migration of photo-generated electron-hole pairs. EIS
Nyquist plots exhibited that the resistance semicircle of MIL-100(Fe)/BiVO4 was quite smaller than
MIL-100(Cr)/BiVO4 and BiVO4 (Figure 13(f)), manifesting the intimate interface between MIL-
100(Fe) and BiVOs resulted in drooping the charge-transfer resistance, which was beneficial to
inhibit the recombination of charge carriers. Similarly, the transient photocurrent response spectra
also suggested that the as-prepared MIL-100(Fe)/BiVO4 composites can successfully enhance the
separation efficiency of photo-generated charges for the water oxidation (Figure 13(g)). However,
the transient photocurrent response intensity of MIL-100(Cr)/BiVO4 was almost identical with
BiVOs. Considering the mismatch of bandgaps between MIL-100(Cr) and BiVO,, the photo-
generated charges in MIL-100(Cr)/BiVO4cannot be transported effectually, leading to no significant
change in the photocurrent densities (Figure 13(h)). This phenomenon indicated that embedding of
different MOFs had a significant impact on the charge carriers transfer in the different composites.
Based on the band edge positions of BiVOs, MIL-100(Fe) and MIL-100(Cr), the proposed
photocatalytic mechanisms were illustrated in Figure 13(i)-(j). When irradiated with visible light,
the electrons moved to the CB of BiVO4 from the HOMO of MIL-100(Fe) by intimate interfaces,
which were inclined to react with 103~ to produce I=. Meanwhile, the holes would move to the
LUMO of MIL-100(Fe) from the VB of BiVO4 and reacted with H,O molecules to produce Oz. As
to the MIL-100(Cr)/BiVO4 composite, water oxidation process cannot occur owing to the band
positions” mismatch of MIL-100(Cr) and BiVOs. In general, this study provided an instructive
strategy for the controllable fabrication of MBCs by loading MOFs on the bismuth-based
semiconductors. Furthermore, it demonstrated that the energy band’s matching degree of MOFs and

bismuth-based semiconductors is crucial for the photocatalytic activity achieved by MBCs.
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Figure 13. (a) PXRD patterns of BiVVO4 nanoparticles and composite based on MIL-100(Fe)/BiVOa,
(b) UV-vis DRS of MIL-100(Cr), MIL-100(Fe), MIL-100(Cr)/BiVOs, BiVOs; and MIL-
100(Fe)/BiVOs4 composites, (c)-(d) SEM images for the morphological analysis of MIL-
100(Fe)/BiVO4and BiVOy, (e) PL spectra, (f) EIS measurements and (g)-(h) transient photocurrent
response of BiVOs, MIL-100(Fe)/BiVO4 and MIL-100(Cr)/BiVO4 composites, (i)-(j) the proposed
mechanism for photocatalytic production of O, over MIL-100(Fe)/BiVOsand MIL-100(Cr)/BiVOs
composites when irradiated with visible light [162], copyright (2020) American Chemical Society.

In addition to the above-stated case, Zheng et al. [164] and Yang et al. [165] synthesized
Bi,WOe/MIL-100(Fe) and BioMoOs/MIL-100(Fe) composites via the simple hydrothermal-co-
precipitation method. Briefly, MIL-100(Fe) was firstly prepared following a facile hydrothermal
treatment approach. Subsequently, different content of MIL-100(Fe) was mixed with the solution
containing BizM0Os or Bi,WOs precursors. Then the mixture was heated at pre-set temperature
(100-160°C) for 12 h to get the final products. In the corresponding composites, the MIL-100(Fe)
acted as a substrate, the Bi;WQOg or Bi-MoOgs nanoparticles uniformly covered on the surface of
MIL-100(Fe). In these two studies, salicylic acid and RhB were chosen as the modeling pollutants,
the as-prepared composites showed much higher activities against the photocatalytic degradation
than pure Bi2MOs (M = Mo and W) and MIL-100(Fe) under visible light. Moreover, the two kinds
of composites displayed exceptional photostability in the recycling experiments, indicating their
suitability for actual applications. The higher photocatalytic performances were mainly linked to the
strong interfacial interaction amid MIL-100(Fe) and BizMOsg, thus, in turn, enabling the separation
and migration of photo-generated charge carriers.
2.7 HKUST-1/bismuth-based semiconductor composites

HKUST-1, also known as [Cu3(BTC)2(H20)s]» (BTC = benzene-1,3,5-tricarboxylic acid), is a
representative MOF having the strong stability and large surface area (BET and Langmuir surface
areas are 1154 and 1958 m?-g* respectively) [309]. Such intrinsic merits make HKUST-1 a
promising candidate to be used in the gas storage/separation [310-312], molecular adsorption [313,
314], drug delivery [315, 316] and catalysis [317, 318]. But the photocatalytic applications of

HKUST-1 are severely limited by its large bandgap (greater than 3 eV), meaning that HKUST-1 can
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merely harvest UV light [113]. Therefore, the photocatalytic activity of pristine HKUST-1 can be
upgraded for visible light by assembling with narrow bandgap semiconductors. Up to now, different
types of HKUST-1/bismuth-based semiconductor composites had been constructed and exhibited
superior performances in their corresponding photocatalytic systems [167-170]. In this section,
some typical HKUST-1/bismuth-based semiconductor composites prepared by different synthesis
methods were highlighted.

