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Abstract: Visible light-induced photocatalysis is a promising way for environmental remediation
due to efficient utilization of solar energy. Recently, metal-organic frameworks (MOFs) have
attracted increasing attention in the field of photocatalysis. In comparison with traditional metal
oxide semiconductors, MOFs have many advantages, such as high specific surface area, rich
topology and easily tunable porous structure. In this review, we aim to summarize and illustrate
recent advances in MOF-based photocatalysis for environmental remediation under visible light,
including wastewater treatment, air purification and disinfection. A series of strategies have been
designed to modify and regulate pristine MOFs for enhanced photocatalytic performance, such as
ligand functionalization, mixed-metal/linker strategy, metal ions/ligands immobilization, dye
sensitization, metal nanoparticles loading, carbon materials decoration, semiconductor coupling,
MOF/COF coupling, carrier loading and magnetic recycling. The above modifications may result in
extended visible light absorption, efficient generation, separation and transfer of photogenerated
charges, as well as good recyclability. However, there are still many challenges and obstacles. In order
to meet the requirements of using MOF photocatalysis as a friendly and stable technology for low-cost

practical applications, its future development prospects are also discussed.
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1. Introduction

In the 21st century, environmental pollution and fossil energy crisis have become two major
problems that plague human survival and development. Among various renewable energy sources,
solar energy is a kind of abundant and clean choice. Thus, solar light-driven technologies for
environmental remediation have attracted great attention. Herein, heterogeneous photocatalysis, as
represented by TiO2, was proved to be a feasible way. Upon UV light irradiation, electron—hole
(e—h") pairs can be generated in TiO,, leading to reductive and oxidative reactions. In this way,
various kinds of refractory organic pollutants can be degraded and heavy metal ions can be reduced
by TiO, photocatalysis.? However, UV light accounts less than 5% of incident solar light, the
utilization of visible light (nearly 45%) is more promising for better utilization of solar energy and
future large-scale practical applications. Consequently, there is an urgent need to develop more
visible light-responsive photocatalysts with high activity and stability.

Metal-organic frameworks (MOFs) are a class of porous crystalline materials consisting of
metallic nodes (metal ions or clusters) and organic linkers.® Due to ultra-high specific surface area
(over 6000 m?/g),* rich topology and easily tunable porous structure,> MOFs have recently attracted
increasing attention in the field of photocatalysis.®'° Distinct from classical inorganic
semiconductors with delocalized conduction band (CB) and valence band (VB), MOFs can be
identified as molecules arranged in a crystalline lattice. In addition, some MOFs displayed
semiconductor-like behavior, such as MOF-5 (ZnsO(BDC)s;, BDC: 1,4-benzenedicarboxylate),
Ui0-66 (Zrs04(OH)4(BDC)s, UiO: University of Oslo) and MIL-125 (TigOs(OH)4(BDC)s), MIL:
Materials Institute Lavoisier). Herein, the metal-oxo clusters and organic linkers can be regarded as
isolated semiconductor quantum dots and light-absorbing antenna, respectively.!’*® In the past
decades, with the development of water/acid-resistant MOF materials,** more and more
light-responsive MOFs have been reported for photocatalytic removal of pollutants, 8 disinfection of
bacteria,'® production of Hy,'6 17 fixation of CO,,® selective transformation of organics®® and etc.? 2!

Since there are a large number of selections between metal ions/clusters and organic linkers,
MOFs are endowed as extremely tunable photocatalysts for efficient utilization of solar light. In the
past five years, there are many reviews discussing various aspects of MOFs,% 16 2226 including

environmental applications. For example, Wang et al. summarized the photocatalytic degradation of
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organic pollutants from wastewater in 2014.2” At that moment, most photoactive MOFs were applied
for the degradation of dyes under UV or UV-Vis light irradiation. Very small numbers of MOFs
utilizing visible light were listed and usually need the assistance of H.O> as oxidant. Later in 2016,
Wang et al. further conducted a mini-review on photocatalytic reduction of Cr(VI) by MOFs.8 In the
same year, Ye’s group also summarized the progress in MOF photocatalysis. They mainly focused on
several representative MOFs, including MOF-5, UiO-66(Zr), MIL-125(Ti) and MIL-101(Fe). In
comparison with traditional semiconductors, the reported MOFs or MOF-based composites
displayed promising photocatalytic performance, especially in CO2 reduction.?® The modified MOFs
as photocatalysts were also reviewed by Qiu et al.?® They focused on the progress of various
modification strategies to typical light-responsive MOFs. Enhanced photocatalytic performance
(pollutants removal, CO reduction, H> production or organic transformation) were reported utilizing
UV, UV-Vis or visible light. Meanwhile, Bedia et al. conducted a review on the synthesis and
characterization of MOFs for photocatalytic water purification.*® Besides, a short review concerning
iron-based MOFs for visible light-induced photocatalysis were also reported.®! In this year, Jiang’s
group summarized their recent contributions toward MOF-based photocatalysis and photothermal
catalysis, mainly focusing on H, production and selective organic transformations.?* However, there
were limited reviews focusing on visible light-responsive MOFs, especially for environmental
remediation. With the increasing variety of MOFs and MOF-based composites, invaluable
application prospects will be expected.

Thus, based on the above analysis, this review aims at recent advances in MOF-based
photocatalysis for environmental remediation under visible light, including wastewater treatment, air
purification and disinfection. For example, various kinds of organic dyes, phenolic compounds,
insecticides, pharmaceuticals and personal care products (PPCPs) in aqueous media can be
photodegraded. The structures of typical organic pollutants photodegraded by MOFs were presented
in Fig. 1. Besides, the highly migratable Cr(VI) and radiative U(VI) can be photoreduced to
corresponding trivalent states,® 3 which can be easily precipitated and separated from aqueous
solution. Gaseous pollutants such as NO and toluene can be photo-oxidized into harmless products.
Inactivation of bacterial was also reported.®* Thus, for better understanding and easy reading, this
review begins with pristine MOFs that can work under visible light. Strategies for engineering MOFs

for enhanced performance are further presented, including ligand functionalization,
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mixed-metal/linker strategy, metal ions/ligands immobilization, dye sensitization, metal
nanoparticles loading, carbon materials decoration, semiconductor coupling, MOF/COF coupling,
carrier loading and magnetic recycling.

Chemical structures of typical dye pollutants
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Basic Blue 41 (BB41) Reactive blue 21 (RB21)

Chemical structures of typical PCCPs and insecticides
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Fig. 1. Chemical structures of typical dyes, PPCPs and insecticides reported in literatures.
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2. The development of photoactive MOFs from UV to visible light

Early in 1999, MOF-5 was synthesized by Yaghi’s group.®® In 2004, optical and vibrational
properties of MOF-5 was investigated by Zecchina’s group using UV-Vis Diffuse Reflectance
Spectroscopy (UV-Vis DRS), Photoluminescence (PL) spectroscopy and Raman spectroscopy. It was
proposed that Zn4O13 clusters and organic ligands in MOF-5 can behave as ZnO quantum dots (QDs)
and light-absorbing antenna, respectively.3® Until 2007, the semiconductor behavior of MOF-5 was
demonstrated by Garcia’s group Vvia later laser flash photolysis, and the application of MOF-5 as a
photocatalyst for phenol degradation was first tested.>” The charge-transfer processes on MOF-5
were further studied via photoluminescence.®® Despite of these, MOF-5 decomposed gradually upon
exposure to moisture in air or in water.3 The instability of MOF-5 motivated researchers to find or

synthesize more stable photocatalytic MOFs.

4 Hard Lewis Base ) / Soft Lewis Base )
Carboxylates Azolates
Weak Bond ( ‘ Strong Bond Strong Bond ! \ Weak Bond
Soft Lewis Acids  Hard Lewis Acids Soft Lewis Acids  Hard Lewis Acids
Co2*, Ni2*, Cu2*, Zn2* AR+ Cr3+ Fed* Tit+ Zrd+ Co?, Ni%*, Cu?*, Zn2* AR, Cr3*, Fe, Ti%t, Zr#t
Representative MOFs L L Representative MOFs
MIL-100 (Al, Fe, Cr) ZIF-7,8, 11 (Zn)
MIL-125(Ti), UiO-66 (Zr) AN Cus(BTP), Nis(BTP), Co(BDP)

Fig. 2. Strategies to construct stable MOFs guided by HSAB theory. Adapted with permission from ref.?°, © 2018

WILEY-VCH.

