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1. Introduction

The problem of energy depletion and environmental deteriora-
tion caused by the excessive use of fossil energy has always been a
thorny one for human beings [1-8]. Therefore, the development of
renewable clean energy is sought after by researchers [9,10]. Using
infinite and sustainable solar energy to remove pollutants and pro-
duce energy is an effective and economical way to purify the envi-
ronment and solve the energy shortage dilemma [11,12].
Photocatalysis, inspired by photosynthesis in green plants and
microorganisms, has become a potentially green and co-effective
technology to solve environmental and energy issue [13,14]. Since
Fujisima and Honda took the lead in using TiO, as a photocatalyst
to participate in the solar energy conversion process, the field of
photocatalysis have made great progress [15]. A lot of photocat-
alytic researches are based on inorganic semiconductor materials,
such as metal oxides [16,17], metal sulfides [18,19], etc. In recent
years, new semiconductor graphitic carbon nitride (g-C3N4) has
been widely studied [20,21]. However, due to the narrow optical
response range, limited active sites and high charge recombination
rate, the performance of traditional photocatalysts is not satisfac-
tory [22]. Consequently, it is imperative to develop stable and
high-performance light-responsive catalysts.

MIL (Materials Institute Lavoisier) materials are porous metal
carboxylate salts composed of different trivalent metal cations
and carboxylic acid ligands with huge pore and permanent poros-
ity [23,24]. On the one side, MILs based on trivalent metal ions usu-
ally has high hydrothermal stability, which is very important for
liquid phase catalysis [25-27]. On the other side, the main sec-
ondary building units (SBUs) caused by the trivalent cation and
polycarboxylic acid can be formed under various conditions, indi-
cating the rich synthesis paths of MILs [27]. In addition, an impor-
tant advantage of MILs is that their micropore and mesopore
structure can be changed under the stimulation of external factors,
indicating the flexibility of the MILs structure [28]. As photocata-
lyst, MILs have unique and natural advantages, including: (1) As
a multi-dimensional network with high order and periodicity, MILs
have permanent and uniform pores and ultrahigh surface area,
resulting in abundant active sites and excellent mass transfer
capacity [29]. (2) The band structure of photocatalysts can be
adjusted by modifying organic ligands or introducing functional
substituents into organic ligands [30,31]. (3) The flexible frame
structure allows other substrate materials to be loaded or encapsu-
lated on the MILs, enabling surface or pores decoration of MILs
[31]. (4) Some MILs with high stability and recyclability avoid com-
plex and energy-consuming recycling procedures, resulting in a
practical and sustainable MIL-based photocatalyst [32]. As far as
we know, MIL-based materials work in the field of heterogeneous
photocatalysis in two main aspects: (1) Pristine MILs as photocat-
alysts. The pristine MILs themselves can be employed in photo-
catalysis because of their catalytic metal sites, coordinative
unsaturated metal ions, and active organic ligands [22]. As a solar

energy converter, MILs can generate photogenic carriers after
photo-excitation for subsequent redox reaction. Nevertheless, the
wide band gap of the pristine MILs leads to poor solar energy uti-
lization rate and low catalytic efficiency, thus resulting in unsatis-
factory photocatalytic performance [33]. (2) Optimized MILs as
photocatalysts. There are several strategies to optimize the photo-
catalytic activity of MILs, including modification [31], doping
[34,35] and derivation [36]. Optimized MILs are indispensable in
the area of photocatalysis because they can harvest light energy
and/or transfer charge more efficiently, leading to the realization
of the high performance of photocatalysts and the further develop-
ment of MILs.

The past two decades have witnessed the flourish of MIL-
based photocatalysts. The MIL-based materials have also been
developed as photocatalysts for reduction of CO,, splitting water,
degradation of pollutants and organic transformation due to
their effective charge separation efficiency and stability [37-
39]. Actually, several papers provided comprehensive review on
the synthesis and application of MOFs in photocatalysis
[40,41]. For example, the team of Wang [33] reviewed the appli-
cation of modified MOFs in environmental purification and disin-
fection under light exposure. Recently, Shi and co-workers [41]
summarized the works of the mechanism and application of
MOFs, MOFs composites and derived MOFs in splitting water.
Additionally, some strategies to optimize the activity of MOF-
based photocatalysts also have been summarized [42]. These rich
works reflect the rapid development of MOF-based photocata-
lysts and great application potential. However, limited by the
undefined bottlenecks of photocatalysis as well as the outdated
and incomplete reports of MILs photocatalysts, a timely and sys-
tematic review is urgently needed. Herein, we systematically
summarized the recent advances of MIL-based heterogeneous
photocatalysts in environmental purification and energy produc-
tion. MILs were divided into four categories, including pristine
MILs, modified MILs, doped MILs and MIL-derived photocata-
lysts. Finally, the development prospects and future challenges
of MILs in heterogeneous photocatalysis are proposed.

2. Pristine MILs photocatalysts

The organic ligands embedded in the MILs lattice can serve as
active chromophores to absorb incident light, while metal nodes
are considered to be isolated semiconductor quantum dots (QDs)
that can be activated by light or organic ligands [43]. Therefore,
pristine MILs can be directly used as photocatalysts to realize the
light-induced reaction through charge transfer. Metal centers of
MILs are the main active sites of photocatalysis, so the reasonable
selection of metal clusters is of great significance to improve pho-
tocatalytic performance [42]. Some representative pristine MILs
photocatalysts and their corresponding properties are listed in
Table 1.
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Table 1
Summary of pristine MILs for photocatalysis.
MIL Structure/Morphology Bandgap (eV) Light source  Photocatalytic performance Recycled Ref.
times
MIL-53(Fe) Three-dimensional framework 2.72 Visible 60% Cr(VI) was reduced; 80% organic dye was 4 [46]
degraded
MIL-88B(Fe) Uniform spindle-like / Visible MB and RhB were degraded 3 [48]
morphology
MIL-68(Fe) Three-dimensional framework 2.80 Visible 100% Cr(VI) was reduced / [49]
MIL-88A (H,0,) Three-dimensional framework / Visible MB was degraded 4 [29]
MIL-53(Fe) (H,02) |/ / Visible 100% RhB was degraded 3 [54]
MIL-53(Fe) (PS) Rodlike structure 2.62 Visible Almost 100% Acid Orange7 was degraded 5 [55]
MIL-88A(Fe) (PS) Hexagonal microrods 2.25 Visible TC was completely removed 5 [56]
MIL-125(Ti) / / uv Photooxidation of alcohols / [58]
MIL-167(Ti) / / uv The H, production rate reached 7.7 umol h™! / [59]
MIL-100(Ti) / 3.40 uv The H, production rate reached 1000 mmol g~! 5 [57]
MIL-101(Cr) Octahedron shape / uv 100% RBB was degraded 4 [61]
M-MILs Well crystallized sphere-like Fe 3.87, A1 3.20,Cr  UV-vis, Almost no difference on the MB degradation / [62]
(M =Fe, Al and particles 2.72 visible
Cr)
\” 4
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Fig. 1. Proposed mechanism for the activation of H,0, by MIL-53(Fe) under visible light irradiation [54]. Copyright 2013 Elsevier.

2.1. Pristine Fe-based MILs photocatalysts

An outstanding advantage for Fe-based MILs is that they can be
excited in visible light [44,45]. Representatively, MIL-53(Fe), an
iron-containing porous crystal made of 1,4-benzenedicarboxylic
acid linked to Fe(Ill) metal cluster, has been reported to be widely
utilized for photocatalysis due to the visible light response of
iron-oxo clusters [46,47]. In 2015, Liang and co-workers [46] used
MIL-53(Fe) for photocatalytic removal of Cr(VI) and organic dyes
simultaneously. The results suggested the rate of Cr(VI) reduction
and organic dyes removal reached over 60% and 80%, respectively.
Subsequently, Xu et al. [48] successfully synthesized the spindle-
like MIL-88B(Fe) with uniform size. The results revealed that
MIL-88B(Fe) showed a good photocatalytic degradation activity
for methylene blue (MB) and rhodamine B (RhB) by using visible
light. MIL-100(Fe) with the same metal clusters (Fes-pu3-0x0) as
MIL-88B(Fe) was also successfully prepared. In terms of visible-
light catalytic activity, the former has a better performance [44].
Therefore, different organic ligands and topological structures with
the same metal clusters will result in different photoactivity. In
2017, MIL-68(Fe) formed by the connection of terephthalic acid
with Fe(OH),04 octahedron was prepared by solvent-thermal
method for Cr(VI) reduction [49]. MIL-68(Fe) has been shown to
respond to visible light and the Cr(VI) reduction rate reached
100% within 60 min.

Another interesting property of Fe-based MILs is that the pres-
ence of Fe(Ill) species enables them to combine photocatalytic
techniques with advanced oxidation processes (AOPs) [40]. It is
well known that the photocatalytic effect of MILs is realized
through the participation of photogenerated electron (e~) and hole
(h*) in the redox process [50]. In other words, photogenerated
charge carriers play an indispensable role in photocatalytic reac-
tions. Unfortunately, photogenerated electrons in MILs are easy
to recombine with holes and reduce quantum yield [51]. When
photocatalysis is combined with AOPs, photogenerated electrons
in MILs can be consumed by oxidants (e.g., hydrogen peroxide, per-
sulfate) in the advanced oxidation system, thus promoting charge
separation [52,53]. For example, Xu and co-workers prepared
MIL-88A(Fe) for MB degradation with the assistance of hydrogen
peroxide (H,0;) [29]. In comparison to P25 TiO,, the degradation
rate of MB in MIL-88A(Fe)/Vis/H,0, system gained a 2-fold
enhancement. Based on the Fenton-like process, Fe-based MILs
can be used as heterogeneous catalyst to decompose H,0, into
hydroxyl radicals (-OH), which decompose organic molecules by
hydrogen extraction or hydrogenation [32]. The presence of H,0,
not only increases the source of active radicals but also promotes
the effective separation of e™-h* pairs by consuming electrons
[54]. As shown in Fig. 1, the iron-oxo clusters in MIL-53(Fe) are
directly excited by visible light and then produce the e~ and h".
The ferric species in Fe-MIL53 decompose H,0, into -OH by the
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Fenton-like process (Egs. (1) and (2)). In addition, -OH can also be
formed from H,0, by capturing photo-induced electrons (Egs. (3)
and (4)). Consequently, the photocatalytic removal rate of RhB over
MIL-53(Fe) was increased by 4.3 times with H,0, served as elec-
trons acceptor. This synergistic effect also exists in Fe-MIL/
persulfate/Vis systems [55,56].