Bi»O3 is a narrow bandgap semiconductor (approximately 2.6-2.8 eV) [319], which exhibits p-
type behavior and good visible light photocatalytic properties [320-322]. However, its practical
applications are hampered by the fabrication of monodisperse Bi»O3 nanoparticles (NPs) with
specific defined-diameters. Ravelli and co-workers [323] suggested that charge carriers of
semiconductors start to behave quantum mechanically and exhibited larger redox potential when its
crystallite dimension falls below a critical radius about 10 nm. Hence the utilization of quantum-
sized Bi2O3 NPs (especially 1-3 nm) might lead to enhance photocatalytic efficiency owing to the
rate-limiting step should be deemed as the charge transfer rate. Considering that the size
distributions of NPs prepared by conventional methods are rather broad [167], thus the development
of a new synthesis method is urgently required, which might allow the production of Bi.O3z with
smaller size distributions and better dispersion. During the last ten years, since the pore-wall of the
MOFs can be utilized to control the NPs size and to provide larger encapsulation capacity for guest
molecules, various research studies have been focused on the utilization of MOFs for the
encapsulation of compounds with impressive catalytic activities, such as Pt [324], Pd [325], Au
[326], Ag [327], etc.

In 2016, Guo and co-workers [167] fabricated a recyclable HKUST-1/Bi,O3 composite thin
film via liquid-phase epitaxy (LPE) method, considering that LPE method is more attractive towards
layer-by-layer MOFs deposition in a controlled manner, and the highly oriented homogenous
crystalline MOFs films can be manufactured with thickness ranging from the nanometer to
micrometer levels [328, 329]. In this study, the preparation process of HKUST-1/Bi,O3 composites
was mainly divided into the following three steps (Figure 14(a)). Firstly, the self-assembled
monolayer consisted of 16-mercaptohexadecanoic acid was deposited on the surface of the modified

Au substrate, and the fabrication of HKUST-1 was performed with the help of spray system as
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illustrated in Figure 14(b). Secondly, they injected the ethanolic solution of triphenyl bismuth (BiPhs)
(freshly prepared) into the reaction vessel containing HKUST-1, then the prepared suspension was
allowed to heat at 65°C for 36 h. It was worthy to note that the BiPhs loading into the HKUST-1
was quantitatively examined via quartz crystal microbalance (QCM), which revealed that per
HKUST-1 cell was capable to load 2-3 molecules of BiPhs. Thirdly, the HKUST-1/BiPhz samples
were irradiated with 255 nm for several hours to generate HKUST-1/Bi>O3 composites, because of
the photodecomposition of BiPhs in solution with the existence of O is inclined to form Bi,O3 NPs
[330]. Figure 14(c) exhibited the PXRD data, which suggested that loading the guest molecules
(BiPhs and Bi»03) did not influence the crystallinity of HKUST-1. But it was associated to change
the ratio of peak intensities, for instance, the ratio of out-of-plane data (002)/(004) decreased from
2.13 for the pristine film to 0.79 for the BiPhs loaded film. Increasement of immersion time did not
change the relative PXRD peak intensities, confirming that guest molecules were loaded in every
pore of HKUST-1. Furthermore, the precise position of HKUST-1 lattice occupied by BiPhs
molecules was investigated using force-field based simulations. The good agreement between the
simulated PXRD and experimental PXRD patterns further demonstrated that 3 BiPhs molecules per
HKUST-1 cell, which was consistent with the QCM analysis (Figure 14(d)). The high-angle annular
dark-field scanning transmission electron microscope (HAADF-STEM) micrograph shown in
Figure 14(e) revealed the uniform distribution of small size (1-3 nm) Bi,Oz NPs into the HKUST-
1. The selected area electron diffraction (SAED) micrograph (Figure 14(f)) indicated that the
HKUST-1/Bi,Os composites were grown on quartz glass facing the (111) orientation. Except for the
above characterization results, the BiO*, Bi»O,", BizO4*, Bi,O* species were detected by time of
flight secondary ion mass spectrometry (ToF-SIMS), also indicating the successful fabrication of
HKUST-1/Bi»Os; composites. The dark adsorption experiments were conducted prior to the
photocatalytic process. The results indicated that only 3.2%, 2.6%, and 0.7% of NFR dyes were
adsorbed by HKUST-1, HKUST-1/Bi»03, and Bi>O3 NPs, respectively, suggesting the diffusion of
NFR into the HKUST-1 was significantly unaffected by the loading of Bi.Os NPs. Moreover, the
as-prepared HKUST-1/Bi,O3 thin-film displayed remarkable photocatalytic activity towards NFR
degradation under UV light (255 nm) irradiation, 100% of NFR molecules can be removed within

5 hours (Figure 14(g)). Additionally, as illustrated in Figure 14(h), the HKUST-1/Bi>O3 thin film
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was stable and recycled, the corresponding photocatalytic efficiencies maintained well after a four-
runs cyclic experiment. This study reported a novel procedure to fabricate MBCs thin films, which
can be easily separated and recycled without no significant loss. Such advantages exhibit an
attractive prospect for water purification. Moreover, this work confirmed that MOFs can provide a
platform for encapsulation of quantum-sized bismuth-based nanoparticles, which could prominently

accelerate the transfer of photo-generated charge carriers.

Figure 14. (a) Synthesis scheme of the HKUST-1/Bi>O3 composite thin films, (b) schematic diagram
for the automatic growth of thin films of HKUST-1 on Au substrates by LPE method, (c)
experimental XRD patterns of the HKUST-1 thin film (black line), BiPhs loaded (red line) and after
UV light irradiation (blue line), (d) simulation XRD patterns of HKUST-1 and 3 BiPhs loaded
sample, (e)-(f) HAADF-STEM and SAED micrographs of the HKUST-1/Bi,O3 materials, (Q)
photocatalytic processes under different experimental conditions, (h) four repeated experiments of
using the HKUST-1/Bi,03 photocatalyst for degradation of NFR under UV light irradiation [167,
329], copyright (2016) Royal Society of Chemistry and (2011) American Chemical Society.