According to metal-ligand bond strengths and the HSAB (hard/soft acid/base) principle,® stable
MOFs can be synthesized via either hard or soft Lewis base. As show in Fig. 2, high-valent metal
ions (such as Ti*, zr**, AP*, Fe*" and Cr®") with hard Lewis base (carboxylates) can lead to the
formation of stable MOFs. The MIL series (MIL: Material Institute Lavoisier) and UiO-66(Zr) (UiO:
University of Oslo) are representative MOFs with good stability. Besides, divalent metal ions (such
as Zn?*, Co%*, Cu?* and Ni?*) with soft Lewis base (azolates) resulted in several stable MOFs.
Among which, the zeolitic imidazolate frameworks (ZIFs) constructed by Zn?* and imidazolate
linkers were the most representative examples. Consistent with the above classifications, water-stable
UiO-66(Zr) was fabricated and displayed photocatalytic activity for H, evolution.*® 4! Besides,

MIL-125(Ti) was highly photosensitive and water-stable, which can be photoexcited by UV light
6/72
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leading to reduction of Ti(V1) center and oxidation of adsorbed alcohol molecules.*?

Semiconductor photocatalysis MOF photocatalysis
a8
© © o @ oo | © o o |
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Fig. 3. Mechanism for semiconductor photocatalysis (left); Comparison of band gaps and light source (UV or

visible light) between representative MOFs (right).

Based on the principle of traditional semiconductor photocatalysis, the photocatalyst can be
directly excited by incident light with energy (Eiight) larger than the band gap (Eg). In this way,
electron-hole (e—h*) pairs can be generated (Fig. 3). Similarly, electron transitions can also occur
from the highest occupied molecular orbital (HOMO) to lowest unoccupied molecular orbital
(LUMO) in MOFs, leaving holes (h*) in HOMO. Herein, the HOMO/LUMO play similar roles as
CB/VB in semiconductors. Namely, the photogenerated electrons in LUMO can be transferred to Oo,
leading to the formation of superoxide radicals (O2"). Meanwhile, holes in HOMO can oxidize
surface hydroxyl group/water, generating hydroxyl radicals (HO«). Due to the presence of reactive
species (02", HO+ and h"), organic pollutants can be degraded. However, the band gaps (Exomo-Lumo)
were reported to be ca. 3.4 eV, 3.9 eV and 3.6 eV for MOF-5, UiO-66(Zr) and MIL-125(Ti),
respectively.3” 445 For effective excitation of such MOFs, the incident light (Eiighi=1240/A >
EHomo-Lumo) was restricted to UV light with short wavelength (A < 365 nm). Thus, for efficient
utilization of solar energy, MOFs responsive to visible light (A > 400 nm, or Ejight < 3.1 V) are more
desirable.

In contrast to MOFs with wide bandgap, Fe-MOFs are extremely appealing. The extensive Fe-O
clusters can be directly excited by visible light, leading to more efficient utilization of solar energy.
Besides, the application cost of Fe-MOFs will be much cheaper due to the earth-abundant nature of

Fe element. As shown in Fig. 4A, using Fe(NOs)s or FeCls as Fe* precursor, terephthalic acid

7172



Inorganic Chemistry Frontiers Page 8 of 72

(H2BDC), fumaric acid (H.FUM) or benzene-1,3,5-tricarboxylic acid (H3BTC) as ligand precursor,
various kinds of Fe-MOFs (MIL-53, MIL-68, MIL-88A, MIL-88B, MIL-100 and MIL-101) can be
obtained. As summarized in Table 1,3 4 the corresponding ExHomo-Lumo values ranged from 1.88 eV
to 2.88 eV, which can be directly excited by visible light. Various kinds of organic pollutants (RhB,
MB, AO7, CA, CBZ and etc.) were reported to be degraded by Fe-MOFs under visible light.
However, under most circumstances, H.O> was added as electron acceptor to accelerate the
degradation process. Besides, photocatalytic reduction of Cr(VI) or U(VI) can also be achieved on

MIL-53(Fe) using (NH4)2C204 0r HCOOH as h* scavenger.32 4/

(A) Ligand precursor Fe-MOFs ® Si &
MIL-53(Fe) -
MIL-68(Fe) [Fes(15-0)(COO)s]

0 OH A
HO : y | MIL-88B(Fe) ..>$$¢€.
MIL-101(Fe)

[Fe(OH)(COO),],
MIL-235(Fe) oo

(o]
H )|\4Y aH
2 . MIL-88A(Fe)

(0]

OH

0.
————+ MIL-100(Fe)
0. (0]

OH OH

MIL-100

Fig. 4. (A) Fe-MOFs prepared with different ligand precursors; (B) Structures of metal clusters and representative

MIL series of Fe-MOFs. Adapted with permission from ref. 3, © 2018 WILEY-VCH.

Among the above various visible light-responsive Fe-MOFs, MIL-100(Fe) with tricarboxylate
linker was theoretically more stable than Fe-MOFs (MIL-53, MIL-88 and MIL-101) with
dicarboxylate linker.> As illustrated in Fig. 4B, both MIL-100(Fe) and MIL-101(Fe) display 3D
structures. Among which, MIL-100(Fe) possess thermal and water stability.*® Whereas, MIL-101(Fe)
may be transformed into MIL-53 or MIL-88 in strong polar solvents.*® % Furthermore, MIL-100 was
reported to have higher water stability than UiO and ZIF.>1%3 The non-toxicity of MIL-100 was also
verified by in-vivo toxicity assays. Thus, MIL-100(Fe) is expected to be a promising visible

light-responsive photocatalyst for environmental remediation. Using antibiotic tetracycline (TC) as
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target pollutant, the performance of MIL-53(Fe), MIL-100(Fe) and MIL-101(Fe) were compared by
Wang et al.>* However, it is MIL-101(Fe) rather than MIL-100(Fe) exhibited highest performance
(Fig. 5A). TC can be removed via both adsorption and photocatalysis with a value of ca. 97% by
MIL-101(Fe) after 180 min visible light irradiation. The rate constant (k) was calculated to be
1.6x102 min? (Fig. 5B), which was 7.1 and 1.8 times that on MIL-53(Fe) and MIL-100(Fe),
respectively. However, the highest specific surface area (Sger) was observed on MIL-100(Fe) (1203
m?/g), which was much larger than that of MIL-101(Fe) (253 m?/g) and MIL-53(Fe) (21 m?/g).
Generally, the catalyst surface played important role in heterogeneous photocatalysis, and larger Sget
was usually beneficial for photocatalysis under other identical conditions. As for MIL-101(Fe), in
addition to highest adsorption of TC, lowest band gap (1.88 eV) may also be beneficial for the
greatest TC removal performance. Thus, the difference in photocatalytic performance of the tested
Fe-MOFs may be influenced by both band gap and adsorption properties. At different conditions
(temperature, solvent, and etc.), the different types of Fe-MOFs may have their own advantages and
application fileds. Further research work should be undertaken to enhance the photocatalytic

performance as well as water/thermos-stability under harsh conditions.

B) 20
(4) 1.0 dark | visible light —a—Fe-MIL-101 (B) )
N ! —e—Fe-MIL-100 253 m’/g Ja1
; —a— Fe-MIL-53 ~
i < 15 -
e i \\\ 8 : >
: g L
= 0.6 ! \\\*\\u © 2 1%0 N
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3 o0
© 044 - J— Eg
N 7 {19
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0.0 A QNI WL [ IO PR SR LA O U N O [ 0 V % 1.8
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t (min)
Fig. 5. (A) Photocatalytic degradation of TC by different type of Fe-MILs; (B) Rate constant for TC removal on
different Fe-MILs in comparison with band gaps and specific surface areas. Adapted with permission from ref. 54,

© 2018 Elsevier.

In addition to Fe-MOFs, the dicarboxylate and tricarboxylate linkers can interact with other metal
ions (such as Cu?*, AI** or Cr®"), leading to the formation of visible light-active HKUST-1 (HKUST:
Hong Kong University of Science and Technology), MIL-53(Al) or MIL-53(Cr), respectively. With
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the development of MOF materials, the selection of ligands was extended from the original
H>BDC/H3BTC to structures with higher m-conjugation. A large number of visible light-responsive
MOFs were synthesized and applied for environmental remediation. For example, the band gap of
MOF-5 (4.0 eV) can be reduced to 3.3 eV when using biphenyl or naphthalenedicarboxylic acids as
ligand precursor (Fig. 6A). A novel Zn?*-centered MOF (UTSA-38) with narrow band gap (2.85 eV)
was fabricated using 2,6-naphthalenedicarboxylic acid (H.NDC) as ligand precursor (Fig. 6B).%°
Photocatalytic degradation of methyl orange (MO, 20 mg/L) was achieved by UTSA-38, despite of
low efficiency (< 30%) under visible light irradiation for 120 min.