Fe(Ill)species + H,0, — Fe(Il)species + HO,- + H* (1)
Fe(Il)species + H,0, — Fe(lll)species + -OH + OH™ (2)
MIL — 53(Fe) + hv — h™ + e~ (3)
H,0, + e (MIL — 53(Fe)) — -OH + OH~ (4)

2.2. Pristine Ti-based MILs photocatalysts

The electron transfer between Ti(Ill) and Ti(IV) in Ti-O cluster
indicates the photoactivity of Ti-MILs [41]. One of the most impor-
tant properties of Ti-MILs is their high thermal and chemical stabil-
ity due to the high dissociation energy of O-Ti(IV) bonds [57].
Meenakshi et al. [58] first synthesized MIL-125(Ti) and demon-
strated its robust thermal stability, high porosity, and photooxida-
tion ability to alcohols. Hala et al. [59] isolated MIL-167, MIL-168,
MIL-169, and “NTU-9-like” (“NTU-9-like” = Ti(HyDOBDC); 5
(DEAH),_1 s5x'nsolv)) crystalline phases from Ti(IV) precursor and
2,5-Dihydroxyterephthalic acid by solvent-thermal method, indi-
cating the diversity of the system. MIL-167 with high microporos-
ity had the highest hydrogen production rate under UV light.
However, due to the higher reactivity and spontaneous hydrolysis
of Ti precursors, the formation of titanium-oxocarboxylate clusters
needs to be strictly controlled [57,60]. In view of this, Javier et al.
[57] used a high-throughput approach to form classical SBUs that
were not strictly controlled by the source of the metal. This method
provides a feasible path for the controllable design of the new Ti-
MOF structure. The SBUs are then linked by triacids to form MIL-
100 topology, this MIL-100(Ti) inherits the chemical stability and
mesoporosity inherent in the MIL-100 family. Based on ligand-to-
metal charge transfer (LMCT) mechanism, MIL-100(Ti) can be used
to produce hydrogen under UV light.

2.3. Pristine other metal-based MILs photocatalysts

Other metal-based MILs such as Al- and Cr-MILs also have opti-
cal activity. For example, the terephthalate ligands contained in the
MIL-101(Cr) play a role of light-absorbing antennae and then
transfer electrons to Cr306 clusters. MIL-101(Cr) with large sur-
face area (3360 m? g~') and high crystallinity showed excellent
performance in the process of photoinduced degradation of Rema-
zol Black B (RBB) with UV as the source of light energy [61]. What's
more, MIL-101(Cr) demonstrated to be superior stable that can be
remained in the environment for several months [56]. In a previous
study, Du et al. [62] demonstrated that the rates of light-induced
MB removal of M—MILs (M = Fe, Al and Cr) have no difference. This
result was striking because the Fe-MIL has the narrowest band gap
and should have been more photoactive. The group of Yu [63] sug-
gested that it is the metal nodes, not the organic linkers, that deter-
mine the type of photosensitization reactions. They demonstrated
that Cr-MILs and Fe-MILs were subject to type I and II photosensi-
tization, respectively, while Al-MILs showed poor photoactivity.

3. Modification of MILs photocatalyst

Although the development of novel MOFs provides a new
option to improve their photocatalytic performance, most of the
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current studies still focus on the subtle modification of MOFs
[64]. The ingenious modifications can alter MOFs features or intro-
duce specific functionality that are not achievable with traditional
synthesis methods [65]. Metal nodes and organic linkers are the
two active sites of MILs, which can be functional modified to adjust
the band structure or expose abundant active metal clusters. Some
representative modified MILs photocatalysts and their correspond-
ing properties are listed in Table 2.

3.1. On the basis of organic linkers

It is an effective method to extend the absorption of MIL-125
(Ti) to visible light region by using functional linker instead of or
mixing with BDC linker. The addition of nitrogen atoms by adding
amino groups to the organic ligand of MILs can not only narrow the
band gap of photocatalyst but also effectively avoid crystal struc-
ture defects [64]. Based on this strategy, Fu and co-workers [66]
obtained modified NH,-MIL-125(Ti) using NH,-1,4-
benzenedicarboxylic acid (NH,-BDC) as the linker and applied it
to visible light-induced reduction of CO,. Optimization of optical
properties and enhancement of CO, absorption capacity enable
NH,-MIL-125(Ti) to reduce CO, under visible light. As can be seen
from Fig. 2a, NH,-MIL-125(Ti) shows an additional absorption
band extending to 550 nm, demonstrating that NH,-MIL-125(Ti)
can be excited by visible light (400 nm < A < 800 nm). This broad-
ening of the absorbance range has been reported in other studies
[67]. The strong electron-contributing property of aromatic func-
tional groups causes the valence band to split into a high-energy
occupied state, while the conduction band composed of O 2p and
Ti 3d orbitals is not likely to be affected, resulting in the band
gap reduction, and the light response range of the photocatalyst
moves to the visible region. In addition to the optimization of opti-
cal properties, NH, group facilitated the interaction between CO,
and functionalized aromatic groups of NH,-MIL-125(Ti), thus
enhancing the CO, absorption capacity of photocatalyst (see
Fig. 2b) [66]. In NH,-MIL-125(Ti)/Vis system, the yield of HCOO~
reached 8.14 mmol within 10 h, while the control sample produced
no HCOO™ (see Fig. 2c). Although the photocatalytic rate is unsat-
isfactory, the potential of amino groups modified MIL-125(Ti) to
reduction of CO, under visible light has been demonstrated. The
mechanism of reduction of CO, in the NH,-MIL-125(Ti)/Vis system
is illustrated in Fig. 2d. Base on the mechanism of ligand-to-metal
charge transfer (LMCT), the photoelectron in BDC-NH, transferred
to Ti-O clusters to generate Ti(Ill), then CO, was reduced to HCOOH
by Ti(III).

Different from NH,-MIL-125(Ti), amino groups functionalized
Fe-containing MILs have dual excitation routes, i.e., in addition to
the excitation of functional organic likers, the iron-oxo clusters
can be directly excited by visible light [45,68]. In a related study,
the group of Wang [45] compared the CO, reduction rates of three
types pure MILs (MIL-101(Fe), MIL-53(Fe) and MIL-88B(Fe)) and
their corresponding amino groups functionalized iron-containing
MILs. The photocatalytic properties of amine-functionalized MILs
have been revealed to be significantly improved. The catalytic
mechanism is shown in Fig. 3, the dual excitation path (the iron-
oxo clusters and the organic linkers were excited simultaneously)
led to the accumulation of large numbers of electrons on the
iron-oxo clusters, and these electrons were transferred to Fe(IIl)
through O3, thus enabling CO, to be reduced by Fe(Il). This series
of amino functionalized MILs is subsequently used for photocat-
alytic reduction of CO, via the solvent-free reaction path. The
selectivity of photocatalytic reduction of CO, to CO was signifi-
cantly improved because of the higher contact probability between
the photocatalyst and the reaction gas [69].

The effect of the incorporation of different functional groups
(-NH,, -OH, -CH3, -Cl, -Br, -CF3) on the optical response control
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Table 2
Summary of modified MILs for photocatalysis.
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MIL Bandgap (eV) Light Ligand Photocatalytic performance Recycled Ref.
source times
NH,-MIL-125(Ti) / Visible -NH, Reduction of CO, / [66]
NH,-MIL-101(Fe) / Visible -NH, Amount of HCOO™ reached to 178 pmol / [45]
NH,-MIL-53(Fe) Amount of HCOO™ reached to 46.5 pmol
NH,-MIL-88B (Fe) Amount of HCOO™ reached to 30.0 pmol
NH,-MIL-53(Fe) 1.98 Visible -NH, Photocatalytic reduction of CO, 4 [69]
NH,-MIL-88B(Fe) 1.72 with superior selectivity to CO
NH,-MIL-101(Fe) 1.77
MIL-125-X (X = -NH,, -OH, MIL-125-CH;/C1 3.5 | Various functional / / [70]
-CHj, -Cl, -Br, -CF3) MIL-125-0H 2.8 ligand
MIL-125-NH, 2.6
MIL-125-NH-X X = alkyl MIL-125-NH, 2.56 Visible Various functional The rate of photoreduction of CO, increased / [71]
groups MIL-125-NHMe ligand with the increase of the number of carbon
from methyl to heptyl 2.46 atoms in the N alkyl chain
MIL-125-NHCy 2.29
MIL-125(Ti)-AM-Eu / uv -AM-Eu / 5 [74]
Cu-NH,-MIL-125(Ti) / Visible / The H, production rate reached 490 mmolg~'h™! /| [75]
Fe/NH,-MIL-68(In) NH,-MIL-68 (In) Visible / 99.29% Cr(VI) was removed 3 [77]
291
Fe/NH,-MIL-125(Ti) 1.83 Visible / Nearly 100% of Orange I was removed within10 4 [78]
min
NH,-MIL-125(Ti) / Visible (110) facet The H, production rate reached 60.8 mmol g-'h~' 3 [82]

(a) (b)
1204
' 80
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3 §
= ~ 40
>m
hd T T x T v T T 1 o ".r:
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Alnm——
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E .4 Do
el H,N
)
O 9.
82
I (i) (i) (iv)
Sl
-2 0 2 4 6 8 10

NH,-MIL-125(Ti)

HCOO~

visible,

light H,N O

NH,-MIL-125(Ti)
TEOA

TEOA™

Fig. 2. (a) UV/vis spectra of (i) MIL-125(Ti) and (ii) NH,-MIL-125(Ti); (b) CO, adsorption isotherms (1 atm, 273 K) of (i) MIL-125(Ti) (O) and (ii) NH,-MIL-125(Ti) (M); (c) the
amount of HCOO™ produced as a function of the time of irradiation over (i) NH,-MIL-125(Ti) (M), (ii) MIL-125(Ti) (O), (iii) a mixture of TiO, and H,ATA (19 mg + 32 mg) (O)
and (iv) visible light irradiation without a sample (A); (d) proposed mechanism for the photocatalytic CO, reduction over NH,-MIL-125(Ti) under visible light irradiation [66].

Copyright 2012 Wiley-VCH.

ability of modified MIL-125(Ti) was revealed by Hendon et al. [70].
The -CF3 group as a strong electron-withdrawing group only
slightly reduced the band gap and led to instability of the Ti-O
bond. Other groups (-NH,, -OH, -CHj3, -Cl) decreased the band
gap to varying degrees and demonstrated to be promising sub-
stituent. Moreover, the binary aminated BDC-(NH,), linker showed
the maximum redshift, with 10%-MIL-125-(NH,),/90%-MIL-125-
NH, forming a 1.3 eV optical band gap and the absorption region

extended to 950 nm. However, this result does not mean that the
higher the doping ratio of amino groups is, the better the perfor-
mance of MIL-based photocatalysis is. The group of Caroline con-
firmed that the catalytic performance of modified MIL-125(Ti)
reached equilibrium when the doping ratio of amino groups was
about 50% [66]. They speculate that the intrinsic properties of solid
composites are responsible for this equilibrium. The Ti>*-Ti** pairs
were formed via electron transfer after photoexcitation of NH,-
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Fig. 4. SEM, enlarged SEM, TEM images and the corresponding 3D geometry models of as-synthesized NH2-MIL-125(Ti) [82]. Copyright 2019 The Royal Society of Chemistry.

MIL-125(Ti) and then participated in the following redox reaction.
However, the excess Ti>*-Ti** pairs with the Tig-wheel structure
result in the imposition of electrostatic penalty, thus prevents
the additional NH,-BDC from producing catalytic center. Recently,
Logan et al. [71] prepared various isologue of MIL-125-NH2 whose
amino groups were modified by alkyl groups with increasing chain
length and varying connectivity. The introduction of functional
groups resulted in the decrease in band gap from 2.46 eV for
MIL-125-NHMe (Me = methyl) to 2.29 eV for MIL-125-NHCyp
(Cyp = cyclopentyl). MIL-125-NHCyp with a small bandgap, a
long-lived excited-state (ts = 68.8 ns) and the high apparent quan-
tum yield (®,pp = 1.80%), showed a better photocatalytic efficiency
than the parent MIL-125-NH, (Eg = 2.56 eV, @, = 0.31%, ts = 12.
8 ns). In addition, other functional groups such as -NO,, -Br [72]
and -SCH3 [73] are also used to enhance the visible light response
of MILs.