The coupling of different types of advanced oxidation technologies (AOTS) can effectively
promote the degradation and mineralization capacities of organic contaminants [331-333]. Among
them, a good choice to degrade organic compounds is to use a sonophoto-degradation method,
which is a combination of sonolysis and photocatalysis [334]. In 2016, Mosleh’s research group
successfully fabricated HKUST-1/AgsPO4/Bi;Ss [170], HKUST-1/BiVO,4 [168] and HKUST-
1/BiP04/Bi»S3 [169] composites via ultrasound-assisted hydrothermal method. Photocatalytic
degradation of binary dyes (such as binary mixture of TB/VS, DB/RB, and TB/AQ) were intensified
by applying the prepared photocatalyst in a continuous flow-loop reactor equipped with blue LED
light. As illustrated in Figure 15(a), liquid circulation in the sonophotocatalytic reactor could
strengthen the turbulence of the reaction system, which resulted in an increase in mass transfer by
enhancing the contact between photocatalyst and target pollutants. Moreover, circulation enhanced
the dispersion of dissolved oxygen (DO) in the aqueous solution, thus increasing the production of
free radicals. Taking the HKUST-1/AgsPO./Bi,Ss reaction system as an example [170], the SEM

micrographs of HKUST-1 (Figure 15(b)) and HKUST-1/AgsPO./BiSs (Figure 15(c)) exhibited the
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size of octahedral HKUST-1 was about 1.5 um and indicated that the nanowires of AgsPO4/Bi2S3
binary component uniformly covered on the surface of HKUST-1. Furthermore, it can be observed
that HKUST-1/AgsP0./Bi»S3 composite exhibited quite weak PL emission intensity as compared to
pristine HKUST-1 (Figure 15(d)), suggesting that the combination of HKUST-1 and AgsPO4/Bi,S3
was considerably useful for the separation of photo-generated charge carriers. More importantly,
combination of central composite design (CCD) with desirability function (DF) were used for the
optimization of operational parameters (i.e. flow rate, initial TB and VS concentration, sonication
and irradiation time, initial pH and dosage of photocatalyst) (Figure 15(e)-(h)). The results revealed
that 98.44% and 99.36% of TB and VS can be sonophotodegraded under the optimal experimental
condition (dye = 25 mg-L™, sonication, and irradiation time of 25 min, solution flow rate of 70
mL-min?, 0.25 g-L* dosage of photocatalyst and pH = 6.0). Additionally, the synergetic index was
obtained as 2.53, indicating that the coupling of ultrasound and photocatalysis can contribute to

higher catalytic efficiency compared with the individual process.

Figure 15. (a) Schematic diagram of sonophotocatalytic reactor set-up, (b)-(c) SEM micrographs
of HKUST-1 and HKUST-1/AgsPO4/Bi,Ss composite, (d) PL spectra of HKUST-1 and HKUST-
1/AgsPO4/Bi,S; composite, (e)-(g) 3D plots of response surface graphs of dye concentration, flow
rate, pH and reaction time on the catalytic efficiency (h) profiles for desirability function and
predicated values for sonophotocatalytic degradation, lines shown with red dashes represent optimal
values [170], copyright (2016) Elsevier.
2.8 Other MBCs

In general, most of the studies focused on the preparation of binary or ternary composites based
on the above-mentioned MOFs (UiO-66/NH,-Ui0O-66, ZIF-8, MIL-125/NH,-MIL-125, MIL-88(Fe),
MIL-100(Fe), MIL-53(Fe) and HKUST-1) because of their good stability and recyclability. These
MOFs-based photocatalysts are highly capable to maintain its catalytic activity and crystallinity for
at least three cycles in the weakly acidic and basic environments. Except the above seven types of
MOFs, some other stable MBCs for photocatalysis are also present, such as BUC-21/Bi24031Brig
[44], CuWOA4/Bi,S3/ZIF-67 [121], MIL-101(Cr)/BiVO, [172], MIL-

101(Cr)/BizsFeOao/polythiophene [103], MOF-5/BiOBr [171] and Co/Ni-MOF/BiFeOs [173].
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BUC-21 is a newly synthesized Zn-based 2D MOFs, which was firstly reported by our research
group in 2017 [335]. It has been proved to possess the good capability for reduction of Cr(V1) and
decomposition of organic dyes. However, the E4 value of BUC-21 is approximately 3.4 eV,
indicating that it can only utilize UV light source. Additionally, poor electronic conductivity of the
pristine BUC-21 retards its photocatalytic application [262]. Hence, the combination of BUC-21
with such inorganic semiconductors, those having visible-light-harvesting ability and high
conductivity should be an ideal method. For broadening the solar absorption range, Bi2sO31Br1o (Eq
~ 2.70 eV) considered as a competitive candidate [336]. Furthermore, the CB of Bi2sO31Brio was
found to be negative enough for realizing lots of photocatalytic reactions [337-339]. Therefore, Zhao
and co-workers [44] fabricated BUC-21/Bi21031Brio composites (BB-x, x was the weight percentage
of Bi»4O31Brio with respect to the BUC-21) by ball-milling BUC-21 and Bi24031Brig mixture (as
illustrated in Figure 16(a)). The successful fabrication of BUC-21/Bi2O31Brio composites was
confirmed by PXRD, FTIR, UV-vis DRS, and XPS analysis. As shown in Figure 16(b), after the
introduction of Bi2sO31Bri0, BB-x composites exhibited the similar absorptions to pure Bi24O31Brio
with long tails at the longer wavelengths, further showed that increasing Bi»4Os1Brio loading
enhanced the optical absorption intensity in visible region. This phenomenon revealed that the
forming BUC-21/Bi24031Brio composites were capable of improving the absorption of UV and
visible lights and the composites could be considered as white-light-responsive photocatalysts.
Being compared with the traditional solvothermal method, the SEM, TEM, and HRTEM images
(Figure 16(c)-(e)) suggesting highly dispersed and uniformly distributed Bi»4O31Bri0 nanosheets on
the surface of BUC-21 polyhedron structures via the ball-milling process. As depicted in Figure
16(f), the best photocatalytic efficiency exhibited by BB-100, as it was capable to reduce 99.9%
Cr(VI) into Cr(l1) within 120 min upon irradiation of white light. Moreover, the photocatalytic
activities of Cr(VI) reduction over different photocatalysts were shown in Table 4. The results
indicated that BUC-21/Bi24031Brio composite was a superior white-light-responsive photocatalyst

for reducing Cr(V1).