Moreover, strategies were also developed to utilize the water-stable Ti- and Zr-centered MOFs.
Motivated by the findings of MOF-5, the band gaps along with photocatalytic performance may be
tuned by changing the organic linker.#* As for Zr-MOFs, once the H,BDC was replaced by
anthracene-9,10-dicarboxylic acid (H2ANDC) or 1,4-bis(2-[4-carboxyphenyl]ethynyl) benzene
(H2CPEB), UiO-66(AN) or VUN-1 (VNU: Vietnam National University) with band gap of 2.47 eV
and 2.88 eV were obtained (Fig. 6B), respectively.5¢ 57 For the degradation of MO (20 mg/L), shorter
time (90 min) and smaller catalyst dosage (0.1 g/L) led to 65% removal efficiency under visible
light.®® Methylene blue (MB) can be 100% removed by VUN-1 after 180 min UV-Vis irradiation.“
As for Ti-MOFs, the same strategy still works well. The band gap can be engineered when Ti-O
clusters was connected with different organic ligands (Fig. 6C).*® The performance of different

Ti-MOFs were investigated and compared via photocatalytic water splitting under UV-Vis light.
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Fig. 6. (A) Bandgap engineering of Zn-O clusters with different organic ligands;* (B) Visible light-responsive
Zn-MOFs and Zr-MOFs prepared with different ligand precursors; (C) Bandgap engineering of Ti—O clusters with

different organic ligands.*® Adapted with permission from ref.** 4%, © 2008 Wiley-VCH, © 2016 Wiley-VCH.
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Table 1. Photocatalytic removal of pollutants by typical pristine MOFs under visible light.

MOF Clusters Ligands (E;\';’)MO"‘UMO ZrSnB?E/;) Pollutant E:r;‘;'/“lt_a)”t éﬁf‘)'y“ ;I'r;]rlr;]e) ‘n(%) Ref.
MIL-53(Fe)  [Fe(OH)(COOY]s H:BDC 262 NA AO7 (with PS) 175 06 90 100 =
2.88 19 RhB (with H202) 10 0.4 50 98 59
2.69 38 RhB (with H202) 10 0.4 180 90 60
2.55 16 RhB (with PMS) 40 1.0 20 95 61
2.72 NA MB 128 0.01 60 20° 62
NA 184 CA (with H202) 40 0.1 280 98 63
CBZ (with H05) 40 0.1 280 90
272 NA Cr(VI) (with (NH4):C:05) 20 1.0 40 100 4
272 NA U(VI) (with HCOOH, Nz) 50 0.4 120 80 2
291 NA SMT (with Fe(lll), SPC) 5.6 0.2 60 01 Z
MIL-68(Fe)  [Fe(OH)(COO)] H.BDC 2.80 NA Cr(VI)( with (NH4),C:05) 20 025 5 100  ©
Cr(VI) (with MG) 10 025 240 95
MG (with Cr(V1)) 30 025 240 80
MIL-88B(Fe) [Fes(us-O)(COO)s]  HBDC NA NA MB 10 025 50 100 o
RhB 10 0.25 60 94
MIL-101(Fe) [Fes(us-O)(COO)s]  H.BDC 1.88 252 TC 50 0.5 180 97 54
MOF-235(Fe) [Fes(us-O)(COO)s]  HBDC 1.94 148 RhB (with H20») 19.2 0.2 20 100
MIL-88A(Fe) [Fes(us-O)(COO)s]  HFUM 2,05 NA MB (with H.0») 32 0.4 20 100 o
MIL-100(Fe) [Fes(us-O)(COO)s]  HsBTC NA 1974 MO 5 033 420 ap o
HKUST-1 [Cu2(CO2)4] H3sBTC 2.63 197 MG 10 0.25 85 98 70
SO 15 0.25 85 89
MIL-53(Al)  [AI(OH)(COO)] H.BDC 3.87 NA MB 128 0.1 60 30P 62
MIL-53(Cr)  [Cr(OH)(COO)] H.BDC 3.20 NA MB 128 001 60 3 e
UiO-66(AN)  [Zrs(us-O)a(ua-OH)s( HANDC 247 627 MO 20 0.1 90 65 56
COO0)17]
UTSA-38  [(Zn:0)(COO)d] H:NDC 285 1690 MO 20 0.4 120 66 ™
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VNU-1 [Zrs04(OH)4(CO2)12]  H.CPEB 2.88 2100 MB 100
MO 100
Bi-mna NA Homna NA 35 RhB 20
MB 20
PCN-222 [Zrs(u3-O)a(uz-OH)a(  H2TCPP NA 1914 BPA 100
OH)4(H20)4(CO0)s]

0.67
0.67
1.0
1.0
1.0

180
180
120
120
120

loob 57
83°

96 72
95

90 73

3Sget surface area were presented in integer numbers; ® UV-Vis light or sunlight; ¢ Removal efficiencies (i) for pollutants were received or estimated from the figures

in reference and presented in integer numbers; ¢ mM; NA: no experimental data available; PS: persulfate; PMS: peroxymonosulfate; SPC: percarbonate; SMT:

Sulfamethazine; H.BDC: terephthalic acid; H.FUM: fumaric acid; HsBTC: benzene-1,3,5-tricarboxylic acid; H,ANDC: anthracene-9,10-dicarboxylic acid; HoNDC:

2,6-naphthalenedicarboxylic acid; H,CPEB: 1,4-bis(2-[4-carboxyphenyl]ethynyl) benzene; Homna: 2-mercaptonicotinic acid; H,TCPP: Tetrakis (4-carboxyphenyl)

porphyrin.
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3. Strategies for engineering visible light-active MOFs
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Fig. 7. Strategies to engineer MOFs as efficient photocatalysts for environmental applications.

In comparison with traditional metal oxide semiconductors, MOFs have many advantages in
photocatalysis because of their inherent structural features (such as large surface area and porous
structure) and tunable combination between metallic nodes and organic linkers. However, the
photocatalytic efficiency still cannot meet the actual needs. Many attempts have been made to
enhance the photocatalytic performance. As shown in Fig. 7, a series of strategies have been
developed for extended visible light absorption, more efficient generation, separation and transfer of

charge carriers, as well as good recyclability.

3.1 Ligand functionalization

Considering the huge difference in available quantities of metal ions and organic linkers,
modification of organic linkers rather than metallic modes will be a powerful strategy to tune the
optical properties of MOFs. Take the most frequently studied H.BDC precursor as an example,
MIL-125(Ti) synthesized with unmodified H,BDC can only respond to UV light.#? As shown in Fig.
8, after introducing —NH. group into H2BDC, isostructural NH2-MIL-125(Ti) was synthesized in the
same way, which displayed yellow color and extended visible light absorption.”® The band gap
dramatically decreased from 3.60 eV to 2.46 eV. Besides, due to enhanced CO; adsorption by —NH>
group, NH>-MIL-125(Ti) was reported for the first time as a targeted photocatalyst toward CO>
reduction under visible light. Furthermore, dye-like moieties with higher n-conjugated group was
used as substituent to H.BDC.” The resulting MR-MIL-125(Ti) displayed a clear red shift of optical

absorption. The absorption edge reached almost 700 nm, indicating the band gap was ca. 1.93 eV.
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Subsequently, a p-type Ti-containing MOF (NTU-9) was also developed, using two —OH groups
substituted H.BDC (2,5-dihydroxyterephthalic acid) as organic linker.”® The light absorption region
can be extended up to 750 nm. The red NTU-9 sample can act as visible light-responsive
photocatalyst for dye degradation with the assistance of H.O>. RhB (48 mg/L) and MB (32 mg/L)
dyes can be completely degraded after 80 min and 20 min visible light irradiation, respectively.

Moreover, high stability can also be observed after three cyclic runs.

Alcohol oxidation CO, rc&uction Alcohol oxidation RhB degradation

A

 J L T
‘ NEt,
COOH COOH G /@/ e
NH, i
2 NS oH
[ ] [ j ::/ SN

OH

COOH COOH COOH COOH

MIL-125(Ti) NH,-MIL-125(Ti) MR-MIL-125(Ti) NTU-9

Fig. 8. The development history of Ti-MOFs via ligand functionalization and their first application in

photocatalysis.

To elucidated the specific role of —NH2 substitution in engineering the optical response of
MIL-125(Ti), Hendon et al. carried detailed research via both experimental and theoretical ways.”
Results indicated that the enhanced optical properties were ascribed to regulation of HOMO. The
introducing of single —NHz group leads to 1.2 eV elevation of HOMO with no influence on LUMO.
The effect of other functional groups (—OH, —CHz, —Cl) as well as diaminated linker BDC-(NH2)2
were also studied. The band gaps decreased in the order of “CH3z/—Cl < —OH < —(NH3)2 substitution.
Herein, —(NH>). substitution was considered as the most powerful way. Besides, the band gap of
MIL-125(Ti) can be rational regulated by changing the ratio between —NH2 and —(NH2)2.”” This

strategy can be further extended to other aromatic linkers.
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Fig. 9. The effect of functionalized BDC linkers on regulating the band gaps of UiO-66(Zr). Adapted with

permission from ref. 78, © 2015 American Chemical Society.