Apart from the doping of these nonmetallic atoms, strategies to
optimize the performance of MIL-based photocatalyst by modify-
ing -NH, containing linker with metal ions have also been gradu-
ally developed. For example, MIL-125(Ti)-amide-europium (MIL-
125(Ti)-AM-Eu) was synthesized via covalent postsynthetic modi-
fication [74]. MIL-125(Ti)-amide can provide sufficient binding
sites for the incorporation of lanthanide metal ions. The introduced
europium ions (Eu®*) can create an antenna effect with pyridine in
MIL-125(Ti)-AM, thus enhancing the luminescence effect of Eu®*.
The MIL-125(Ti)-AM-Eu was demonstrated to selectively oxidize

o-phenethyl alcohol under UV irradiation. More recently, non-
noble metal Cu?*/Cu* was attached to the linkers of NH,-MIL-125
(Ti) to form mixed valence redox centers [75]. The charge density
and lifetime of photogenerated charges of copper-modified NH,-
MIL-125(Ti) (Cu-NM) boosted by 7000 times and 27 times respec-
tively. Consequently, the photocatalytic hydrogen production rate
of Cu-NM reached 490 mmol g~ 'h~!, which is 27 and 10 times than
that of NH,-MIL-125(Ti) and Pt-NH,-MIL-125(Ti), respectively.

3.2. On the basis of metal notes

The metal nodes of MOFs are coordinated with the solvent
molecules (e.g., N, N-Dimethylformamide, H,0), which can be
removed by heating or vacuum activation to generate coordina-
tively unsaturated metal sites (CUSs), thus enabling MOFs to par-
ticipate in the Lewis acid catalytic reaction [65]. However, these
metal nodes are often blocked by organic ligands, which results
in low activity [31]. Therefore, the modification of metal nodes to
provide more effective active sites is an effective means to improve
the photocatalytic performance of MILs. Zhang et al. [76] revealed
that Ru partially replaces Ti in MIL-125-NH,, leading to more Ti-O
clusters being exposed. Similar result was also reported by Wang
et al [77]. They successfully synthesized In,Fe;., based MOFs
NH,-MIL-68 and demonstrated that the size of Fe(Ill) was smaller
than In(Ill), which caused the pore volume to be somewhat
enlarged and exposed more active sites. Similarly, bimetallic Fe/
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(continued on next page)

Table 3
Summary of doped MILs for photocatalysis.
MIL Structure/Morphology Bandgap Light Photocatalytic performance Mechanism Recycled Ref.
(eV) source times
Pt/MIL-125(Ti)-NH, Pt NPs deposited onto MIL- | Visible The H, production rate reached e 3 [84]
125(Ti)-NH, 5.17 pmol h™!
Pt/MIL-100(Fe) Pt deposited on the surface |/ Visible The maximum rate of H, production reached e~ 3 [85]
of MIL-100(Fe) 109 pmol g~ 'h™!
MIL-125-CoPi-Pt Pt and CoPi co-deposited / UV-Vis The evolution rates of H, and O, were 42.33 e, h* / [86]
onto MIL-125(Ti) and 21.33 pL h™! respectively
Pd@MIL-100(Fe) Pd NPs dispersed on the / Visible Three typical PPCPs was degraded e, -OH 4 [87]
surface of MIL-100(Fe)
(Au, Pd, and Pt) NPs on the (Au, Pd, and Pt) / Visible Pt@MIL-100(Fe) > PA@MIL-100 e, -OH 4 [88]
MIL-100(Fe) NPsdispersed over MIL-100 (Fe) > Au@MIL-100(Fe) > MIL-100(Fe)
(Fe)
Pd@MIL-100(Fe) Pd NPs immobilized into / Visible Pd@MIL-100(Fe) > Pd/MIL-100(Fe) / 5 [89]
the pores of MIL-100(Fe)
Pd/MIL-101(Fe)-NH, Pd supported on MIL-101 / Visible 77% benzyl alcohol was produced with a full / 5 [90]
(Fe)-NH, benzaldehyde conversion
MIL-101(Cr)-Ag Ag supported on MIL-101 / Visible CO, CHy, and H; production rates were 808.2, [ / [92]
(Cr) 427.5, and 82.1 pmol g~'h™!
M/Ti-MOFs (M = Pt and Au,  (Pt, Au) NPs highly Pt/MIL UV-Vis Pt/MIL-125-H, > Au/MIL-125-NH, > MIL- e, .03 4 [93]
Ti-MOFs = MIL-125-NH, dispersed on surface of 2.2 125-NH,
and MIL-125) MOFs Au/MIL
2.38
Pt@MIL-125/Au Core-shell heterostructure  3.72 Visible The H, production rate reached e 3 [94]
1743.0 umol g~ 'h™!
Co@MOF Core-shell structure / Visible The H, evolution efficiency of CO@MOF was e~ 3 [95]
20 folds that of NH,-MIL-125(Ti)
Co(II)@MOF Core-shell structure / Visible The H, production rate reached e 3 [96]
553 pmol g~'h™!
Ni@NH,-MIL-125(Ti) Globular structure with an  / uv The composite demonstrated a TOF of 28 mol /| / [97]
internal layered H; giph ™
morphology
MIL-101(Cr)/Ni(dmgH) / / Visible The H, production rate reached e / [98]
45.5 mmol h™!
NiMo@MIL-101 NiMo nanocluster anchored |/ Visible The H, production rate reached e 4 [99]
on MIL-101 740.2 pmol-h™!
CoPOM/MIL-100(Fe) / / Visible The O, production rate reached to / / [101]
7.5 mmol h™! g!
CoPOM/MIL-101(Cr) CoPOM dispersed inthe / Visible The O, production rate reached to / / [102]
channel of MIL-101 6.7 mmol h ' g!
NH,-MIL-125/TiO, TiO, (P25) particles were 2.70 Visible Selective oxidation of cyclohexane h*, e, .05, 4 [110]
dispersed on the surface of and -OH
NH,-M125
MIL-100(Fe)/TiO, / 3.03 uv 85.8% TC was degraded50% Cr(VI) was h*,.OHand | [111]
reduced 03 (TC)
e (Cr(VI)
TiO,@MIL-101 Double-shell hollow 2.89 uv 90.1% H,S was converted .OH, H,0, / [112]
structure
TiO,@NH,-MIL-88B(Fe) Catkin-shaped TiO, was 2.16 Visible 100% MB was degraded .OH 5 [113]
attached to the surface of
Fe-MOF
TiO,NS@MIL-100(Fe) Hierarchical / Visible TiO,NS@MIL-100(Fe) displayed the highest h*, .OH 4 [114]
heterostructures rate constant (0.045 min~') for MB
degradation
Fe;0,@MIL-100(Fe) Core-shell microspheres / UV-vis 99% MB was removed h*, .OH 5 [117]
structures
MIL-100(Fe)@Fe;04/CA / 1.76 Visible 85% TC was degraded -OH, .02 7 [115]
Fe;04/MIL-88B(Fe) Hierarchical 1.89 Visible 99.8% RhB was degraded h*, .OH 4 [118]
nanoarchitectures
CdS/MIL-100(Fe) CdS NPs were attached on ~ 2.23 Visible Selective oxidation of benzyl alcohol to h*, .03 5 [123]
the surface of MIL-100(Fe) benzaldehyde
Au@CdS/MIL-101 Heterojunctions / Visible The H, production rate reached 250 mol h™!/ e~ / [129]
10 mg
CdS QDs@MIL-101 Core-shell structure / Visible Synthesis of imines with high selectivity / 4 [127]
CdS QDs /NH,-MIL- Core-shell structure / Visible Oxidation of NO .OH, .0z / [131]
125@Ti0,
In,S3@MIL-125(Ti) Core-shell structure 2.28 Visible 63.3% TC was degraded -OH, .03 3 [133]
NH,-MIL-125(Ti)@ZnIn,S4/ layered tandem 1.84 UV-vis The H, production rate reached e 5 [134]
Cds heterojunction 2.367 mmol g 'h~!
1T-MoS;/MIL-125-NH, 1T-MoS; attached on and / Visible The H, production rate reached e 6 [137]
cover the surface of MIL- 1454 pmol h~' g~!
125-NH,
1TMoS,@MIL-53(Fe) / / Visible Ibuprofen was degraded with 95% .OH,.03,e” 5 [138]
neralization efficiency
BiOBr/NH,-MIL-125(Ti) 2D lamellar structure 2.70 Visible 80% of RhB was degraded for 100 min h*, .0z 4 [142]



S. Yang, X. Li, G. Zeng et al.

Table 3 (continued)

Coordination Chemistry Reviews 438 (2021) 213874

MIL Structure/Morphology Bandgap  Light Photocatalytic performance Mechanism Recycled  Ref.
(eV) source times
BiOI/MIL-88B(Fe) 3D hierarchical structure / UV-vis 88% of RhB was degraded for 100 min h*, .OH 5 [140]
AgsP0,4@ NH,-MIL-125 Core-shell structure 2.39 Visible Compared with P25, the photoactivity of MB  h*, .05 5 [143]
and RhB increased by 39 times and 35 times,
respectively.
Ag,WO0,@ NH,-MIL-125 Core-shell structure 2.27 VisibleUV | .03, .OH 5 [144]
GR/MIL-53(Fe) Two-dimensional 2.72 Visible 20 mg/L RhB was degraded within 60 min / / [148]
nanosheet
MIL-53(Fe)-rGO / 2.72 Visible 100% Cr(VI) was removed for 80 min e / [149]
MIL-88(Fe)@GO Layered-structure / UV-vis 100% MB and RhB were degraded at 20 and |/ / [154]
30 min, respectively
NH,-MIL-53(Al)/rGO Hollow microsphere 2.40 Visible The efficiency of photodegradation of MB / 3 [155]
structure was improved
g-C3N4/MIL-125(Ti) Heterostructure 3.24 Visible The photodegradation rate for RhB was h*, .03 5 [162]
0.0624 min~!
g-C3N4/MIL-101(Fe) Heterostructure 2.75 Visible Nearly 98% bisphenol A was degraded for h*, .03, 5 [163]
60 min SOz
NH; MIL-101(Fe)/g C3N4 Heterostructure / Visible The highest CO production rate reached e 6 [164]
132.8 umol g!
g-C3N4-MIL-53(Fe) Blocky structure / Sunlight  The H, production rate reached e 3 [165]
0.9054 mmol g 'h™!
MIL-125(Ti)/Pt/g-C5N4 Hierarchically meso- and / Visible The H, production rate reached e / [167]
microporous structure 3986 pmol h~! g~!
NH,-MIL-125(Ti)/CN/NiPd Heterostructure / Visible The H, production rate reached e 4 [168]
8.7 mmol g 'h™!
g-C5N4/PDI@ NH,-MIL-53 Heterostructure 2.15 Visible Several water-soluble and toxic organic .OH 5 [169]
(Fe) pollutants were removed
CFB/NH,-MIL-125(Ti) Z-Scheme heterostructure / Visible The H, production rate reached e / [170]
1.123 mmol h™ ' g!
MIL-88A/g-C3Ny4 Z-scheme heterostructure / Visible 100% RhB was degraded for 30 min h*,.03,.0H | [171]
NH,-MIL-88B(Fe)/CDs / 1.98 Visible Cr(VI) was reduced completely e 4 [173]
Si0,/MIL-100(Fe) Core-shell structure / Visible 94% RhB was removed within 90 min h*, .OH 3 [176]

NH,-MIL-125(Ti) has been successfully synthesized and proved to
be an effective solar photocatalyst due to the narrow band gap
[78]. Moreover, the presence of iron sites can activate persulfate
(PS). Consequently, almost 100% Orange Il was degraded within
10 min in the Fe/Ti-MOFs-NH,/PS/Vis system.