Table 4. Comparison of different photocatalysts for Cr(V1) reduction.

Photocatalyst Dosage pH Concentration  Time Light source Efficiency Ref.
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QLY (mg-LY)  (min) (%)

NH2-MIL-68(In) 1.0 2.0 20.0 180 300 W Xe lamp (A > 420 nm) 97.0
SrTiOz microsphere 1.0 2.0 10.0 240 500 W Xe lamp 99.0
Bi,S3 nanosphere 0.5 2.0 40.0 120 500 W Xe lamp (A > 420 nm) 90.0
ZninySy 1.0 6.0 50.0 120 300 W Xe lamp (A > 420 nm) 75.1
CuS/MIL-125(Ti) 0.5 2.1 48.0 70 500 W Xe lamp (A > 420 nm) 52.0
g-C3sN4/MIL-53(Fe) 0.4 2.0 10.0 180 500 W Xe lamp (A > 420 nm) 99.0
No
CdS/TiO, 0.375 10.0 60 300 W Xe lamp (A > 420 nm) 90.0
data
SnS,/Sn0O; 2.4 2.0 10.0 120 300 W Xe lamp (A > 400 nm) 100
No
BiVO4/MOS; 0.4 15.0 90 500 W Xe lamp (A > 420 nm) 76.5
data
g-BN/BiOCI 0.8 2.0 10.0 150 300 W Xe lamp (A > 420 nm) 92.0
Co304/Ag/Bi;WOg 1.0 3.0 40.0 60 300 W Xe lamp (A > 420 nm) 58.0
No
ZnO/graphene 1.0 10.0 250 500 W high pressure Hg lamp 98.0
data
No
NisS2/graphene 1.0 20.0 180 300 W Xe lamp (A > 400 nm) 91.0
data
No 400 W metal halogen lamp
CdS/RGO 1.0 10.0 250 92.0
data (A > 400 nm)
BUC-21/Bi24031Brio  0.25 2.0 10.0 120 500 W Xe lamp 99.0

[340]
[341]
[342]
[343]
[30]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

[351]

[352]

[44]

The improved reduction capability for Cr(V1) can be associated with enhanced solar absorption
range and the rapid charge transfer at the interface of heterojunction. Furthermore, different small
organic acids (SOAs), initial pH, water matrices and light intensities played significant roles in the
photocatalytic process. Meanwhile, the methodology based on Box-Behnken experimental design
authenticated that co-existence of inorganic ions and dissolved organic matter (DOM) significantly
affect the photoreduction efficiency. More importantly, considering that the redox potential of
Bi®*/Bi is 0.308 V vs. NHE [353], so the reduction of Bi®* by photo-generated electrons is quite easy,

which may also lead to reducing the photocatalytic performance for Cr(VI) removal. However, after
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the combination of BUC-21 and Bi»4031Br1o, 4 cycling experiments were enough to remove 83.1%
of Cr(VI), revealing the good recyclability of BB-100 during the adsorption-photocatalytic
experiments (Figure 16(g)). Furthermore, the PL spectra, EIS Nyquist plots, time-resolved PL decay
spectra and photocurrent response signals (Figure 16(h)) worked together to prove the formation of
the composite between BUC-21 and Bi»4O31Brip was capable to suppress the recombination of
photo-generated charges. As illustrated in Figure 16(i), the photo-generated electrons present in the
LUMO of BUC-21 were transferred to the CB of the BixO31Brip. Additionally, the holes were
consumed by H»O to produce H,0; [354]. Meanwhile, the generation of -O,~ could induce a -O2™-
mediated Cr(V1) reduction process, hence improving the separating potential of electron-hole pairs
and promoted the Cr(VI) removal. The involved reactions were listed as Equations (9)-(13).
Additionally, the density functional theory (DFT) simulations based on the difference of electron
density and Hirshfeld charge analysis further suggested the photo-generated electrons transferred
from BUC-21 to Bi»4O31Brio (Figure 16(j)). Recently, ball-milling technology has been widely used
for fabricating catalysts in the industrial fields [355-358]. It is easy to achieve large-scale synthesis
of homogeneous catalysts with high reproducibility [357]. This study was attractive since the MBCs
were constructed via facile ball-milling route. Moreover, this work revealed that coupling with
bismuth-rich bismuth oxyhalides (BixOyX;, X = Cl, Br and I) should be considered as an important
way to reduce the recombination of charge carriers owing to they possessed more negative CB

positions that could match the most of MOFs’ band energies.

BUC-21 + hv — BUC-21 (h* + &) 9)
Bi24031Brio + hv — Bi24031Brio (h* + €7) (10)
e~ (BUC-21) — ¢~ (BixsO21Bro) (11)
Cr,07% + 14H* + 66~ — 2Cr® + 7H,0 (12)
.07+ Cr(VI) = Cr(V) + 02 (13)

Figure 16. (a) The procedure for the preparation of BUC-21/Bi24031Brio composites, (b) UV-vis
DRS spectra of BUC-21, Bi24O31Bri0 and the corresponding composites, (c)-(e) SEM, TEM and
HRTEM images of BB-100, (f) Cr(VI) photoreduction at pH = 2 via numerous photocatalysts, (g)

recycling experiments for the photoreduction of Cr(VI) over BB-100 and Bi24O31Brio, (h) time-
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resolved PL decay spectra of BUC-21, Bi24031Brio, and BB-x composites, (i) representation of the
possible mechanism of photoreduction of Cr(VI) over BB-100 under white light and (j) difference
of electron density on the surface of BUC-21 and Bi2031Brip fragment [44], copyright (2020)
Elsevier.