A similar band gap engineering by ligand functionalization was also reported for UiO-66(Zr)
and UiO-66(Ce).”® " For example, Hendrickx et al. conducted a combined theoretical and
experimental study on the intrinsic optical properties of UiO-66(Zr).”® As shown in Fig. 9, using
mono or bifunctionalized BDC linkers, the band gap of UiO-66(Zr) can be engineered from 4.0 eV to
2.2 eV. The values obtained via HSEOQ6 calculations agreed well with experimental results. As for the
mechanism of band gap engineering, similar to NH>-MIL-125(Ti),”” the decreased band gap was
ascribed to elevation of HOMO after ligand functionalization.® Typically, according to the theory of
conventional semiconductor photocatalysis, narrower band gap means more efficient response to
visible light, which may have a positive effect on photocatalytic performance under visible light.
Unexpectedly, some difference was reported for MOFs photocatalysis. For example, UiO-66-X (X =
H, NH2, NO2 or Br) were synthesized and compared for the oxidation of As(lll) and reduction of
Cr(VI) under visible light.** As listed in Table 2, the photocatalytic performance of the as-prepared
UiO-66 MOFs was strongly affected by different functionalized linkers. Among the four tested
sample, —NH: functionalization displayed highest photocatalytic activity for either As(l11) oxidation
or Cr(VI) reduction. For example, As(111) can be 100% removed by UiO-66-X (X = NHz), while the
value was 60%, 18% or 50% for —H, —NO> or —Br functionalized UiO-66, respectively.® In
comparison with unmodified UiO-66, the absorption edges were red-shifted to ca. 360, 400 and 450
nm for UiO-66-X (X = Br, NO2 and NH>), respectively. Correspondingly, decreased band gaps were
estimated from 3.88 t0 2.76 eV.
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Table 2 Ligand functionalization of typical MOFs for photocatalytic removal of environmental pollutants under
visible light.

%Enomo-Lumo  PSeeT Cpoiutant ~ Coatalyst  Time g

MOFs Pollutant

(ev) (m?/g) (mg/L) (g/L)  (min) (%) Ret

UiO-66(Zr)-X: X substituted H.BDC as ligand precursor

X=H 3.88 1141 As(lnd 2 1.0 60 64
X =NH, 2.76 733 2 1.0 60 100

X =NO, 3.10 465 2 1.0 60 18

X =Br 3.44 456 2 1.0 60 50
X=H 3.88 1141 Cr(vD)® 10 0.5 100 20 *
X =NH; 2.76 733 10 0.5 100 100

X =NO, 3.10 465 10 0.5 100 11

X =Br 3.44 456 10 0.5 100 15
MIL-68(In)-X: X substituted -H,BDC as ligand precursor

X=H 3.94 611 Cr(vh%e 20 1.0 60 16 8
X =NH; 2.79 584 20 1.0 60 100

X =NO, 3.02 582 20 1.0 60 <5

X =Br 3.70 601 20 1.0 60 8

NH>-MOFs: NH; functionalization with different mental centers

MIL-125(Ti) NA NA  Cr(Vl) 8 0.5 45 60 &
MIL-53(Fe) NA NA 8 0.5 45 17
MIL-88B(Fe) NA NA 8 0.5 45 100
Ui0-66(Zr) NA NA 8 0.5 45 46
Development of NH, functionalization
NH2-MIL-101(Fe) 1.32 NA Toluene 27.6 0.16 360 79 3
NH,-UiO-66(Zr) film 2.90 NA Cr(VI) 5 0.5 120 98 8
NH.-UiO-66(Hf) film 2.88 NA Cr(VI) 5 0.9 120 99
Hierarchical NH-MIL-125(Ti) 2.53 1133 RhB 100 04 120 84 8
NH2-MIL-125(Ti) 2.64 1129 NO NA 04 5 31 8
NH2-MIL-125(Ti) 2.75 1344 Cr(VI)f 48 04 60 91 86
MIL-68(In)-NH, 2.82 674  Cr(VI)® 20 1.0 180 97 #
Other groups functionalization
NTU-9! 1.72 NA RhBhh 48 05 80 100 76
M8 32 05 20 100

NA: no experimental data available;  Enomo-Lumo Was used received or estimated from the adsorption edges of MOFs; ? Sget surface
area were presented in integer numbers; ¢ Removal efficiencies () for pollutants were used received or estimated from the figures in
reference and presented in integer numbers; ¢ UV-Vis light or sunlight; ¢ Addition of ammonium oxalate under N2 atomosphere; f
Addition of ethanol; 9 Addition of ethanol under N2 atomosphere; " Addition of H20z; | (OH)2-H2BDC as organic ligand.
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However, the photocatalytic performance for both As(l11) oxidation and Cr(V1) reduction were
not correlate with band gaps. Only —NH. functionalization enhanced the photocatalytic performance,
while “NO2 and —Br had an inhibitory effect. Based on further exclusion of the influence of specific
surface area, the above phenomena can be explained by electronic effects of ligands. As shown in
Fig. 10, the log(Kx/KH) correlated well with the Hammett’s om values of different X ligands. Herein,
Kx and Ku represented rate constant for As(I11) oxidation by UiO-66-X and UiO-66 respectively.
The electron-donating group (—NH>) with negative om can enhance the electron density around Zr-O
cluster, leading to promoted separation and transfer of photogenerated charge carriers. Whereas, the
electron-withdrawing groups (—NOz and —Br) had an opposite effect. Thus, rather than surface area
or band gap, electronic effect was considered to play dominating rule in affecting the photocatalytic
performance of UiO-66-X. Subsequently, the electronic effects of ligand substitution were also
demonstrated by functionalized MIL-68(In) for the photocatalytic treatment of Cr(VI)-containing

wastewater !

Log(Ky/Ky)

0.4
—NH,
—H

(] T T ™1
L Y 0.6 0.8

0.4

0.8

As(IT) 02" HO® Ag(v)

Fig. 10. Proposed mechanism (left) and Hammett plot (right) for photocatalytic oxidation of As(l1l) by UiO-66-X

(X = H, NH2, NO2 or Br). Reproduced from Ref. ** with permission from the PCCP Owner Societies.

In addition to UV-active MIL-125(Ti) and UiO-66(Zr), —NH. functionalization was also
applied to Fe-containing MOFs. Similarly, enhanced visible light absorption and photocatalytic
performance can be observed. Moreover, the effect of —NH> functionalization on different MOFs
were further investigated.®? For example, the performance of NH>—MIL-88B(Fe), NH>—-MIL-125(Ti)
and NH>-UiO-66(Zr) were compared for the reduction of aqueous Cr(VI). Among which,
NH>—-MIL-88B(Fe) displayed highest activity. Cr(VI) can be totally reduced by NH>—MIL-88B(Fe)

within 45 min visible light irradiation (Table 2). Whereas, the values were 60% and 46% by
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NH>—MIL-125(Ti) and NH>-UiO-66(Zr), respectively. The superior performance of
NH.—-MIL-88B(Fe) can be explained by dual excitation pathways. Namely, both Fe—O clusters and
—NH2 group can be excited. The electron transfer from the excited —NH. to Fe-O center led to
promoted separation of photogenerated charge carriers, as well as enhanced Cr(VI) reduction.
Moreover, —NH: functionalized Fe-MOFs also displayed potential application in air
purification. For example, Zhang et al. demonstrated that hexagonal NH2-MIL-101(Fe) spindles can
be applied for the visible light-induced degradation of gaseous toluene.®® As shown in Fig. 11A,
NH.-functionalization dramatically enhanced the visible light absorption of MIL-101(Fe),
corresponding to decreased band gap (1.32 eV). After 6 h visible light irradiation, ca. 79% toluene
can be degraded by NH>-MIL-101(Fe). Whereas, the value was ca. 11% by TiOz (Fig. 11B). The
mechanism for toluene degradation was revealed using in situ FTIR technique (Fig. 11C).
Characteristic peaks corresponding to aromatic ring (3079 and 3038 cm™) and methyl groups (2937
and 2881 cm) in toluene gradually decreased with prolonged irradiation time. Meanwhile, peaks of
CO, (2362 and 2337 cm™) gradually increased. The formation of degradation intermediate
(benzoic acid) was also deduced via the signals of carboxylate group (1504, 1545 and 1562 cm™).