Another way to expose more active metal centers is to perform
facet engineering on MILs. This strategy is very common in improv-
ing the surface activity of traditional nanocatalysts, but its applica-
tion to soft crystal MOFs is rarely reported [79-81]. Recently, Guo
et al. [82] controlled the facets of nanostructured NH,-MIL-125(Ti)
by altering the concentration of the structure-capping surfactant
cetyltrimethylammonium bromide (CTAB) (see Fig. 4). The pres-
ence of more metal clusters on the plane leads to more active pho-
toactivity. Therefore, the NH,-MIL-125(Ti) with active (110) facet
showed a higher quantum yield, and the photocatalytic hydrogen
production rate was three times higher than that of the sample
with a dominant (111) facet.

4. Doping of MILs photocatalyst

Despite the outstanding photocatalytic performance of MiILs,
the active center of the original MILs was only limited to metal
nodes and organic ligands, leading to limited reactivity. The flexi-
ble structure of the MILs allows them to host guest components,
thus resulting rich active sites and synergistic effects [65]. Some
representative doped MILs photocatalysts and their corresponding
properties are listed in Table 3.

4.1. On the basis of metal

4.1.1. Metal nanoparticles

Prolonging photogenerated charge life and ensuring e -h* pair
separation are the key factors to boost photocatalytic efficiency,
which can be achieved through the synergistic catalysis of MILs

and metal nanoparticles (NPs) [50]. The highly ordered multi-
dimensional network and adjustable frame structure of MILs make
it possible for metal NPs to be evenly distributed on the surface or
encapsulated in the cavities of MILs [83]. Interestingly, the role of
different metal NPs in photocatalytic processes may vary greatly.

Pt metal particles are the most common and efficient co-
catalyst for photocatalytic hydrogen production. Yu et al. [84] suc-
cessfully fabricated Pt/MIL-125(Ti)-NH, in 2012, which demon-
strated the high efficiency for photocatalytic H, production due
to the efficient charge separation. However, the Pt/MIL-125(Ti)-
NH, suffered from structural collapse and Pt NPs leaching during
the photocatalytic process. In order to obtain more stable photo-
catalyst, Wang et al. [85] deposited Pt on a water stable Fe-
containing MOF (MIL-100(Fe) by one-step photoreduction. More-
over, Pt/MIL-100(Fe) exhibited boosted performance for H, evolu-
tionary as compared to Pt/MIL-100(Fe)-NaBH,, which Pt NPs were
obtained through NaBH,4 reduction. This difference is attributed to
the fact that photoreduction is a mild process, making it easier to
form Pt NPs with uniform size. In a further study, the simultaneous
production of H, and O, from the overall water splitting was
achieved by co-deposition Pt and CoPi alloy on MIL-125(Ti) [86].
Pt and CoPi can reduce the overpotential of hydrogen- and
oxygen-producing reactions thus achieving efficient water decom-
position. In addition, photoexcited electrons transferred to Pt NPs,
while h* moved to CoPi, so that the e and h* can be separated
effectively.

Pd particles with high Fermi energy levels can also optimize the
photocatalytic performance of MILs through the synergistic cataly-
sis. In 2015, Liang’s team [87]| prepared Pd@MIL-100(Fe) by alcohol
reduction with H,PdCl, as Pd precursor. Due to the excellent pho-
toactivity and effective inhibition of photoinduced carrier recombi-
nation, the photocatalytic rate of Pd@MIL-100 (Fe) was
significantly higher than that of Pd@TiO, \Nx and Pd@Fe,05 [87].
The results of quenching experiments showed that e and -OH
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played important roles during photocatalysis process. There are
three pathways to generate -OH as shown in Fig. 5a: (1) H,O was
trapped by the h* and formed .OH; (2) H,0, acted as a scavenger
to capture e” from Pd NPs to generate -OH; (3) The ferric species
on Pd@MIL-100 (Fe) decomposed H,O, into .OH through the
Fenton-like process. Additionally, this research team also prepared
M@MIL-100(Fe) (M = Au, Pd, Pt) through room-temperature pho-
todeposition process to compare the photoactivity of MIL-based
complex doped with different metal NPs [88]. As shown in

Fig. 5b, the photocurrent transient response revealed the photocur-
rent density of Pt@MIL-100 (Fe) was highest compare to
Pd@MIL-100 (Fe) and Au@MIL-100 (Fe), revealing the most
effective photocarriers separation of Pt@MIL-100(Fe). Pt NPs have
a smaller particle size than Au NPs and Pd NPs, so the electron
transfer efficiency on Pt@MIL-100(Fe) was higher. In addition, the
spatial structure of Pd/MILs also affects the photocatalytic effi-
ciency. Wang et al. [89] demonstrated that PdA@MIL-100(Fe) com-
posed of Pd precursors dispersed in MIL-100(Fe) pores was more
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stable and active than the Pd/MIL-100(Fe), which immobilized Pd
NPs to the outer surface of MIL-100(Fe). The photocatalytic results
showed that Pt@MIL-100(Fe) had a better performance in degrad-
ing methyl orange (MO) and reducing Cr(VI). Small size Pd NPs
encapsulated in cavity of MIL-100(Fe) not only provide more abun-
dant active sites, but also shorten the distance between Fe-O clus-
ters and Pd NPs to achieve rapid electron transfer. Specially, the
fixing effect of Pd NPs can be enhanced by amino groups of MIL-
101(Fe)-NH, [90]. The density functional theory (DFT) calculation
revealed strong interaction between Pd NPs and —-NH,, indicating
the stabilization of amino group, which enables Pd NPs to be
evenly and highly dispersed on the surface of MIL-101(Fe)-NHo,.
The electron density of Pd center also increased with the incorpo-
ration of -NH.

The surface plasmon resonance characteristics of Ag and Au
promote the generation of hot electrons under visible light and
inject them into the CB of MILs, effectively improving the solar
energy utilization [64,91]. Guo et al. [92] demonstrated the poten-
tial of MIL-101(Cr)-Ag in energy production. They demonstrated
that the absorption spectrum of MIL-101(Cr)-Ag hybrids was
widened to the visible range, and the surface defect state of Ag cen-
ter was reduced after being deposited on MIL-101(Cr). Therefore,
charge recombination was effectively prevented in the complex,
thus achieving an increase in CO, reduction efficiency driven by
visible light. Unlike Pd NPs as an electron trap in Pd@MIL-100
(Fe) [87], Ag NPs in MIL-101(Cr)-Ag can be excited by visible light
to generate e -h* pairs, and then photogenerated electrons are
transferred to MIL-101(Cr) (see Fig. 5c). The smaller MIL-101(Cr)
with higher density of edge and corner sites can capture more pho-
tons. As shown in Fig. 5d, 80MA (MIL-101(Cr)-Ag with 80 nm MOF)
achieved the highest performance of photocatalytic CO, reduction,
and the yields of CO, CH4, and H, were 808.2, 427.5, and
82.1 umol g 'h™.

Similarly, Au-doped Ti-MIL showed improved photocatalytic
performance, but had different modification effects compared with
Pt-doped Ti-MIL. In comparison to pure Ti-based MILs and Au/Ti-
MILs, the catalytic rate of Pt/Ti-MILs was increased by 2.4 times
and 1.9 times, respectively [93]. On the basis of the above research,
the plasmonic effect and Schottky junction were integrated into
MIL-125(Ti) by constructing two metal-MOF interfaces (Pt-MIL
and Au-MIL) [94]. As shown in Fig. 6a,b, Pt/MIL and Pt@MIL were
obtained by dispersing Pt NPs over or into MIL-125(Ti). Subse-
quently, Au nanorods were fixed on Pt@MIL, Pt/MIL and the pris-
tine MIL to prepare Pt@MIL-125/Au, Pt/MIL-125/Au and MIL-125/
Au. Pt NPs act as electrons acceptors and form Schottky structures,
while Au nanorods possess surface plasmon resonance that
respond to visible light. The photocarrier transport in the compos-
ite was controlled from three aspects (see Fig. 6¢): (1) Plasma elec-
trons excited by visible light on the surface of Au NPs were injected
into MIL-125(Ti), and Ti** was reduced to Ti**; (2) The electrons
were transferred to Pt NPs induced by Schottky barrier; (3) The
electrons on the surface of Pt NPs were rapidly consumed due to
the exquisite structural design of the catalyst. The relative spatial
position of metal NPs and MIL-125 also affects the photocatalytic
efficiency. Consequently, the Pt@MIL-125/Au presented the best
efficiency for visible light induced H, production (see Fig. 6d).

4.1.2. Metal complexes

Some studies avoided the use of noble metals and effectively
enhanced the performance of photocatalysts through host-guest
strategy. In 2015, Nasalevich and co-workers [95] encapsulated
Co-dioxime-diimine into NH,-MIL-125(Ti) by two-stage “ship-in-
the-bottle” approach (see Fig. 7). The results showed that H, pro-
duction efficiency of Co@MOF was 20-fold higher than that of pure
NH,-MIL-125(Ti). Similarly, Jiang et al. [96] immobilized [Co"(TPA)
Cl][Cl] (TPA = tris(2-pyridylmethyl)-amine) into the cages of MIL-
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125-NH; to obtain Co(II)@MOF for light-driven H, production. As
a co-catalyst and active center, encapsulated Co(Il) complex not
only regulated the energy level of CB/LUMO, but also accumulated
electrons for reducing protons to H,. Consequently, the Co(II)
@MIL-125-NH, outperformed pure MIL-125-NH,, Co complexes
and their physical mixtures in terms of H, evolution. Moreover,
Co species were encapsulated in the MOF caves to achieve the
heterogeneity and thus prevent Co leaching. Therefore, the Co(II)
@MIL-125-NH, showed remarkable reusability during photocat-
alytic water splitting.

In 2016, Meyer and co-workers [97] introduced the nickel(II)
catalyst [Ni(dmobpy)(2-mpy),] (dmobpy = 4,4’-dimethoxy-2,2’-
bipyridine, 2-mpy = 2-mercaptopyridyl) with high proton reduc-
tion activity into NH,-MIL-125(Ti) and successfully assembled
the Ni@NH,-MIL-125(Ti), which is the first MIL-based photocata-
lyst containing Nickel(II) species. In NI@NH,-MIL-125(Ti)/light sys-
tem, the H, yield was 1800 times than that of bare NH,-MIL-125
(Ti) and one order of magnitude higher than [Ni(dmobpy)(2-
mpy),] molecular catalyst. Furthermore, the catalytic activity of
Ni@NH,-MIL-125(Ti) was increased tenfold and was prolonged
for 3000 min. Subsequently, the MIL-101(Cr)/Ni(dmgH), hybrid
was obtained via loading Ni(dmgH), onto MIL-101(Cr) by Wang
and co-workers [98]. With the assistance of sacrificial agent tri-
ethanolamine (TEOA) and the photosensitization of Erythrosin B,
the photocatalytic efficiency of MIL-101(Cr)/Ni(dmgH), gained a
10-fold increase compared to the pure MIL-101(Cr). In a further
work, Zhen and co-workers [99] successful synthesized
NiMo@MIL-101 through a double solvents method for photocat-
alytic H, production with Eosin Y (EY) as photosensitizer. EY was
stimulated by light to produce EY1* and then formed EY3*. Subse-
quently, EY3* reacted with TEOA to produce EY~, then e~ was
transferred to MoNiy4 active site, and finally H" captured e~ from
MoNi, to produce H,. The catalyst can be well recycled owing to
the unique shell-core structure.