In addition to the BUC-21, ZIF-67 is also a subclass of microporous MOFs, consisting of
imidazole-based ligands and cobalt ions in the form of zeolite topology [359-361]. Similar to ZIF-
8, it possesses high surface area, high porosity as well as water stability. ZIF-67 is a favorable
photocatalyst due to it possesses a narrow bandgap of 1.9 eV [362], however, it is worth mention
that there are few studies on photocatalytic degradation of organic pollutants by pristine ZIF-67 or
its composites. In 2020, Askari and co-workers [121] synthesized a novel double Z-scheme
CuWO4/Bi,Ss/ZIF-67 ternary composite through the hydrothermal method. Furthermore, the
photodegradation efficiencies of MTZ and CFX antibiotics by CuWO./Bi,S3/ZIF-67 were
investigated in a batch and continuous slurry photoreactor under LED illumination (Figure 17(a)).
The successful fabrication was testified by some common characterization techniques, such as
PXRD, FTIR, PL, UV-vis DRS, TEM and SEM analysis. As shown in Figure 17(b) and (c), the
TEM images exhibited that the CuWOQO4/Bi>S3; composite was almost rod-shaped particles with size
of 20-100 nm. And the CuWO4/Bi,S3/ZIF-67 displayed the maintained flower-like morphology of
the ZIF-67 even after the encapsulation of CuWO4/Bi;Ss. The ternary composite exhibited a
remarkable improvement in photoactivity compared with CuWO4/Bi,Ss and pristine ZIF-67. The
apparent reaction rate of CuWO4/Bi,S3/ZIF-67 composite was 9, 5.5, and 4 times higher than that
obtained by Bi;Ss, ZIF-67, and the binary CuWO./Bi.Ss, respectively. Indeed, higher surface area,
narrower bandgap and better charge separation based on the dual Z-scheme structure caused the
enhancement of photocatalytic activity. As shown in Figure 17(d)-(e), the maximum degradation
efficiencies by the new ternary heterostructure were 95.6% and 90.1% for MTZ and CFX at
optimum conditions in the continuous flow mode. Additionally, after 100 min illumination, the TOC
removal rates by CuWO./Bi,Ss/ZIF-67 reached 83.2% and 74% for MTZ and CFX, respectively
(Figure 17(f)). This result suggested that the CuWO4/Bi»Ss/ZIF-67 composite had a good
mineralization capacity for organic pollutants decomposition. Combining with the trapping tests

(-OH was the most primary oxidant) and band positions of the heterostructural components, the

52



possible photocatalytic mechanism for the CuWO4/Bi>S3/ZIF-67 composite should be proposed as
followings. For the conventional CuWO./Bi,S3/ZIF-67 composite (Figure 17(g)), the photo-
generated electrons on the LUMO of ZIF-67 and CB of Bi,Ss transferred to the CB of CuWOsu,
whereas the holes on the VB of Bi,Ssand CuWO4 shifted to that of ZIF-67. Although the separation
of the photo-generated charges would be efficient, ZIF-67 was not able to generate -OH via
oxidization of the adsorbed H2O molecules due to its Enomo Was less positive redox potential than
that of standard one H.O/-OH (2.72 eV vs. NHE). Meanwhile, O reduction into the -O2~ cannot be
possible by the CB electrons of CuWQs, as more negative redox potential was required for Oy/-Oy~
(-0.33 eV vs. NHE) than that of Ecg of CuWO.. Therefore, charge transfer via a double Z-scheme
mechanism was offered to describe the elevated degradation efficiencies for MTZ and CFX by the
ternary CuWO4/Bi>S3/ZIF-67 composite. As illustrated in Figure 17(h), which was showing the
recombination of photo-generated holes in the HOMO of ZIF-67 with the electrons in the CB of
Bi,Ss and photo-generated electrons of CuWQ, with the holes in the VB of Bi,Ss. Accordingly, the
LUMO electrons of ZIF-67 with suitable redox potential (-0.65 eV vs. NHE) can easily reduce the
0O to form -0y, subsequently capable to react with H,O to form -OH. At the same time, the
accumulated holes in the VB of CuWO. were also capable to generate -OH by reacting with H,O.
This work was novel because a double Z-scheme CuWO./Bi,Ss/ZIF-67 ternary composite was
successfully fabricated, which not only accelerated the charge carriers transfer, but also retained the
high redox ability in the as-prepared composite. Future researches could attempt to introduce a third
semiconductor into a binary heterojunction for the construction of double Z-scheme ternary

composite, which was expected to have superior photocatalytic activity.