Thus, the oxidative degradation of toluene to CO; can be confirmed (Fig. 11D).
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Fig. 11. (A) UV-Vis DRS of MIL-101(Fe) and NH.-MIL-101(Fe); (B) Photocatalytic degradation dynamics of
toluene; (C) In situ FTIR spectra of toluene at different irradiation time by NH>-MIL-101(Fe); (D) Proposed
mechanism for toluene degradation by NH2-MIL-101(Fe) under visible light. Adapted from Ref. 32 with permission

from The Royal Society of Chemistry.

3.2 Mixed-metal/linker strategy

Due to the versatility and flexibility of MOFs, mixed-metal/linker strategy have been developed
for preparing more efficient MOFs with desirable properties using more than one metal (mixed-metal)
center or/and more than one organic linker (mixed-linker), respectively.®8*? Typically, additional
metal ions or linkers can be introduced into a MOF structure through solvothermal or post-synthetic
modification approach.®? The as-prepared MOFs with mixed components exhibited unique and
superior catalytic activity relative to pristine MOFs with single component. Due to more types of
active sites, enhanced photocatalytic performance may be anticipated.®®

As for MOFs with mixed metals,® partial substitution of metal centers could regulate the
efficiency for charge separation as well as photocatalytic performance.®? %1% Oxo-bridged
heterometallic assemblies with more flexibility and tenability can be formed within the same
MOFs.%2 % For example, Ni-doped ZIF-8 were fabricated via a one-pot mechanochemical method.%
The active Ni(ll) centers in the backbones of ZIF-8 can regulate the light absorption region from UV
to visible light. Under visible light irradiation, Ni-doped ZIF-8 with purple color can be excited,
leading to efficient degradation of MB dye within 25 min, whereas, pristine ZIF-8 with white color
displayed negligible activity. Besides, Cu?* was successfully doped into the structure of ZIF-67 via
initially mixing Cu(COO)2, Co(COQ). and 2-methylimidazole with organic solvent followed by
solvothermal procedure at 140 °C for 7 days.®® The as-prepared Cu-doped ZIF-67 (Cu/ZIF-67)

displayed significantly enhanced performance for methyl orange (MO) degradation under visible
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light. Recently, Cu doped NH>-MIL-125(Ti) was also developed for enhanced photocatalytic
degradation of MO and phenol.1°* At optimal Cu doping amount (1.5 wt%), the estimated rate
constants for MO and phenol were 10.4 and 3.4 times relative to that on pristine NH2-MIL-125(Ti),
respectively. As shown in Fig. 12, the doping of Cu?" will introduce a shallow state below the
position of LUMO, which may trap electrons from LUMO and transfer it to other electron acceptors

via Cu?*/Cu* redox cycle. In this way, the recombination of charge carriers can be greatly inhibited.

Potential (V) vs. NHE

2.02 pollutants

degradation

degradation
pollutants H,0 products

products
Fig. 12. Proposed mechanism for electron transfer pathways during the degradation of pollutants by Cu doped

NH2-MIL-125(Ti) under visible light. Adapted with permission from ref. 101, © 2018 Elsevier B. V.

Besides, Ti substituted UiO-66-NH2(Zr) was achieved by post-synthetic exchange method.% %
The as-prepared UiO-66-NH2(Zr/Ti) exhibited enhanced photocatalytic performance for CO:
reduction and H production, which was ascribed to the presence of Ti*" as an electron mediator.
Furthermore, Yasin and co-workers carried out theoretical DFT calculations of band gaps for
Ui0-66-X (X: H, NO; or NH>) with different ratio of mixed metallic centers (Zr, Ti or Hf).1% Results
indicated that the band gap decreased gradually with increasing percentage of Ti** substitution. The
lowest band gap (1.61 eV) was calculated on fully substituted Ti-BDC-NH.. Despite of these, either
the conventional solvothermal method or the post-synthetic exchange approach took too long time
(up to days or even weeks)'%. To overcome this barrier, microwave-assisted method was recently
developed due to much shorter reaction time and lower energy consumption.%® % For example, Ti
substituted UiO-66-NH2 could be fabricated within a few hours with well-maintained crystallinity
and enhanced photocatalytic activity.

Similar to MOFs with mixed metals, MOFs with mixed linkers were also developed as unique
photocatalysts. Using NH>-BDC and X-BDC (X: H, F, Cl, Br) as primary and secondary linker,
respectively, a series of Zr-based MOFs were synthesized in one-pot reactions.!'! The introducing of

X-BDC with electron-withdrawing halogen group can lead to enhanced photocatalytic performance
21172
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for alcohol oxidation, among which, Zr-MOF with NH>-BDC and F-BDC mixed linkers behaved

highest performance.
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Fig. 13. (A) The chemical structures of different organic linkers (X) for constructing ZnX,; MOF; (B) Calculated
HOMO (blue) and LUMO (red) positions of ZnX; crystal structures (lines) and isolated HX molecules (crosses): a)
ZnX; with different combination of organic ligands; b) Equivalent plot for ZnX; created by combining of flm or
miIm with nlm linkers; c) Equivalent plot for Co(mIm)(nlm) and Cu(mIim)(nim). Adapted with permission from ref.

12 © 2016 Wiley-VCH.

By computational predication, Grau-Crespo et al. reported a conceptually simple route to
engineer the band edge positions of ZIFs using mixed organic linkers.!'? As illustrated in Fig. 13A, a
series of organic linkers were calculated. Relatively wide band gaps (> 3.3 eV) can be observed
using single type of organic linker (Fig. 13B), indicating unachievable excitation by visible light.
Whereas, the band gap dramatically decreased to 1.9 eV and 2.5 eV for ZnX; by combining of flm or
mim with nlm linkers. The predicated band positions were theoretically ideal for visible
light-induced CO> reduction and water splitting. Moreover, they also calculated the influence of
metal ion doping. Cu?* doping would led to narrower band gap with increased photo-absorption and
e—h* recombination times, which was consistent with the experimental results in mixed-metal

strategy.
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Fig. 14. Schematic processes for preparing UiO-67-Ru-Ti MOF and its application.!*® Adapted with permission

from ref. 113, © 2017 Elsevier B.V.

The combinations of mixed-metal and mixed-ligand strategies were also developed. For example,
Amador et al. reported the synthesis of UiO-67-Ru-Ti MOF through the combination of two
pathways (Fig. 14).1*® Firstly, 4,4"-biphenyldicarboxylic acid (BPDC) and Ru(Bpy)z(5,5'-dchpy)
were applied in the solvothermal process, which acted for the structure and light-absorbing antenna,
respectively. Subsequently, Zr** was partially substituted by Ti** via post-synthetic exchange. The
as-prepared UiO-67-Ru-Ti MOF was evaluated by the degradation MB dye. Dramatically enhanced
performance can be observed under visible light relative to UiO-67-Ru or UiO-67-Ti with single

modification strategy.

3.3 Metal ions/ligands immobilization

In addition to functional group modification, implantation of transition metal ions to complex with
ligand was reported to be a feasible way for enhanced photocatalytic performance.!'4 11° For example,
the implantation of Fe3* in porphyrinic MOFs (PCN-224) were achieved via post synthetic reaction
between pristine MOFs and FeCls in DMF solution.!'* As illustrated in Fig. 15A, the unsaturated
Fe3* was implanted into porphyrin unit, leading to the formation of Fe@PCN-224. The uniform
distribution of Fe in FCN-224 can be further confirmed by HAADF-STEM (high-angle annular
dark-field scanning TEM) and corresponding elemental mapping images (Fig. 15B). After Fe®*

implantation, the optical response was extended to longer wavelength, and the recombination of
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e—h* pairs was inhibited, which were revealed by UV-Vis Diffuse Reflectance Spectroscopy
(UV-Vis-DRS), photoluminescence (PL) and fluorescence lifetime measurements. Besides, the
introduction of additional Fe®* can also promote the activation of in-situ generated H,O, leading to
more active Oz¢~ and HOe species. Thus, the photooxidation of gaseous isopropanol (IPA) was
significantly boosted on Fe@PCN-224. The generation rate for degradation intermediate (acetone)
and product (CO.) exhibited an 8.9 and 9.3 times enhancement relative to pristine PCN-224,
respectively (Fig. 15C-D). Good stability for Fe@PCN-224 can be deduced from cyclic experiments
(Fig. 15E). Besides, this strategy was also applicable for the modification of another porphyrinic
MOF (PCN-222), which exhibited similar behaviors. Different from Fe(lll) complex in porphyrin
unit, the immobilization of Bi(lll) in MIL-101(Cr) via two-step hydrolysis route led to the formation
of small Bi-oxoclusters inside the mesocages of MIL-101.1%> The complete photodegradation of

methyl red (MR) can be easily achieved by the as-prepared Bi(I11)@MIL-101(Cr) composite.
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Fig. 15. (A) Schematic illustration for implanting Fe®* into porphyrin unit of PCN-224; (B) HAADF-STEM image
of Fe@PCN-224 and its corresponding elemental mapping images; (C) Time-dependent acetone evolution and (D)
Evolution rate of acetone and CO; during photocatalytic oxidation of IPA by PCN-224 and Fe@PCN-224; (E)
Cyclic photocatalytic evolution of acetone by Fe@PCN-224. Adapted with permission from ref.!!4, © 2017

Elsevier B.V.