4.1.3. Polyoxometalates (POMs)

POMs, a metal-oxygen cluster consisting of transition metals
and oxygen atoms, play an important role in the catalytic process
because of its stable structure and high activity [41]. Incorporating
the POMs into the MILs as part of framework of MILs or encapsu-
lated into cavity of MILs is a promising strategy to modify MIL-
based materials, which not only enhances the structural stability
of MILs but also combines the advantages of POMs and MILs
[100]. Shah et al. and Han et al. [101,102] constructed heteroge-
neous catalysts with good recyclability by encapsulating Co-
based POM ([Co4(PWg034)2(H20)5]'°) in the cavities of MIL-100
(Fe) and MIL-101(Cr), respectively. In both cases, the performance
of photocatalytic O, production by splitting water was improved,
and the high O, yield of CoOPOM/MIL can be attributed to the favor-
able interaction between host (MIL) and guest (Co-based POM).
However, the O, production rate and turnover frequencies of
CoPOM/MIL-101(Cr) (66%; 7.3 x 103 s~') were lower than that
of CoPOM/MIL-100(Fe) (72%; 9.2 x 1073 s!) because the MIL-
101(Cr) framework with large window size leads to easy leaching
of CoPOM thus resulting in reduced photocatalytic activity.

4.2. On the basis of metal semiconductor

Considering the high cost and complex synthesis of metal NPs,
the application of metal loaded MILs is limited to some extent. The
close-contact heterojunction formed by metal semiconductor and
MILs can accelerate charge transfer effectively [64]. Therefore,
metal-semiconductor doped MILs can be used as an alternative
to improve photocatalytic performance.
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4.2.1. Metal oxide doped MILs photocatalysts bility, hypotoxicity and low cost [106]. Many studies have reported

Metal oxides have become promising photocatalysts since the the application of TiO,-MIL in photocatalysis [107-109]. In a
unique optical activity and diverse synthetic pathways [103]. How- related work, Zhao and co-workers [110] prepared NH,-MIL-125/
ever, its photocatalytic efficiency is limited due to the low solar TiO, and showed excellent photocatalytic performance for selec-
energy utilization efficiency and poor quantum yield caused by tive oxidation of cyclohexane by taking advantage of its outstand-
the broad band gap [104]. Doping MILs with metal oxide nanopar- ing ability to harvest light and abundant catalytic sites. The
ticles to form heterojunction can broaden the spectral response heterojunction structure between NH,-MIL-125 and TiO, can pro-
scope and accelerate the charge separation[105]. TiO, is known long the lifetime of photogenic e -h* pairs. The role of this hetero-
as an excellent photocatalytic material because of its chemical sta- junction structure of MIL/semiconductor in charge transfer has
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been explored by He and co-workers [111]. The introduction of
MIL-100(Fe) causes Ti atoms in TiO, to be partially replaced by
Fe atoms, which leads to significant changes in the band structure
of TiO,, resulting in defective energy levels that act as electron cap-
tors. In addition, MIL-100(Fe) provides additional charge transfer
and reaction paths. Accordingly, the photodegradation efficiency
of tetracycline (TC) was significantly improved.

Some researchers have focused on the fabrication of TiO,@MIL
core-shell architecture as well as the synergistic effects of photo-
catalysis and absorption of TiO,@MIL complex. Recently, Sheng
and co-workers [112] fabricated TiO,@MIL-101 double-shell hol-
low particles and demonstrated TiO,@MIL-101 can simultaneously
absorb and photodegrade H,S. Similarly, Li et al. [113] constructed
the TiO,@NH,-MIL-88B(Fe) by a convenient one-step solvothermal
process and demonstrated the absorption properties of NH,-MIL-
88B and the photocatalytic properties of TiO,, which led to an
effective improvement for photocatalytic degradation of MB dyes.
The MB molecules adsorbed by TiO,@NH,-MIL-88B(Fe) in the dark
realized the aggregation of the reactants, and then were photode-
graded under the light illumination. In addition, the group of Liu
[114] altered the morphology of TiO, to increase its surface area
and absorptive capacity. They incorporated nanosheet-shaped
TiO, into MIL-100(Fe) to form hierarchical heterostructures
through a self-assembly method (see Fig. 8a). The sandwich-like
TiO,NS@MIL-100(Fe) showed an outstanding ability to absorb
MB because of the porous channels and ultrahigh surface area. Fur-
thermore, due to the abundant exposed facets of TiO,, which accel-
erated the movement of photogenic charges through the interface
structure between TiO,NS and MIL-100(Fe), the TiO,NS@MIL-100
(Fe) showed the strongest photocurrent intensity (see Fig. 8b)
and enhanced photocatalytic efficiency for MB degradation as com-
pared to pristine TiO,NS and MIL-100(Fe). The MIL-100(Fe) in
TiO,NS@MIL-100(Fe) was excited and produced e -h" pairs under
visible light illumination, then the movement of photogenerated
electrons occurred through the interface structure (see Fig. 8c).
On the one site, photogenic h* trapped H,0 to form -OH. On the
other site, H,0, reacted directly with MIL-100(Fe) to produce -OH.

In practical water purification applications, the highly diffuse
MIL-based materials are tricky to be separated and recovered. Tra-
ditional separation methods such as centrifugal separation or fil-
tration not only reduce the catalytic activity of photocatalysts
but also consume energy [115]. The combination of magnetic iron
oxide with MILs enables the photocatalysts to be quickly separated
from the reaction medium. Nevertheless, iron oxide is easy to
photo dissolution. The core-shell structure formed by the mag-
netic iron oxide embedded in the shell of MILs can effectively pre-
vent Fe;04 from forming exciting radiation[116]. In 2013, Zhang
et al. [117] fabricated a magnetic recyclable Fe;0,@MIL-100 (Fe)
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photocatalyst for photocatalytic MB removal (see Fig. 9a). It can
be easily separated after many cycles without significant catalytic
performance loss. What’s more, they revealed that the rate at
which h* moves toward the Fe304 core depends on the thickness
of the shell. Subsequently, Zhao's team [116] evaluated the effect
of thickness of MIL shells in Fe30,@MIL-100(Fe) on photocatalytic
performance, and the maximum removal efficiency of MB was
obtained when the thickness of MIL shell was about 50 nm (see
Fig. 9b). In fact, when the outer layer is too thick, shell-localized
h* tends to be transferred to the Fe304 core, which greatly inhibits
the photoactivity. Recently, Rasheed and co-workers [115] synthe-
sized MIL-100(Fe) and compounded it with Fe;04 and carbon aero-
gel (CA). The CA is known for the following two advantages, plenty
of active sites resulting from the ultrahigh surface area; porous
structure helping absorption of substrates. Consequently, MIL-
100(Fe)@Fe304/CA showed remarkable photocatalytic ability to
remove tetracycline hydrochloride. Moreover, due to the addition
of magnetic Fe;0,4, the catalyst can be easily and quickly recycled.

The introduction of Fe30O4 is not the only way to obtain mag-
netic materials. It is a convenient strategy to embed ferric oxide
in situ into the MIL framework by reducing metal nodes with the
assistance of Na-citrate/NaOAc (see Fig. 10a) [118]. The SEM and
TEM images (see Fig. 10b) showed that the Fe304/MIL-88B(Fe)
was nanosheets stacked microspheres with clear edges and abun-
dant interlaced pore structures. The rate of light-induced MB (RhB)
dyes removal of Fe;04/MIL-88B(Fe) was 3.46 (2.63) times than that
of MIL-88B(Fe). The remarkable photocatalytic activity of Fe;04/
MIL-88B(Fe) can be ascribed to two aspects: (1) The doping of
Fe;04 leads to the adjustment of the band structure of MIL-88B
(Fe), thus broadening the optical response range and increasing
the quantum yield. (2) The unique hierarchical structure facilitates
the absorption of pollutants and inhibits the recombination of
charges.

4.2.2. Metal sulfide doped MILs photocatalysts

Metallic sulfides, an important branch of semiconductor photo-
catalysts, are attractive because they are abundant and inexpen-
sive materials, and more importantly, they have smaller band
gap than metal oxides, which allows them to make better use of
solar energy [119-121]. Among the reported metal sulfide photo-
catalysts, CdS is widely studied on account of its suitable band
gap (2.4 eV), which allows it to respond to visible light [122,123].
In the past few years, CdS has been applied to produce H, [124],
reduce CO, [125] and remove organic matters from effluent
[126]. However, there are some defects to prevent CdS from being
widely employed, such as the rapid charge recombination, the pho-
toerosivity of pristine CdS and the high aggregation of CdS particles
[122,127,128]. The combination of CdS and MILs can overcome the
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125@TiO,, catalysts [131]. Copyright 2018 Elsevier.

limitation and promote further development. In 2014, Ke et al.
[123] prepared CdS-decorated-MIL-100(Fe) and demonstrated that
the photoactivity was significantly improved. In the CdS/MIL-100
(Fe) complex, the photocatalytic efficiency boosted with the
weight ratio of MIL-100(Fe) increased since MIL-100(Fe) can
reduce the band gap of the CdS as well as improve the absorption
of matrix molecules. However, as the weight ratio of MIL-100(Fe)
increased further, the photocatalytic efficiency was limited
because excessive MILs resulted in the reduction of the effective
surface area of CdS and the decrease of photogenerated charge.
Thereafter, Wang et al. [129] successfully constructed the ternary
composite material Au@CdS/MIL-101. Au NPs were evenly depos-
ited on MIL-101 via double solution method, then CdS was selec-
tively coated on Au NPs. The outstanding photoinduced hydrogen
evolution rate (250.0 mol h~'/10 mg) can be summarized as: MILs
with ultrahigh surface area allow Au and CdS to be evenly dis-
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persed and provide more catalytic sites; Plasmon resonance
absorption of Au NPs broadens the optical response range of hybrid
material; CdS facilitates charge movement.