Figure 17. (a) Schematic representation of the continuous flow reactor, (b)-(c) TEM images of
CuWO4/Bi;Sz and CuWO4/Bi,S3/ZIF-67 composite, (d)-(e) the effect of adsorption, photolysis and
photocatalysis processes on MTZ and CFX degradation at optimum conditions (pH = 7,
photocatalyst dosage = 0.3 g-L, antibiotic concentration = 20 mg-L1), (f) TOC removal of MTZ
and CFX by the binary and ternary composites under LED irradiation at pH = 7 and photocatalyst
dosage = 0.3 g-L%, proposed photocatalytic mechanism for CuWQO4/Bi,Ss/ZIF-67 composite under

light irradiation: (g) conventional path and (h) double Z-scheme structure [121], copyright (2020)
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Elsevier.
3. Conclusions and outlooks

This review article highlighted the fabrication methods and characterizations of MBCs, as well
as their applications in heterogeneous photocatalysis, including organic pollutants degradation, NO
oxidation, N fixation, Cr(V1) reduction and O production. Although the application of MBCs in
the photocatalysis field is currently at the early stages, the above-described works represent their
tremendous potential in the practical applications. Up to now, four synthetic strategies are mainly
adopted to prepare binary MBCs: (i) ultrasonic treatment or ball-milling treatments towards the as-
prepared MOF and bismuth-based semiconductor; (ii) in-situ formation of MOF from its metal
template and organic ligand on the as-prepared bismuth-based semiconductor at room temperature;
(iii) in-situ deposition of bismuth-based semiconductor from its precursors onto the as-prepared
MOF; (iv) hydrothermal or solvothermal treatment of the mixture containing the as-prepared MOF
(bismuth-based semiconductor) and the precursors of bismuth-based semiconductor (MOF). As to
ternary and quaternary composites, the most common approach taken by researchers is in-situ MOF
deposition from its precursors on another type of semiconductor prepared before, following by in-
situ deposition of bismuth-based semiconductor or composites from its precursors on the as-
prepared binary MOF-based composites. Alternatively, the ternary MBCs can be fabricated via
hydrothermal treatment for the mixture containing the as-prepared MOF and precursors of bismuth-
based material and the third compound after ultrasonic processing.

In general, MBCs combine the respective properties of bismuth-based semiconductors and
MOFs, sometimes they also exhibited unexpected catalytic performances and merits: (i)
enhancement of the light-harvesting ability; (ii) increasement of the number of active sites; (iii)
stabilization and dispersion of the bismuth-based semiconductors by MOFs; (iv) reduction of the
bismuth-based semiconductors photo-corrosion; (v) decrease in the recombination of photo-
generated charges and facilitation of the interfacial charge transfer. Despite such remarkable
advantages of MBCs in the photocatalysis field, more efforts should be required for the practical
applications.

(1) It is imperative to further improve the sensitivity of the MBCs for the visible-light via

modulating the energy band of the individual coupling component. With respect to MOFs, it is
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difficult to immobilize —NH, group or the other modified groups at the desired sites or the
coordination mode of the original ligand might be changed after introducing some new groups.
Therefore, modification with a new organic ligand not always be feasible. As illustrated in Figure
1(b), only a few CBs of the bismuth-based materials having redox potential higher than that of H*/Ha,
whereas all VBs are more positive redox potential than that of O»/H>0. Hence, it would be preferred
to modulate the bismuth-based material’s VB to narrow the bandgap. The most important
approaches include doping with 3d-transition elements (Fe, Co, Ni, Cu, Mn, Cr, Zn), with cations
having d*° or d*%s? configurations (Pd, Ag*, Cd?*, Pb?*) and with non-metal elements (N, B, F, S).

(2) The photocatalytic properties of MOFs and bismuth-based semiconductors are extremely
dependent on their size and morphological characteristics. In most of the existing studies, bismuth-
based semiconductors are mainly of layer structures. Accordingly, the activity of bismuth-based
photocatalysts can be increase by developing ultrathin, hollow, hierarchical and 3D super-structures
(flower-, sphere- and tyre-like structures). Additionally, the morphology of MOFs can be controlled
through surfactants such as cetyltrimethylammonium bromide (CTAB) and polyvinylpyrrolidone
(PVP). In conclusion, morphological adjustment of MOFs or bismuth-based photocatalysts can
increase light absorption, accelerate the migration of carriers from bulk to surface, improve mass
diffusion of reactants/intermediate products and reduce the dosage of photocatalysts.

(3) As for the preparation of MBCs, most of the researches are still at the lab-scale for
synthesizing a small number of photocatalysts. More importantly, some of these fabrication
processes are difficult to control as they are highly complex. Therefore, the development of more
facile and kilogram level high-throughput methods (especially the one-step synthesis methods) is
highly desirable.

(4) Reported studies on MBCs were mainly based on their photocatalytic degradation
capability towards organic pollutants. The main obstacle is the less negative CB of bismuth-based
materials, leading to the poor reducing abilities. However, in a variety of photoreduction reactions
such as CO2/Cr(V1) reduction and H; evolution, MOFs have successfully been utilized. In the future,
the construction of direct Z-scheme heterojunctions by coupling bismuth-based photocatalysts and
MOFs with the LUMO of significant negativity is an effective method for exploring their reduction

applications.
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(5) Due to the presence of large amounts of unsaturated coordination metal centers, MOFs
containing transition metal ions (Co%*, Cu?*, Fe?*, etc.) can trigger -OH or SO4-~ based advanced
oxidation processes (AOPs). However, pristine MOFs might not efficiently activate hydrogen
peroxide (H202), peroxymonosulfate (PMS), or persulfate (PS). So, under the specific light
irradiation, combination of Co-, Cu-, Fe-MOFs and bismuth-based photocatalysts can not only
accelerate the photo-generated charges transfer but also induce the formation of more free radicals
with strong oxidizing capacities. Thus, the reaction system will show a remarkable synergistic effect
in removing organic pollutants.

(6) As to the applications, more organic pollutants should be selected to examine the
photocatalytic efficiencies of MBCs. These pollutants may be from perfluorinated organic
compounds (PFCs) and pharmaceutical and personal care products (PPCPs). Moreover, proceeding
application of MBCs towards the degradation of gaseous volatile organic compounds (VOCSs) is
also very meaningful. Importantly, for the application in pollutants degradation, the intermediate
should be evaluated properly for their relative toxicities as the mineralization of pollutants
sometimes remains incomplete during the photocatalytic degradation process. Furthermore, the
environmental risk factors of fabricated MBCs should be completely assessed before the practical
applications.