Starting from the characteristics of pollutants, the implantation of appropriate substance that can

accumulate pollutant on the surface or in the tunnel of MOFs have also been verified as an efficient
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way. For example, due to selective binding with radiative U(VI), phosphonate was previously
verified as efficient ligand for functional materials in adsorptive remediation of uranyl. Recently,
Wang’s group reported the post-synthetical modification of Zr-clusters in PCN-222 with
aminomethylphosphonic acid (PN-PCN-222) and ethanephosphonic acid (P-PCN-222).1 It can be
deduced from Fig. 16A that the morphology of PCN-222 was well maintained after ligand
incorporation. Besides, phosphonic acids are chemically grafted onto the Zr clusters. Due to
simultaneous selective complexation and photocatalytic reduction, U(V1) can be completely removed
with extremely wide concentration range (from 1 to 400 ppm). As shown in Fig. 16B, PN-PCN-222
(0.5 g/L) behaved highest performance for U(VI) removal (756.1 mg/g). At lower catalyst dosage
(0.25 g/L), the uptake amounts for U(VI) were 184.2 and 1289.3 mg/g under dark and visible light,
respectively. Moreover, the PN-PCN-222 exhibited stable photocatalytic performance and
recyclability for U(VI) removal (Fig. 16C).
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Fig. 16. (A) Schematic representation for modification of PCN-222 (Zr: green; P: bottle green; C: Cambridge blue;
O: red; N: blue; H atoms are omitted) (a); SEM and corresponding TEM images of PCN-222 (b, ¢), PNPCN-222 (c,
f), and P-PCN-222 (d, g); XPS spectra of Zr(1V) in different samples (h); (B) Uranium extraction (400 ppm) by
different samples; (C) Cyclic extraction efficiency of U (10 ppm) via photoreduction method (left axis) and elution

0.1M HCI (right axis). Adapted with permission from ref. 16, © 2019 Elsevier B.V.
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3.4 Dye sensitization
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Fig. 17. Electron transfer pathway in dye sensitized MOFs (wide band gap) system.

Dye sensitization was a mature way for harvesting more incident solar light, which is well known
in dye-sensitized solar cells (DSSC). Different from the traditional semiconductor-based system, a
strong 7-7 stacking as well as Van Der Waals interaction may be expected in dye-sensitized MOFs
due to extensive presence of benzene ring in both the organic linker of MOFs and dyes. Inspired by
this, dye-sensitized photocatalysis was further developed using MOFs as substrate. Specific dyes can
be selected to form a complex with MOFs. As shown in Fig. 17, dye molecules in the ground state
can absorb incident light and be transformed into excited state (dye®). As long as the potential of dye”
is more negative than the LUMO position of MOFs, electron injection from dye” to the LUMO of
MOFs will be feasible. Finally, the electrons can be transferred to different acceptors (O2, H™ or CO»)
leading to the formation of active Oz+~, H> or HCOO", respectively. In this way, the excitation
wavelength can be extended to visible light. At the beginning, many researches were focused on H>
production and CO- reduction.” 117122 Recently, dye-sensitized MOFs were gradually applied in the

field of environmental remediation.*2312°
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Fig. 18. (A) Proposed mechanism for the degradation of MB by ZnTCPc/UIO-66(NH>) under visible light; (B)
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Degradation dynamics of MB by different samples. Adapted with permission from ref. 124, © 2016 Elsevier B.V.

For example, Zinc phthalocyanine (ZnTCPc) was applied to form complex with UiO-66 and
UiO-66(NH.) via impregnation method.!?* As shown in Fig. 18, in comparison with pristine MOFs,
the ZnTCPc modified samples both displayed enhanced visible light activity for MB degradation.
Besides, due to the synergistic effect of visible light-responsive UiO-66(NH>), the degradation
efficiency increased from 68% by ZnTCPc/UiO-66(Zr) to 89% by ZnTCPc/UiO-66(NH.) after 120
min visible light irradiation. In addition to metal-organic ZnTCPc dye, Thakare and Ramteke
reported the post-modification of MOF-5 using 8-hydroxyquinoline (HOQ) dye for the degradation
of colorless phenol.1?® After 80 min visible light irradiation, phenol (Img/L) can be completely
degraded using HQQ/MOF (4 g/L) as photocatalyst. Whereas, less than 5% phenol was degraded
using unmodified MOF-5, indicating the vital role of HQQ dye. Moreover, the photocatalytic
performance remained well up to 5 cyclic runs. No difference was observed both in XRD and
UV-Vis-DRS analysis, indicating the stability of HQQ/MOF-5 composite. Besides, Rhodamine B
(RhB) dye, which was frequently reported as target dye pollutant, was also applied to sensitize
MIL-125(Ti) via post-impregnation method.'?’ For the degradation of MO dye, boosted performance
was observed from inactive MIL-125(Ti) to more than 90% on RhB/TiO; after 60 min visible light
irradiation. Trichromatic dyes, such as Basic Yellow 24 (BY?24), Basic Red 14 (BR14) or Methylene
Blue (MB) were also encapsulated in Cu-MOFs. The as-prepared dyes@Cu-MOFs all exhibited
enhanced performance for the degradation of large sized Reactive Blue 13 (RB13). Among which,
MB@Cu-MOFs displayed highest activity. The reason was ascribed to the difference in visible
light-absorption region. For example, MB covers 450—750 nm, which is broader than that of BR14
(380-580 nm) and BY24 (325-480 nm).

3.5 Metal nanoparticles loading

Due to the porous characteristics, photoactive guest species can be incorporated into the pore
spaces or partially stabilized on the surface of MOFs. Metal nanoparticles (MNPs), especially small
noble MNPs with structural diversity and tailor ability, are promising guest species. As a typical
design, the encapsulation of MNPs into the cavity of MOFs can regulate the size and enhance the
stability of MNPs. Up to now, the MNPs/MOFs composites have displayed great potential in
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photocatalysis.?® 128131 Herein, due to low Fermi energy levels, the MNPs co-catalyst were reported
to serve as electron acceptor and mediator. Sometimes, they can also enhance the visible and/or NIR
light absorption. For example, due to the localized surface plasmon resonance (LSPR) effect, the
loading of noble MNPs led to enhanced visible light absorption and excitation.**2-134

For photocatalytic elimination of environmental pollutants, Pd nanoparticles (3 to 6 nm in
diameter) were immobilized and highly dispersed in NH2-UiO-66(Zr) via one-pot hydrothermal
method. The as-prepared Pd@NH2-UiO-66(Zr) composite displayed reusable and highly enhanced
photocatalytic activity for Cr(V1) reduction.® As listed in Table 3, at catalyst dosage of 0.5 g/L and
after 90 min visible light irradiation, the removal efficiency for Cr(VI) increased from 33% to 99%
after Pd loading. Besides, the BET surface area slightly increased from 756 to 837 m?/g, indicating
more surface active sites. Moreover, the addition of organic dye (MB or MO) can further promote
the reduction of Cr(VI). In this way, dye oxidation and Cr(VI) reduction can be simultaneously

achieved by photogenerated electrons (e7) and holes (h*), respectively.

Table 3 Photocatalytic removal of environmental pollutants by MNPs/MOFs composites under visible light.