To further improve the photoactivity of CdS/MIL composite, it is
feasible to compound CdS QDs with MILs. QDs, as special semicon-
ductors in the size range 2-10 nm, have the advantages of high
quantum yield, efficient electron transfer rate and wide light
response range [130]. Wu et al. [127] constructed CdS@MIL-101
by the double-solvents strategy. They found the strong interaction
between CdS QDs and MIL-101 narrowed the band gap of CdS,
which was helpful to boost the photocatalytic ability of
CdS@MIL-101. In a prior work, Gao et al. [131] coated TiO, on
the surface of NH,-MIL-125, and CdS embedded in NH,-MIL-
125@TiO, to fabricate a novel CdS/NH,-MIL-125@TiO, composite
material. The thin sheet of TiO, covered in the outer layer can pro-
tect the photocatalysts from being corroded and poisoned by
nitrate and nitrite in the photocatalytic NO removal system, which
is responsible for the long lifetime and high stability of CdS/NH,-
MIL-125@TiO,. Based on the HOMO/LUMO energy of NH,-MIL-
125 and CB/VB of CdS and TiO,, the mechanism of light-induced
removal of NO was proposed as shown in Fig. 11. The superior opti-
cal properties of CdS/NH,-MIL-125@TiO, are attributed to the dual
excitation pathways, the tight connection, and the matching band
potential of NH,-MIL-125 and CdS QDs. The photoinduced elec-
trons were trapped by O, to form -O3, which then oxidized NO into
HNO, and HNOs. The various components of the composite cata-
lyst exhibited their unique functions: NH,-MIL-125 with ultrahigh
surface area facilitated the absorption of the reactants; the CdS
QDs realized the response of visible light; and the TiO, served as
a buffer to inhibit the recombination of e~ and h*. Photochemical
processes can be summarized by the following equations:

catalysts + visible light — h™ + e~ (5)

e +0;,—-0; (6)
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-0; + H+ — -HO;

e  +-HO; + H' — H,0,

H,0, + e~ — -OH + OH™ (9)
h™4+OH — -OH (10)
NO + -OH — HNO, (11)
HNO, + -OH — NO, + H,0 (12)
NO, + -OH — HNO; (13)
NO +-0; — NO3 (14)

In addition to CdS, other metal sulfides also show good photoac-
tivity, such as In,Ss3, ZnIn,S4 and MoS, [131,132]. Wang and co-
workers [133] synthesized a novel core-shell In,S3;@MIL-125(Ti)
for absorption and photocatalytic removal of TC. In In,S;@MIL-
125(Ti), MIL-125(Ti) core are encapsulated by three-dimensional
In,S; sheets. The absorption mechanism of In,S3@MIL-125(Ti)
can be summarized as the synergistic effect of surface complexa-
tion, the m-m interaction between the organic ligands of MIL-125
(Ti) and TC, the hydrogen binding between the u-OH groups of
MIL-125(Ti) and the nitrogen atoms of the TC, and the electrostatic
interaction. In a further work, Zhang et al. [134] constructed a lay-
ered tandem heterojunction NH,-MIL-125(Ti)@ZnIn,S,4/CdS, and
exhibited excellent photocatalytic activity, with hydrogen genera-
tion rate rising to 2.367 mmol g 'h~'. This ternary composite
structure provides more abundant electron transfer paths. The
middle component ZnIn,S,; as the electron enrichment center
accepts electrons from CdS and NH,-MIL-125(Ti).

1T-MoS; as a low-cost and earth-rich metal sulfide is consid-
ered as a potential co-catalyst [135]. More importantly, compared
with 2H-MoS, with only edge active sites, has been proved to have
better photocatalytic activity due to abundant active sites on both
the edges and the basal planes [136]. Nguyen’s team [137] pre-
pared 1T-MoS,/MIL-125-NH, and demonstrated the high-
efficiency photocatalytic H, production rate compared to that of
Pt/MIL-125-NH,, Co-oxime@MIL-125-NH, and Ni,P/MIL-125-
NH,. More recently, a mild solvent-thermal approach was used
to fabricate needle-shaped 1TMoS,@MIL-53(Fe) by Liu’s team
[138]. The introduction of 1TTMoS, lead to narrow band gap and
thereby form more active site. Photoelectron was transferred from
the surface of MIL-53(Fe) to 1TMoS,, which facilitated charge sep-
aration. It is noteworthy that 1TMoS,@MIL-53(Fe) showed out-
standing recyclability and maintained high photocatalytic activity
after five cycles.

4.2.3. Other metal semiconductor doped MILs photocatalysts
Bismuth oxyhalides BiOX (X = CI, Br, I) have been found to be
photoactive under visible light. The BiOX complex consists of
[Bi,0,]?" slabs, which is sandwiched between double slabs of halo-
gen atoms [139]. This unique layered structure can create electro-
static field by polarizing the associated orbitals and atoms,
preventing the photogenerated e~ from recombining with h*
[140,141]. In 2016, Zhu and co-workers [142] compounded 2D
BiOBr materials with NH,-MIL-125(Ti) to fabricate BiOBr/NH,-
MIL-125(Ti) hybrid for photocatalytic degradation of RhB. The
appropriate band gap and heterojunction induced e transfer from
BiOBr to Ti**, resulting in better photoactivity of the complex com-
pared with the blank substance. Subsequently, Jahurul Islam and
co-workers [140] proposed the mechanism of photodegradation
of organic pollutants in water by BiOI/MIL-88B(Fe). Unlike the tra-
ditional electron transfer process (i.e., e~ in the CB of MILs transfer
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toward the CB of semiconductor, while h* in the VB of semiconduc-
tor move to the MILs), in the BiOI/ MIL-88B(Fe), the e™ in the CB of
BiOI moved to the VB of MIL-88B(Fe) and rapidly recombine with
h* based on the Z-scheme (see Fig. 12). The recombination of
e” and h* in the VB of MIL-88B(Fe) promoted the separation of
e -h" pair on BiOl Therefore, plenty of h* were left on the VB
of BiOl and participated in the oxidation reaction by directly
oxidizing organic matter or producing -OH.

Direct doping of silver semiconductor is a simple method to
optimize the band structure of MILs. For example, silver phosphate
(AgsP0O4) NPs were well coated on NH,-MIL-125 to construct
Ag3PO,4@MIL [143]. The reduced bandgap energy of NH,-MIL-125
(from 2.51 eV to 2.39 eV) and the well-matched heterogeneous
interface of AgzPO4@MIL resulted in a 39-fold (35-fold) enhance-
ment of photoactivity in terms of degradation of MB (RhB) com-
pared to TiO,. Silver vanadate (Ags;VO,) and silver tungstate
(AgaWO0,4) were doped to the NH,-MIL-125 by a similar process
[144]. The results revealed that AgzVO, with better bandgap
energy reduction ability (form 2.65 eV to 2.27 eV) is considered
as a better candidate for optimizing band structure of MILs.

4.3. On the basis of metal-free semiconductor

Although metal-semiconductor doped MILs have achieved
great success in the field of photocatalysis, the metals in metal-
semiconductor may be released during the photocatalytic process
and cause secondary contamination [15]. In order to avoid the
problems caused by metal semiconductor, the strategy of combin-
ing non-metal semiconductor with MILs to optimize the perfor-
mance of photocatalyst has attracted attention.

4.3.1. Graphene-doped MILs photocatalysts

Graphene (GR) as a new 2D carbon material has aroused exten-
sive interests because of their superhigh surface area and effective
electrical conductivity [145,146]. Doping MILs with GR or its
derivatives (graphene oxide, GO; reduced graphene oxide, rGO)
can enhance the charge movement efficiency as well as broaden
the spectral response range [145,147]. In 2014, GR/MIL-53(Fe)
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was hydrothermally hybridized by Zhang et al. [148], and the
degradation efficiency of RhB dyes was observably improved. The
effects of GR on the photocatalytic activity of GR/MIL-53(Fe) can
be summarized as follows: (1) The visible light response character-
istics of GR enhances optical absorption intensity of GR/MIL-53(Fe)
in the range 500-800 nm; (2) Graphene’s excellent electrical con-
ductivity promotes the rapid transfer of photogenerated electrons,
thus prolonging the life of the excited charge. In order to seek
stronger interface structure between MILs and rGO, Liang and co-
workers [149] constructed MIL-53(Fe)-rGO through a simple elec-
trostatic self-assembly approach. As can be observed from Fig. 13a
that MIL-53(Fe)-rGO exhibited intimate interfacial contact, which
is attributed to the electrostatic self-assembly process. In contrast,
only the edges of the MIL-53(Fe) were in contact with rGO in D-
MIL-53(Fe)-rGO (obtained by direct solvothermal method), and
even some blank MIL-53(Fe) that had no contact with rGO sheet
were observed (see Fig. 13a). The random integration in D-MIL-
53(Fe)-rGO resulted in poor interfacial contact and charge transfer.
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It is worth mentioning that reasonable selection of MILs is nec-
essary to construct GO/MILs. In comparison to MOF-5 and HKSUT-
1, MIL-100(Fe) is not an ideal material for preparing GO doped
MILs composites [150]. As can be seen from Fig. 13b, the crystals
of MOF-5 and HKSUT-1 are cube shape, and the graphene
nanosheets are arranged in parallel or perpendicular to each other.
In both cases, the MOF-5 and HKSUT-1 grew regularly along the
graphene sheet. However, the coordination between the Fe ions
of MIL-100(Fe) and the oxygenated group of GO resulted in disor-
dered GO growth. Similar results have been reported in other stud-
ies [151,152]. The presence of GO inhibits the possible formation
orientation of MIL-101(Fe), resulting in GO@MIL-101(Fe) crystal
distortion [152]. On the contrary, MIL-88B(Fe) can be easily
wrapped by GO because of its rapid formation kinetics [153]. The
catalytic efficiency of MIL-88(Fe)@GO composites was demon-
strated to be significantly higher than that of MIL-88(Fe) and GO,
MB and RhB were completely degraded within 20 and 30 min,
respectively [154].
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In addition to coating the MILs with two-dimensional graphene
sheets, growing MILs on the surface of three-dimensional graphene
microspheres has also been reported by Yang [155]. They
employed polystyrene microspheres coated with rGO as templates
and then removed N, N-dimethylformamide from the core of
polystyrene to form empty graphene microspheres. Subsequently,
NH,-MIL-53(Al) crystals were grown on the surface of the empty
microspheres to construct NH,-MIL-53(Al)/rGO with unique spher-
ical structure. The hollow microsphere structure of NH,-MIL-53
(Al)/rGO exhibited outstanding light harvesting properties because
of the scattering of light in the microsphere cave. Consequently,
the efficiency of photodegradation of MB was improved.

4.3.2. Graphitic carbon nitride-doped MILs photocatalysts

As an attractive candidate for photocatalytic materials, graphi-
tic carbon nitride (g-C3N4) has aroused keen interest because of
the desired band-gap width (2.70 eV) and stability over a wide
pH range (0-14) [156-159]. However, the photocatalytic efficiency
of g-C3N, is not satisfactory since the poor charge separation capa-
bility and confined active sites [160]. Fortunately, the g-C3Ny4 has a
flexible architecture that makes it easy to contact and encapsulate
on other substrates or base materials. Among them, the combina-
tion of g-C3N4 and MILs is a promising method to enhance pho-
toactivity via improving light absorption capacity, increasing
surface area and active sites [161]. For example, compared to pure
MIL-125(Ti) and g-C3Ny4, g-C3N4/MIL-125(Ti) exhibited outstanding
photocatalytic performance, and the photoinduced removal effi-
ciency of RhB was 2.1 and 34 times higher, respectively [162]. Sub-
sequently, Gong et al. [163] successfully prepared g-C3N4/MIL-101
(Fe) via a two-step process. As shown in Fig. 14a, in the first step,
bulk g-CsN4 was stripped off under ultrasonication treatment to
form g-C3N4 nanosheet. In the second step, the obtained g-C3N,4
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nanosheet and MIL-101(Fe) precursor were mixed to prepare
g-C3N4/MIL-101(Fe) through a hydrothermal approach. SEM fig-
ures (Fig. 14b,c) reveal that the load of g-CsN4 hardly changed
the morphology of MIL-101(Fe), and MIL-101(Fe) still maintain
the octahedral structure. According to TEM images (Fig. 14d-f),
g-C3N, is tightly attached to the surface of MIL-101(Fe). The
HAADF-STEM image (Fig. 14g) and the Fe, O, C and N elements
mapping images (Fig. 14h-k) clearly illustrate that these elements
are evenly distributed in g-C3N4/MIL-101(Fe), which verify that the
g-C3Ny4 is well distributed on MIL-101(Fe). The light-induced cat-
alytic efficiency of g-C3N4/MIL-101(Fe) was greatly improved and
almost 98% of bisphenol A (BPA) was removed within 60 min. Very
recently, Dao et al. [164] have successfully applied NH,-MIL-101
(Fe)/g-C3Ny4 in the field of energy regeneration. The photocatalytic
CO, reduction rate of NH; MIL-101(Fe)/g CsN4 was 3.6 and 6.9
times higher than that of NH,-MIL-101(Fe) and sole g-C3N4, and
the highest CO production rate reached 132.8 umol g~'. Moreover,
the solution-free reaction strategy not only improves the absorp-
tion capacity of photocatalyst to CO,, but also enhances its selec-
tivity to produce gas products.