(7) Theoretical simulations like DFT should be conducted to deeply explore the structure-
activity relationship. For instance, the roles of both MOFs and bismuth-based semiconductors
should be properly recognized. Moreover, efforts should be made to collect the information required
to achieve the distinguished photocatalytic activity, thus providing a guide for showing the
mechanism of the photocatalytic process.

(8) As MBCs are mainly used in the field of environmental remediation, they inevitably get
in touch with environment voluntarily or accidentally. Therefore, the ecological and environmental
impacts of MBCs should be comprehensively investigated via life cycle assessment (LCA).
Considering that organic solvents and high temperature treatments are usually applied during the
MBCs fabrication processes, it is deemed necessary to estimate the environmental impacts of
various MBCs fabrication methods and to confirm the most eco-friendly synthesis route. Moreover,

some ecotoxicological effects of MBCs, such as fresh water aquatic ecotoxicity potential, human
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toxicity potential and marine aquatic ecotoxicity potential should be analyzed in the future works.
(9) Last but not least, it is impossible to progress this field of without conducting research on

MOFs. So, new cost-effective and highly stable MOFs with admirable photocatalytic activities and

tailorable structures should be further developed, as it is highly required for the scientific design of

MBCs.
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Figure Captions

Figure 1. Band positions of some common (a) MOFs and (b) bismuth-based photocatalysts and the

relevant reaction potentials at pH = 7 [44, 50, 51, 93-124].

Figure 2. (a) Number of publications of MBC photocatalysts during the past six years and (b)
doughnut chart of photocatalytic applications of MBCs (source: web of science, date: 6th November

2020, key words: MOFs, bismuth and photocatalysis).

Figure 3. TEM micrographs of (a) ZIF-8, (b) and (d) BisOsBr./ZIF-8 (30%), (c) BisOsBr:
nanoparticles, (€) photocatalytic N, fixation activities of as-prepared materials, (f) band potentials
of ZIF-8 and BisOsBr2, (g)-(h) contact angles of ZIF-8 and BisOsBr./Z1F-8 (30%), (i) photocatalytic
efficiencies of BisOsBr, and BisOsBr./ZIF-8 (30%) versus light intensities and (j) photocatalytic

mechanism of BisOsBr./ZIF-8 (30%) [125], copyright (2019) Elsevier.

Figure 4. (a) The fabrication of the Bi,S3/ZIF-8 core-shell composites, (b)-(e) SEM micrographs of
pure Bi,Ss, ZIF-8, B@Z-7, and B@Z-10, (f)-(g) TEM micrographs of B@Z-10 and the material
after treatment with ultrasonication for 1 h, and (h) the photocatalytic mechanism for the RhB

decomposition over B@Z-10 [126], copyright (2018) Royal Society of Chemistry.

Figure 5. (a)-(b) SEM images of pure BiOBr and BU-3 composite, (¢)-(d) PXRD patterns and UV-
vis DRS spectra of BiOBr, UiO-66 and BU-3 composite, (e) the degradation of atrazine in visible
light radiation by different photocatalysts, insert: adsorption curves of atrazine by the samples, (f) a
possible reaction mechanism of atrazine degradation over UiO-66/BiOBr composite [132],

copyright (2019) Elsevier.

Figure 6. (a) The procedure for the preparation of NH»-UiO-66/BiOBr in Hu and co-workers’ study,
(b)-(c) SEM and TEM images of the NU/BOB-15 composite, (d)-(e) SEM images of the BUN-20
composite in Yang and co-workers’ study, (f) removal performances of NOR in the existence of
diverse samples (pH = 7), (g) TOC removal efficiency of BUN-20 and Mix-20, (h) the possible

reaction mechanism of NOR over the BUN-20 in simulated sunlight [136, 137], copyright (2019)
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Elsevier.

Figure 7. (a) Schematic representation for BIOI@UNCN composites fabrication, (b)-(c) SEM and
TEM images of BiOI@UNCN-40, (d)-(e) the degradation of TC and RhB over as-prepared
materials in visible light, (f) the cyclic degradation of RhB over BiOl and BiOI@UNCN-40, (g) the
proposed photocatalytic mechanism over the BiOI@UNCN-40 under visible light [119], copyright

(2019) Elsevier.

Figure 8. (a) The procedure for the preparation of NH2-MIL-125/Bi,MoOs composites, (b)-(e) SEM
images of 0.32-TiIM@BIiMO, 0.65-TiIM@BIMO, 0.97-TiIM@BIMO, 1.3-TIM@BIMO, (f) UV-vis
DRS spectra of the as-prepared materials, (g) SKP maps of TiM, BiMO, and TiIM@BiMO, (h)-(j)
the photocatalytic activities for dichlorophen and trichlorophenol degradation and O production
over the different samples in visible light, (k) illustration of the photocatalytic mechanism of NH,-

MIL-125/Bi,M0Os core-shell composites [144], copyright (2019) Elsevier.

Figure 9. (a) Schematic representation of the synthesis of NH,-MIL-125/BiOCI composites, (b)-(c)
TEM and HRTEM images of NM/BOC-10, (d) UV-vis DRS spectra of the as-prepared materials,
(e)-(f) transient photocurrent responses and EIS Nyquist plots of NM/BOC-10, BiOCI, and NH.-
MIL-125, (g) the reduction in TOC during the photodegradation of TC over NM/BOC-10, (h)
DMPO--O; ESR signals recorded with NM/BOC-10 and BiOCI and, (i) the possible mechanism

for the transport of charges in NH,-MIL-125/BiOCI composite [149], copyright (2018) Elsevier.