MNPs/MOF 3Sget Variation  Pollutant Cpoliutant  Ceatalyst  Time Py Variation Ref.
(m?g) (mg/L) (g/L)  (min) (%)
Pd@NH-Ui0-66(Zr) 756—837 Cr(VI) 10 0.5 90 36—99 135
Pd@MIL-100(Fe) 2006—2102 Theophylline® 20 0.125 150  82—100 136
Ibuprofen® 20 0.125 150 67—100
Bisphenol A® 20 0.125 240 35—66
Pd@MIL-100(Fe) 2007—1898 MO® 20 0.125 40 4184 137
Cr(V1)? 20 1.0 8 69—100
Pt@MIL-100(Fe) 2007—1724 MOQ® 20 0.125 40 41—100 137
Cr(VI1)? 20 1.0 8 69—86
Pt/NH,-MIL-125(Ti)  1052—896 Cr(VvI) 15 1.0 120 41-77° 138
PtUNH-MIL-125(Ti) 1101910 Nitrobenzene' 3075 6.25 1200 NA—98 139
Au@MIL-100(Fe) 2007—1822 MO° 20 0.125 40 4165 137
Cr(V1)? 20 1.0 8 69—82
Ag@MOF-5 NA E. coli NA NA 70 28—91 34
Ag@MIL-125(Ti) NA RhB NA 1.0 40 8—93 140
Ag/MIL-125(Ti)-AC 1245977 MB 20 0.06 30 55—1009 141
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Ag/UiO-66-NH, NA Cr(VI) 10 1.0 105  40—90 142
PtPd@ZIF-8 1024713 CzHs 100 NA 120 <5-93° 143
CuPd@ZIF-8 1531—1259  Cr(VI) 20 0.2 60  2289° 14

NA: no experimental data available; @ Sger variation indicates the surface area of MOFs before and after loading
MNPs; ® Removal efficiencies () for pollutants were used received or estimated from the figures in reference and
presented in integer numbers, # variation indicated the performance of MOFs before and after loading MNPs; ¢
Addition of H,02; ¢ Addition of ammonium oxalate; ¢ UV-Vis light or solar light; "in acetonitrile with the addition
of TEOA; 9 100W daylight lamp.
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Fig. 19. (A) Schematic processes for preparing Pd@MIL-100(Fe) via a facile alcohol reduction method; (B) TEM
and HRTEM images of PA@MIL-100(Fe); (C) TOC Removal efficiency of Theophylline, Ibuprofen and Bisphenol
A by different photocatalysts. Reaction conditions: 5 mg photocatalyst, 40 mL PPCPs (20 mg/L), 40uL H2O>, pH 4;
(D) Proposed mechanism for visible-light-induced PPCPs degradation by Pd@MIL-100(Fe). Adapted with

permission from ref. 145, © 2015 Elsevier B.V.

Furthermore, PdA@MIL-100(Fe) with higher surface area were also fabricated (2102 m?/g).1*°> As
shown in Fig. 19A-B, using H2PdCls as precursor, 1 wt% Pd nanoparticles (6 to 10 nm in diameter)
with high dispersion were anchored on MIL-100(Fe) via a facile alcohol reduction method. The
as-prepared brown Pd@MIL-100(Fe) powder displayed slightly enhanced absorption in visible light
region relative to unmodified one. For the photocatalytic degradation of pharmaceuticals and
personal care products (PPCPs), such as theophylline, ibuprofen and bisphenol A, PA@MIL-100(Fe)
displayed superior photocatalytic activity (Fig. 19C). The enhanced photocatalytic performance was
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ascribed to more efficient separation of photogenerated e—h* pairs and easier transfer of interfacial
charges induced by Pd loading. To gain more insight into the reaction, trapping experiments using
different radical scavengers were further carried out, and the results indicated that HO- played major

role for PPCPs degradation. Thus, a proposed mechanism was displayed in Fig. 19D.
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Fig. 20. (A) TEM and corresponding HRTEM images of (a, b) Au@MIL-100(Fe); (c, d) Pd@MIL-100(Fe); (e, f)
Pt@MIL-100(Fe); (B) UV-vis DRS spectra and (D) Photocurrent response of MIL-100(Fe) and M@MIL-100(Fe).

Adapted with permission from ref. 137, © 2015 Springer.

Furthermore, Wu’s group prepared a series of M@MIL-100(Fe) (M: Au, Pd or Pt) via a
photochemical route and compared their photocatalytic performance under visible light.**” Metal ion
precursors can capture the photogenerated electrons in the LUMO of MIL-100(Fe), leading to
reduction and deposition of corresponding MNPs on MIL-100(Fe) substrate. The average diameters
were estimated to be 15, 12 and 2 nm for Au, Pd and Pt nanoparticles, respectively (Fig. 20A). The
as-prepared M@MIL-100(Fe) were compared for photocatalytic removal of MO and Cr(VI) under
visible light. Enhanced photocatalytic activity can be observed after loading different kinds of MNPs,

among which Pt loading exhibited highest performance. The order of Pt@MIL-100(Fe) >
30/72



Page 31 of 72 Inorganic Chemistry Frontiers

Pd@MIL-100(Fe) > Au@MIL-100(Fe) > MIL-100(Fe) was consistent with the results in visible
light absorption and photocurrent response (Fig. 20B-C), but in reverse order of surface area.
Therefore, the presence of noble MNPs play crucial role in enhancing visible light absorption and
prolonging lifetime of photogenerated charges, which together lead to boosted photocatalytic
performance for removal of environmental pollutants.

Ag nanoparticles are also excellent electron sinks due to the formation of Ag-MOFs Schottky
junction at interface. Thus, the e—h" recombination in MOFs can be greatly inhibited, leading to
enhanced photocatalytic activity after loading Ag nanoparticles. For example, Ag@MIL-125(Ti) was
fabricated through a facile photo-reduction method. The AgNOs precursor can be photo-reduced to
uniform Ag nanoparticles (~ 40 nm) and loaded onto the surface MIL-125(Ti). After 40 min of
visible-light irradiation, about 8% RhB was degraded by pure MIL-125(Ti), whereas, the value was
boosted to 93% by Ag@MIL-125(Ti).}*° Simultaneously, the post-synthetic modification of
NH2-MIL-125(Ti) with acetylacetone (AC), led to the formation of MIL-125-AC, which were
subsequently treated with CH3COOAGQg.*** In this way, smaller Ag nanoparticles, mostly 5-10 nm in
size, were spread on the external surface and embedded within NH>-MIL-125(Ti). The as-prepared

Ag/MIL-125(Ti)-AC displayed enhanced activity for photocatalytic degradation of MB dye.
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Fig. 21. Schematic processes for preparing CuPd@ZIF-8 and proposed mechanism for photocatalytic reduction of

Cr(V1). Adapted by permission of ref. 143, © 2014 The Royal Society of Chemistry.

In addition to single MNPs, bimetallic alloy nanocrystals were also encapsulated in MOFs for
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photocatalytic applications. For example, PtPd alloy nanocrystals were encapsulated in microporous
ZIF-8 with high dispersion (Table 3). Superior activity for the degradation of ethylene to CO can be
achieved.** Recently, CuPd alloy nanoparticles was dispersed on ZIF-8 with good stability for Cr(\V1)
reduction.** As shown in Fig. 21, CuPd@ZIF-8 was fabricated via a sol-gel method. Comparing
with pristine ZIF-8, the loading of CuPd alloy led to enhanced adsorption capacity for O. and more
photogenerate e—h* pairs due to LSPR effect. Upon light irradiation, the photogenerated e can be
directly transferred to Cr(VI) or O. Despite of the competition of O in capturing e, the reduction
product of O (O2-) will also contribute to Cr(VI) reduction, which finally led to boosted
photocatalytic activity. After 60 min visible light irradiation, the efficiency for Cr(VI) reduction
increased from 22% on pristine ZIF-8 to 89% on optimized CuPd@ZIF-8 with 5 wt% CuPd.
Moreover, other control samples were also tested, which were in the order of CuPd@ZIF-8 >
Cu@ZIF-8 > Pd@ZIF-8 > ZIF-8 > CuPd > Pd > Cu. Obviously, the CuPd alloy displayed synergistic
effect comparing to singe MNPs. Besides, the stability of the optimized CuPd@ZIF-8 maintained

well (> 90%) after four successive cyclic runs.

3.6 Carbon material decoration

In traditional semiconductor photocatalytic systems, carbon materials with superior electrical
conductivity were widely applied to form hybrid photocatalysts. The recombination of
photogenerated charges can be suppressed after the loading of carbon materials.'#1%® For example,
graphene oxide (GO), reduced graphene oxide (rGO), carbon quantum dots (CQDs), and etc. were
typical carbon materials, which could accelerate the transfer of photogenerated charges. Similarly,
coupling carbon materials with MOFs will also solve the disadvantageous of fast charge
recombination in pristine MOFs, and lead to enhanced photocatalytic performance. As listed in Table
4, some typical carbon-MOFs composites were fabricated. No matter whether the specific surface
area (Sger) is increased or decreased, carbon coupling all led to boosted photocatalytic performance

for the elimination of environmental pollutants.
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Table 4 MOF-carbon composites for photocatalytic removal of environmental pollutants under visible light.