Interface contact by wrapping the stripped g-CsN4 around the
surface of MILs is known to be weak. To obtain intimate interface
contact between MILs and g-C3Ng4, a simple grinding process was
used by Bai et al. [165] to synthesize g-C3N4-MIL-53(Fe). This
grinding method formed close interface contact between MIL-53
(Fe) and g-C3Ny4, as well as provided abundant active sites for H,
production by splitting water. In order to seek more compact
heterogeneous structures, the group of Huang [166] added g-
C3N4 to a hot concentrated HNOs solvent to form protonized col-
loidal species (C3N4-H") which easily coated on the outer surface
and cavity of MIL-100(Fe). The coating effect was then formed
between MIL-100(Fe) and C3N4-H* through the thermolysis
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Fig. 16. (a) Transient photocurrent response of g-CsN4, MIL-88A and MIL-88A/g-C3N, composites. (b) Schematic illustration of photocatalytic mechanism of M88/g-C3N4

under visible light irradiation [171]. Copyright 2019 Elsevier.

treatment at 150 °C. They confirmed that protonized g-C3N4 (PCN)
was successfully coated on MIL-100(Fe) by measuring the contact
angle. As exhibited in Fig. 15, g-C3N4, PCN, MIL-100(Fe), and phys-
ically mixed g-C3N4 and MIL-100(Fe) all showed convex angles
because of their hydrophobicity, whereas the contact angle of pure
MIL-100(Fe) was 0° due to the strong hydrophilic properties. Sim-
ilarly, PCN/MIL also exhibited a perfectly flat contact angle. This
result indicated that the protonated g-C3N4 was completely grafted
onto MIL-100(Fe). Coating MIL-100(Fe) with protonated g-C3Ny4
can also adjust the surface area of the complex and the size of
MIL-100(Fe) matrix to the most suitable value to achieve the best
photocatalytic efficiency.

The photocatalytic efficiency of MOF/g-C3N,4 hybrid can be fur-
ther improved by introducing suitable co-catalyst. In 2015, Su et al.
[167] successfully synthesized NH,-MIL-125(Ti)/Pt/g-CsN,4 hybrid
with a three times enhancement of photocatalytic H, production
activity compared to Pt/g-CsN4. In a following work, Xu et al.
[168] deposited NiPd nanoparticles onto NH,-MIL-125(Ti)/g-C3N4
to obtain NH,-MIL-125(Ti)/CN/NiPd. In the case of EY as photosen-
sitive agent, the photocatalytic H, production rate of NH,-MIL-125
(Ti)/0.75CN/Ni5gPd, ; was significantly increased (8.7 mmol g~ -
h™') because EY and NiPd enable photocatalysts to gain stronger
light harvesting capabilities.
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In addition, some studies have reported other multiplex hybrid
complexes. In a related work, Li and co-workers [169] grew
NH,-MIL-53(Fe) crystals on g-C3N4-doped pyromellitic diimide
(g-C3N4/PDI) layer via in-suit strategy to synthesize g-C3N,/
PDI@MOF. The photocatalytic efficiency of the CPM-2 (the weight
content of the g-C3N4/PDI is 75%) was much higher than that of
g-C3N4@NH,-MIL-53(Fe), indicating that the existence of PDI could
boost the photoactivity. The strong electron affinity of PDI can shift
the oxidation and reduction potentials of g-C3N4, which lead to a
better match between NH,-MIL-53(Fe) and g-CsN,4/PDI. Moreover,
they assessed the influence of ions such as Ca®*, K*, Mg?*, Na*, CI-,
S03~, NO3 and HCO3 which co-existed with the target pollutant in
the actual water. The results showed that CI~ played an adverse
role, SO3~ promoted the generation of effective free radicals, and
other ions had no significant effect during the photocatalytic
removal of TC.

Recently, the Z-scheme heterojunction formed by the combina-
tion of MILs and g-C3N,4 has gained increasing interest because of
its wide light absorption range, strong reducibility, and efficient
charge separation. Zhou et al. [170] combined NH,-MIL-125(Ti)
with benzoic acid functionalized g-C3N, (CFB) to establish Z-
scheme heterojunction through covalent band. The bonding of
hydroxyl oxygen atoms in CFB and Ti atoms in NH,-MIL-125(Ti)
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Table 4
Summary of MILs-derived photocatalysts.
MIL Template Structure/ Light Photocatalytic performance Mechanism Recycled  Ref.
Morphology source times
TiO, MIL-125(Ti) Uniform cake-like uv As(III) was oxidized h*,.03,.0H 4 [179]
cylindrical
structure
TiOy/C MIL-125(Ti) / / MB was degraded / / [184]
TiO,@C-N(x) NH,-MIL-125 Caky shape Visible The mineralization efficiency reached 51.9% -0, .OH / [185]
at 62.4% of styrene degradation within
240 min
GNP/TiO, NH,-MIL-125 / uv Heterogeneous CO,/H,0 reduction to CHy / 2 [186]
Pd/TiO, NH,-MIL-125(Ti) Hierarchical porous UV-vis  The rate of H, evolution reached / / [187]
structure 979.7 mol h™!
Pd/TiO, NH,-MIL-125(Ti) / Sunlight  The rate of H, evolution reached / 3
112.7 mol h™!
Cu/TiO, MIL-125(Ti) Porous Sunlight  Photocatalytic CO, reduction with water / 5 [188]
nanostructure vapor
TiO,@N-doped NH,-MIL-125(Ti) Butterfly-like Visible Selective oxidation of amines to imines .03 / [189]
porous carbon structure
v-Fe,03/TiO, MIL-53(Fe) Sphere-like shape uv Almost 100% of 20-ppm MB and MO were -03, .OH / [190]
degraded
Fe,03;@TiO, MIL-101(Fe) Core-shell Visible The rate of H, evolution reached / 3 [191]
heterostructure 0.625 pmol mg~'h~!
Fe,03-TiO,-PtOx MIL-88B Core-shell Visible The rate of H, evolution reached / 5 [192]
heterostructure 22 mmol h™!
Fe@C MIL-101(Fe) Core-shell structure Sunlight The maximum reaction rates for the / / [193]
conversion of CO, reached 26.12 mmol h™!
Cds MIL-53(Al) Hierarchical porous Visible The rate of H, evolution reached / 4 [194]
structure 634.0 pmol g~ 'h!
Zn0 MIL-53(Al) Nanosheets uv 98.15% MO was removed .03, .OH / [195]
In,S3 MIL-68-In Hexagonal Visible 97% MO and 66% TC were degraded for h*, .03 / [196]
nanorod-like 120 min
structure
In,S3-CdIn,S, MIL-68 Hierarchical Visible Photoreduction of CO, produces CO at a rate | 6 [197]
heterostructured of 825 umol h™! g™!
nanotubes

makes benzoic acid act as a bridge between MILs and g-C3Ny,
which can accelerate photocharge transfer. Later, Shao et al.
[171] synthesized a series of MIL-88A/g-C3N,4 with different mass
ratios of the MIL-88A for photoinduced degradation of RhB. As
shown in the photocurrent spectrum (see Fig. 16a), the MIL-88A/
g-C3N4-10 (mass ratios of the MIL-88A for 10%) exhibited the most
outstanding photocatalytic properties, with the rate of catalytic
degradation of dyes reaching almost 100% after 30 min under light
exposure. The mechanism of photocatalysis is shown in Fig. 16b.
Different from the charge transfer path of traditional heterojunc-
tion, e~ in the CB of MIL-88A moved to the VB of g-C3N4 and
recombined with h* in the VB of g-C3N, in the Z-scheme photocat-
alysts. Consequently, the e in the CB of g-C5N4 and the h* in the VB
of MIL-88A were effectively separated.

4.3.3. Other metal-free semiconductor doped MILs photocatalysts

As green and safe substrate, carbon nanomaterials with high
conductivity and superior light absorption can be doped into MILs
to construct environmentally friendly photocatalysts with high
performance [172]. For example, carbon nanodots (CDs) doped
NH,-MIL-88B possesses excellent charge separation performance
because CDs can serve as electron acceptors to promote charge
transfer [173]. In addition, the band structure of MILs can be regu-
lated by the carbon nanotubes and carbon quantum dots, thus
upregulating the light absorption boundary of the doped MILs,
which has practical advantages in natural water evolution
[174,175].

Chang et al. [176] coated the MIL-100(Fe) on silicon dioxide
(Si0,) to prepare SiO,/MIL-100(Fe) via a simple layer-by-layer pro-
cess. Excellent dyes adsorption ability and dispersed MIL-100(Fe)
resulted in increased photocatalytic activity of SiO,/MIL-100(Fe)
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and 94% RhB was removed within 90 min. The ultra-high surface
area, which is thought to be responsible for the increased dyes
absorption capacity, may be caused by two factors. First, the
MIL-100(Fe) increases the surface roughness of the composite pho-
tocatalyst. Second, the MIL-100(Fe) coated on the surface of SiO,
has a large surface area. Furthermore, the core-shell fibre-
membrane structure of SiO,/MIL-100(Fe) is easily recycled and
can be put into the next cycle after a simple rinse.

5. MILs-derived photocatalysts

Structurally, the modified or doped MOFs can still maintain the
original structure, while the photocatalyst derived from MOFs
destroys the original framework to form a new composite material.
MOFs derived materials inherit the characteristics of large surface
area and high porosity of parent materials, and more importantly,
improve the disadvantages of weak coordination bonds between
metal nodes and organic ligands in MOFs and shorten the distance
of electronic transport [177,178]. Therefore, the photocatalysts
derived from MOFs have better stability and conductivity. The pho-
tocatalytic properties of different metal-based MILs derivatives are
also very different. In addition to the original MILs as template, the
modified MILs pyrolysis products integrate the properties of differ-
ent units. Some representative MILs-derived photocatalysts and
their corresponding properties are listed in Table 4.

5.1. Ti-based MILs as template
The optimization of the photoactivity of TiO, has always been a

research hotspot in the field of photocatalysis. In recent years, TiO,
nanocrystals derived from Ti-based MILs have aroused widespread
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interest [179,180]. In addition to inheriting the high porosity of the
template MILs, the derived TiO, also possesses superior photocat-
alytic activity, such as the outstanding light harvest capacity and
rapid charge movement. Direct pyrolysis of Ti-based MILs provides
a simple and effective way to prepare porous TiO,. In addition, var-
ious methods such as introducing hybrid atoms and loading with
other materials to modify MILs before calcination can further
improve the performance of photocatalyst.

In general, direct pyrolysis of Ti-MIL in oxygen or air conditions
results in decomposition of organic ligands and the formation of
porous TiO,. Liu et al. [179] obtained cake-like TiO, by calcinating
MIL-125(Ti) for photocatalytic As(Ill) removal. The high As(III)
removal capacity of MIL-125(Ti)-derived TiO, is attributed to its
long charge life and high As(V) adsorption capacity. The calcination
temperature can control the crystal phase of TiO,, and anatase TiO,
gradually transforms into anatase/rutile mixed phase TiO, with the
increase of temperature. It has been reported that anatase/rutile
mixed phase TiO, has been shown to be more photoactive because
of the presence of stepped energy level structure, which leads to
more efficient charge separation [180-182]. Surprisingly, anatase
TiO, formed by calcining MIL-125(Ti) at 380 °C achieved the best
degree of As(Ill) removal than anatase/rutile mixed phase TiO, cal-
cined at higher temperatures [179].