Figure 10. SEM and TEM images of (a) MIL-53(Fe), (b) BiOBr, (¢) HRTEM images of the BM-
20, (d) UV-vis DRS spectra of MIL-53(Fe), BiOBr and BM-x composites, (e)-(g) Nyquist
impedance plots, transient photocurrent responses, PL spectra of the as-prepared materials and (h)

schematic representation of the CBZ degradation over the BM-20 [151], copyright (2019) Elsevier.

Figure 11. (a) TEM image of 32%-MBC, (b) N adsorption-desorption isotherms of MIL-53(Fe),

a-Bi>03/g-C3N4 and x--MBC composites, (¢) UV-vis DRS spectra of g-C3sNa, a-Bi2O3, MIL-53(Fe)
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and x-MBC composites, (d)-(e) transient photocurrent curves and EIS plots of g-CsNa, a-BizOs,
MIL-53(Fe), a-Bi,03/g-C3sN4 and 32%-MBC, (f) Mott-Schottky plots of MIL-53(Fe), a-Bi2Oas/g-
CsN4, 32%-MBC composite, (g) degradation of amido black 10B over different materials and (h)
photocatalytic activity of MIL-53(Fe)/a-Bi>03/g-CsN4 in visible light [156], copyright (2020)

Elsevier.

Figure 12. SEM images of (a) BM and (b) BMO, TEM images (c)-(d) of the sample of as-prepared
3-BMO/M88, (e) XPS O 1s spectra and (f) ESR spectra of BMO and BM samples, (g) diffuse
reflectance UV-vis spectra and (h) time-resolved fluorescence decay curves of M88, BM, 3-
BMO/M88 and BMO samples and (i) the mechanism of 3-BMO/M88 for photocatalytic degradation

in visible light [123], copyright (2020) Elsevier.

Figure 13. (a) PXRD patterns of BiVO4 nanoparticles and composite based on MIL-100(Fe)/BiVOsa,
(b) UV-vis DRS of MIL-100(Cr), MIL-100(Fe), MIL-100(Cr)/BiVOs, BiVOs and MIL-
100(Fe)/BiVO,4 composites, (c)-(d) SEM images for the morphological analysis of MIL-
100(Fe)/BiVOsand BiVOy, (e) PL spectra, (f) EIS measurements and (g)-(h) transient photocurrent
response of BiVOs, MIL-100(Fe)/BiVO4 and MIL-100(Cr)/BiVO4 composites, (i)-(j) the proposed
mechanism for photocatalytic production of O, over MIL-100(Fe)/BiVO.and MIL-100(Cr)/BiVO4

composites when irradiated with visible light [162], copyright (2020) American Chemical Society.

Figure 14. (a) Synthesis scheme of the HKUST-1/Bi,Os composite thin films, (b) schematic diagram
for the automatic growth of thin films of HKUST-1 on Au substrates by LPE method, (c)
experimental XRD patterns of the HKUST-1 thin film (black line), BiPhs loaded (red line) and after
UV light irradiation (blue line), (d) simulation XRD patterns of HKUST-1 and 3 BiPh3 loaded
sample, (e)-(f) HAADF-STEM and SAED micrographs of the HKUST-1/Bi»O3 materials, (g)
photocatalytic processes under different experimental conditions, (h) four repeated experiments of
using the HKUST-1/Bi,03 photocatalyst for degradation of NFR under UV light irradiation [167,

329], copyright (2016) Royal Society of Chemistry and (2011) American Chemical Society.
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Figure 15. (a) Schematic diagram of sonophotocatalytic reactor set-up, (b)-(c) SEM micrographs
of HKUST-1 and HKUST-1/AgsPO4/Bi,Ss composite, (d) PL spectra of HKUST-1 and HKUST-
1/AgsPO4/Bi;Ss composite, (e)-(g) 3D plots of response surface graphs of dye concentration, flow
rate, pH and reaction time on the catalytic efficiency (h) profiles for desirability function and
predicated values for sonophotocatalytic degradation, lines shown with red dashes represent optimal

values [170], copyright (2016) Elsevier.

Figure 16. (a) The procedure for the preparation of BUC-21/Bi»4031Brig composites, (b) UV-vis
DRS spectra of BUC-21, Bi240O31Brio and the corresponding composites, (¢)-(e) SEM, TEM and
HRTEM images of BB-100, (f) Cr(VI) photoreduction at pH = 2 via numerous photocatalysts, (g)
recycling experiments for the photoreduction of Cr(VI) over BB-100 and Bi24O31Brio, (h) time-
resolved PL decay spectra of BUC-21, Bi24O31Brio, and BB-x composites, (i) representation of the
possible mechanism of photoreduction of Cr(VI) over BB-100 under white light and (j) difference
of electron density on the surface of BUC-21 and Bi2s031Brip fragment [44], copyright (2020)

Elsevier.

Figure 17. (a) Schematic representation of the continuous flow reactor, (b)-(c) TEM images of
CuWO4/Bi;Ss and CuWO4/Bi,S3/ZIF-67 composite, (d)-(e) the effect of adsorption, photolysis and
photocatalysis processes on MTZ and CFX degradation at optimum conditions (pH = 7,
photocatalyst dosage = 0.3 g-L, antibiotic concentration = 20 mg-L1), (f) TOC removal of MTZ
and CFX by the binary and ternary composites under LED irradiation at pH = 7 and photocatalyst
dosage = 0.3 g-L%, proposed photocatalytic mechanism for CuWQO4/Bi,Ss/ZIF-67 composite under
light irradiation: (g) conventional path and (h) double Z-scheme structure [121], copyright (2020)

Elsevier.
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Highlights
MOF/Bi-based semiconductor composites for boosted photocatalysis was reviewed.

The synthesis strategies Of MOF/Bi-based semiconductor composites were summed up.
Photocatalytic mechanisms of MoF/Bi-based semiconductor composites were described.

The MOF/Bi-based semiconductor composites as photocatalysts were prospected.
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