The combination of TiO, and carbon can provide large specific
surface area and fast charge transfer channel. Unfortunately, tradi-
tional integration methods tend to form weak interface contacts,
which leads to unsatisfactory photocatalytic performance [183].
In view of this, carbon supported TiO, obtained by direct pyrolysis
of Ti-MIL in an inert atmosphere was considered. The coordination
bonds between the linkers and the metal nodes of Ti-MIL make the
pyrolyzed TiO, and carbon close contact, thereby TiO,/C pyrolyzed
by MIL-125(Ti) showed excellent photocatalytic degradation of MB
[184]. Interestingly, NH,-MIL-125(Ti)-derived amorphous carbon
was decomposed to form more and larger pores to accelerate pho-
togenic charge transfer after CO, annealing treatment [185].

Pre-synthetic modification is a necessary means to fabricate dif-
ferent porous materials. Based on this strategy, Kira and co-
workers [186] deposited gold nanoparticles (GNPs) on NH,-MIL-
125 and then pyrolyzed the GNP/NH,-MIL-125 nanocrystals to
produce GNP/TiO,. The high light absorption capability of surface
plasmon of gold nanoparticles in GNP/TiO, contributes to the sig-
nificant improvement of photoactivity as compared to traditional
TiO,. Similar results have also been reported by Yan et al. [187],
the coupling of precious metal Pd with derived TiO, can form
Schottky heterojunctions to increase electron transfer rate and
the number of active sites, and the optical response range of Pd/
TiO, has also been widened. Recently, Li et al. [188] synthesized
derived Cu/TiO, with Cu-Co loaded MILs as template precursor,
and proved that the catalytic activity of derived Cu/TiO, was
greatly improved. More importantly, the photocatalytic reduction
of CO, over Co-Cu/TiO, produced not only CO and CH4 but also
high-value hydrocarbons (C,.) after cobalt doping. The improved
photocatalytic performance of Co-Cu-MIL is attributed to: (1) Co-
Cu doping causes the light absorption range to shift to the visible
region; (2) Cu species promotes electron transfer from Ti to Cu;
(3) Co species promotes the migration of photogenerated holes
and optimizes the selectivity of the reaction, thus generating more
C,. hydrocarbons.

Moreover, different heteroatoms can be doped into carbon/TiO,
by reasonable selection of MILs and pyrolysis conditions. Among
them, doping N can reduce the band gap energy of TiO,, thus opti-
mizing its optical properties. For example, Wang et al. [189] suc-
cessfully synthesized TiO,@N-doped porous carbon using NH,-
MIL-125(Ti) as the sacrificial template. The introduction of N and
C leads to the light absorption range to redshift. The high surface
area of porous carbon enables the uniform dispersion of TiO, NPs
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and the good conductivity of carbon materials promotes the rapid
transfer of electrons. Consequently, the photocatalytic perfor-
mance of modified TiO, showed a dramatic improvement with
99% imine yield.

5.2. Fe-based MILs as template

Fe-based MILs derivatives are usually assembled as building
blocks on different substrates or coated with other materials for
targeted applications. The surface-active site of TiO, can be modi-
fied by incorporation of MIL-53(Fe)-derived y-Fe,03 [190]. Photo-
catalytic results showed that MB and MO could be completely
degraded over MIL-53(Fe)-derived y-Fe,03/TiO, within 50 min.
Lin and co-workers [191] coated nanoscale MIL-101(Fe) with
amorphous TiO,, then calcined to form Fe,03@TiO, crystals (see
Fig. 17a). The calcined hybrid material maintains an octahedral
structure due to the TiO, shell as a support for Fe,O3 particles.
The suitable band energy of TiO, and visible light response of
Fe,03 enable Fe,03;@TiO, to produce H, from water splitting using
visible light. With the assistance of K;PtCly, the H, production over
Fe,03@TiO, reached 30 pmol mg~! and increased linearly within
48 h (see Fig. 17b). Subsequently, Pham et al. [192] coated the
TiO, on MIL-88B(Fe) and then calcined it to form Fe,05-TiO,-
PtOy crystals with H,PtClg as a Pt source. The thickness of TiO, shell
can be controlled by the concentration of Titanium(IV)-(triethanola
minato) isopropoxide CsH;0Ti(OC,H4)3N (TEAI) grafted onto MIL-
88B, and the thickness increases with the increase of concentration
of TEAI within a certain range (6 mM to 50 mM).

The incorporation of graphene into the metal substrate not only
optimizes the properties of the photocatalysis, but also produces a
constraint effect different from the behavior of blank nanoparti-
cles. For example, the MIL-101(Fe)-derived Fe@C constructed with
Fe NPs encapsulated in ultrathin carbon layers can produce a con-
straint effect to promote CO release, thus achieving high selectivity
to CO (see Fig. 17c) [193]. In addition, the combination of pho-
tothermal effect and local plasmon resonance effect of Fe NPs are
beneficial to the formation of surface carriers of Fe NPs and the
excitation of CO, as well as providing appropriate energy for the
reaction. Consequently, Fe@C outperformed all the control samples
(Fe/SiO,, Fe/carbon nanotube, and carbon nanotube) in terms of
photocatalytic CO, reduction, and the CO yield of Fe@C reached
2196.17 pmol within 120 min (see Fig. 17d).

5.3. Al-based MILs as template

Removing MILs after introducing guest into MILs pore is an
important method for preparing target porous catalysts. The MIL-
53(Al) with high thermal stability and breathing pore structure is
an ideal host [194]. Xiao et al. [194] introduced Cd-containing
nitrate into MIL-53(Al) and formed CdO/MIL-53(Al) after calcina-
tion, and then used Na,S to achieve the conversion from CdO to
CdS. Finally, the chemical instability of MIL-53(Al) makes it easy
to be removed under NaOH treatment to obtain porous CdS. The
H, production rate of MIL-53(Al)-derived CdS reached
634.0 umol g 'h~! under visible light irradiation, which was 2
and 5 times higher than that of bulk CdS and nano CdS, respec-
tively. Recently, Xiao and co-workers [195] successfully prepared
ZnO using Zn-free MOF (MIL-125(Ti) and MIL-53(Al)) as template
by one-pot hydrothermal method. Zinc acetate as a Zn source
was introduced into Zn-free MOFs and then calcined to form ultra-
fine nanocrystals ZnO. MIL53-ZnO exhibits larger pore volume
than MIL125-Zn0O, which contributes to the formation of surface-
reactive species and effective mass transportation. Furthermore,
ZnO obtained by the MOFs reaction template method introduced
many oxygen defects, which resulted in a reduced band gap and
increased light absorption capacity. The results showed that the
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photodegradation rate of MO over MIL53-ZnO and MIL125-ZnO
reached 98.15% and 96.89%, respectively.

5.4. In-based MILs as template

The preparation of porous metal sulfide nanostructures using
MILs as precursors is usually achieved through sulfidation with
various sulfur sources. For example, Fang et al. [196] successfully
synthesized hollow In,S; through sulfidation treatment using
MIL-68(In) as template, and the hollow In,S3 nanorods have excel-
lent photocatalytic ability to degrade TC and MO. Additionally,
Wang and co-workers [197] utilized MIL-68(In) as template to fab-
ricate In,S; nanotube and then converted In,Ss into hierarchical
heterostructured In,S3-CdIn,S,; by cation exchange method. The
hollow hierarchical heterostructured structure of In,S3-CdIn,S,4
reduced the migration distance of photogenic carriers, improved
the absorption capacity of CO,, provided abundant surface-active
sites, and enhanced the ability of capturing light. These advantages
resulted in a 12-fold increase of CO, photoreduction activity com-
pared to In,S; material and the highest rate of CO production
reached 825 pumol

6. Concluding remarks and prospects

Herein, the recent progress of MIL-based materials for photo-
catalytic applications are reviewed. The ultrahigh surface area,
excellent porosity and compatible structure bring the MILs as
photocatalysts to the attention of researchers. Among the strate-
gies of enhancing the performance of MIL-based photocatalysis,
many studies have focused on development of functionalized
MILs (modification of MILs, doping of MILs based on metal
nanoparticles, metal semiconductor and metal-free semiconduc-
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tor, and the derivatives of MILs). These strategies are based on
the photocatalytic mechanism to improve the performance of
MIL based photocatalysts from three aspects: optimizing optical
properties, improving electron transfer rate, and accelerating sur-
face catalytic reactions. Structurally, both modified MILs and MILs
complexes retain their original crystalline structures, but the MIL
derivatives generally changed the original frame structure. In
addition, the addition of oxidizer (e.g., H,O,, PS) or photosensi-
tizer (e.g., RhB, Erythrosin B and Eosin Y) can also enhance the
photocatalytic performance. Although the MIL-based materials
have bright future, there are still many challenges to put it into
practice.

(1) It is well known that the properties of MILs with flexible
framework can be regulated by introducing substituent
groups to linkers, or by changing or doping the metal ions/-
clusters on the nodes. However, there are few reports on the
modification of organic ligands or metal nodes of MILs. More
researches are needed to develop various structures of the
MILs to further improve its photocatalytic performance
and stability.

(2) The coordinated structure of MILs enables the introduction
of multifunctional modules into a single frame structure
for collaborative catalysis, which makes it possible to con-
struct different types of MIL-based composite photocatalysis
with multiple functions. However, the structure of most
complex MIL-based materials is not clear, which greatly hin-
dered the exploration of structure-property-performance
relationship. Therefore, it is necessary to explore the mor-
phology of the different components, as well as the interface
properties between the MILs and the secondary
components.
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(3) Applications of MIL-based photocatalysts in the energy field
focus on water splitting and CO, reduction. Despite the
increasing reports in recent years, there are still a series of
problems to be solved. Currently reported MIL-based photo-
catalysts have a very limited ability to reduce CO, and Hj
evolution and are dependent on sacrificial agents, which is
not economical and environmentally friendly. In order to
conform to the reality and avoid the use of sacrificial agents,
it is urgent to combine oxidation side reactions such as oxy-
gen evolution with reduction reactions. In addition, single
atoms can be used as cocatalyst for hydrogen evolution
instead of precious metals.

(4) At present, the researches of MILs as photocatalysts are still
in the laboratory stage. The catalytic efficiency is not only
related to the properties of the photocatalysts themselves,
but also influenced by the actual environment. In the real
environment, it is faced with ion interference, pH and tem-
perature discomfort. The following research should focus
on the interaction between MIL-based photocatalysis and
environment, and broaden the application conditions of
MILs. Moreover, stability and reusability are the non-
negligible factors for MIL-based materials to be put into
practical application. Therefore, more research is needed to
explore the causes and conditions of structural collapse of
MILs photocatalyst. Since there is no clear step for the syn-
thesis of high-stability MILs, it is necessary to explore simple
and practical synthetic conditions for the construction of
stable structures of MILs.

(5) So far, the photocatalytic mechanism based on MILs is not
clear. Therefore, it is of great significance to further explore
the photocatalytic mechanism of MILs through experiments
and theoretical calculations for the design of efficient photo-
catalysts. In addition, some advanced characterization tech-
niques are needed in this field to fully understand the
photocatalytic mechanism.
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