MOFs-based Carbon *SgeT Pollutant  Cpoiutant  Ceatayst  Time Ref.
composite Materials Variation (mg/L) (g/L)  (min) Variation
(Wt%) (m?/g) (%)
MIL-53(Fe) 2.5% rGO NA MB 20 0.5 80 82—95 149
MIL-53(Fe) 0.5% rGO NA Cr(vl* 20 1.0 80  79—100 1%
NH2-MIL-68(In) GO 530—681 AMX 20 0.6 10 60—93 151
MIL-88B(Fe) 10% GO° NA—99 RR195¢ 100 0.3 20 50—95¢ 152
MIL-88(Fe) 3% GO° NA MB 100 0.5 10 48—95°¢ 158
RhB 49—94°
NH2-MIL-125(Ti) 10% GO 871—-501 NO 0.5 5 30 30—50 154
CHsCHO 195 50 80 48—65
NH,-MIL-125(Ti) 1% CQDs 487—198 RhB 10 0.5 240 67—100 155
NH,-Ui0-66(Zr) 2% rGO 7325767 Cr(VI) 10 05 100  35-100 1%
ZIF-8 2.5% CQDs"  1356—1479 NO 0.42 10 30 0—43 157
[CuzBr(ptz)]n 20% FCF NA RhB 4.8 0.25 180  3—388 158

NA: no experimental data available; rGO: reduced graphene oxide; GO: graphene oxide; CQDs: carbon nanodots; FCF: functional
carbon fiber; ptz: 5-(4-pyridyl)-1H-tetrazole;  Sger variation indicates the surface area of MOFs before and after loading carbon
materials; ® Removal efficiencies (;) for pollutants were used received or estimated from the figures in reference and presented in
integer numbers, # variation indicated the performance of MOFs before and after loading carbon materials; © Addition of ammonium

oxalate; 9 Addition of H202; ¢ UV-Vis light or sunlight; f vol%.

For example, MIL-53(Fe)/rGO hybrid materials were prepared via simple one-step
solvothermal method. With optimal loading amount of rGO (2.5 wt%), the degradation of MB dye
can be promoted.'* Besides, Li et al. reported the fabrication of GO modified NH2-MIL-125(Ti) with
enhanced performance for photocatalytic degradation of gaseous pollutants. The light absorption,
charge generating and transfer properties in NH2-MIL-125(Ti) can be greatly altered after GO
coupling. For example, the light absorption was greatly enhanced in the region of 200-500 nm, and
the absorption edge was also shifted from 445 to 455 nm due to strong interaction between GO and
NH2-MIL-125(Ti). Moreover, the charge transfer resistance was also decreased (Fig. 22A), and the
photocurrent response under visible light was dramatically promoted (Fig. 22B). Due to the above
combined effects, photocatalytic oxidation of NO and degradation of acetaldehyde were both greatly

accelerated on optimized GO/NH2-MIL-125(Ti) relative to pristine NH>-MIL-125(Ti) (Fig. 22C-D).
33/72



Inorganic Chemistry Frontiers Page 34 of 72

For better understanding, the proposed mechanism was depicted in Fig. 22E. Namely, upon visible
light irradiation, the organic linker (2-aminoterephthalic acid) can be excited and generate electrons
which will be transferred to the center of Ti-O cluster. In this way, the photoexcited electrons will be
trapped on metallic Ti by reducing Ti*" to Ti®*. The presence of GO can rapidly accumulate the
trapped electrons and accelerate their transfer to O,. Thus, more reactive O,-" radicals can be

generated, which will be beneficial for the degradation of gaseous pollutants.
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Fig. 22. Comparison of NHy-MIL-125(Ti) and GO/NH2-MIL-125(Ti): (A) EIS Nynquist plots and (B)
Photo-current responses; (C) Photocatalytic oxidation of NO; (D) Photocatalytic degradation of acetaldehyde; (E)
Proposed mechanism for pollutants degradation by GO/NH,-MIL-125(Ti) under visible light irradiation. Adapted

with permission from ref. 154, © 2018 Elsevier B.V.
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Fig. 23. (A) Schematic processes for preparing CQDs/NH2-MIL-125(Ti); (B) Photocatalytic degradation of RhB by
NH2-MIL-125 and CQDs/NH2-MIL-125 composites under the irradiation of (a) full spectrum; (b) visible light and
(c) near-infrared light; (d) cyclic runs for RhB degradation by optimized CQDs/NH2-MIL-125 under full spectrum
light; (C) Proposed mechanism for charge transfer in CQDs/NH2-MIL-125(Ti) under visible light (A > 420 nm) and

near-infrared light (A > 700 nm) irradiation; Adapted with permission from ref. 155, © 2018 Elsevier B.V.

As novel carbon nanomaterial, CQDs were also applied to couple with MOFs. In addition to the
beneficial properties of good electron conductivity, easy functionalization, low cost and low toxicity,
CQDs has special optical property in upconversion luminescence.'®*®* The incident near infrared
light can be absorbed by CQDs and then converted to visible light which will enhance the utilization
of solar energy'®? As shown in Fig. 23A, CQDs with size of 2 nm were successfully distributed on
NH>-MIL-125(Ti) via simple solvent-deposition method.!®® The large surface area of
NH2-MIL-125(Ti) (487 m?/g) was beneficial for CQDs loading. For the photocatalytic degradation of
RhB dye (Fig. 23B), the as-prepared CQDs/NH>-MIL-125 composite always exhibited enhanced
performance, no matter the incident light is full spectrum, visible light or near-infrared light. Highest
acticity was observed at a loading amount of 1 wit% CQDs. Meanwhile, good stability of the
optimized CQDs/NH>-MIL-125 can be maintained after 7 successive cyclic runs. For better
understanding of the photocatalytic mechanism, photoluminescence (PL) spectra and

Electrochemical impedance spectroscopy (EIS) Nyquist plots were measured to investigate the
35/72



Inorganic Chemistry Frontiers Page 36 of 72

separation efficiency and transfer resistance of photogenerated charge carriers, respectively.
Moreover, the upconversion PL spectra were also carried out to detect the unique PL upconversion
performance of CQDs. Based on the above results, the mechanism for charge generation, seperation
and tranfer on CQDs/NH2-MIL-125(Ti) were proposed (Fig. 23C). Under visible light (A > 420 nm)
irradiation, the good electron conductivity of CQDs can facilitate efficient separation of
photogenerated e—h* pairs in NH2>-MIL-125(Ti). Under near-infrared light (A > 700 nm) irradiation,
in addition to electron conductivity, the special upconversion luminescence property of CQDs can
convert near infrared light into visible light, leading to more efficient utilization of solar energy.

As another attractive option, functional carbon fiber (FCF) has servral merits, such as high
conductivity, large surface area and excellent absorption capability. Especially, FCF can act as a
photosensitizer to extend the photoresponse. For example, a new coordination polymer [Cu2Br(ptz)]n
(CP) (ptz=5-(4-pyridyl)-1H-tetrazole) nanobelts (CPNB) were loaded on the surface of FCF via a
simple colloidal blending process.**® The resulting CPNB/FCF composite exhibited significantly
enhanced activity for photocatalytic degradation of RhB. At catalyst dosage of 0.25 g/L and after
180 min visible light irradiation, the removal efficieny for RhB dramatically increased from 3% by
pristine CPNB to 88% by CPNB/FCF composite. As shown in Fig. 24A, the band gap (Eg) of pristine
CPNB was 3.17 eV, and it decreased to 2.02-2.69 eV after loading FCF with different pretreatment
time. Moreover, results from photocurrent response and EIS Nynquist plots both indicated the merits
of loading FCB (Fig. 24B-C). Considering the flat band potential in Mott—Schottky plot (Fig. 24C)
and the E4(3.17 eV), the CB and VB position of CPNB were estimated to be -0.31 V and +2.86 V (vs
SCE), respectively. Under visible light irradiation, only FCF can be excited (Fig. 24D). The
photogenerated elctrons will tranfer from the CB of FCF to CPNB, leading to effective separation of

e—h" pairs.
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Adapted with permission from ref. 1%, © 2015Wiley-VCH.

3.7 MOFs-semiconductor heterojunctions

Coupling MOFs with other photoactive semiconductors was another alternative way to enhance
photocatalytic activity. In this approach, the porous network of MOFs can facilitate the dispersion of
semiconductors, generating more active sites. Moreover, due to the formation of heterojunctions,®*
more efficient separation of photo-excited charges can be achieved. Typically, there are three types of
heterojunctions for semiconductors, depending on the CB/VB position as well as n/p type nature of
independent components (Fig. 25). Till now, many semiconductors have been reported to form
composites with MOFs. For example, metal-containing semiconductors (such as ZnO, TiO2, BiVOa,
Agl, a-Fe;0s3, CdS, and etc.) and nonmetal graphitic carbon nitride (g-CsNa4), have been coupled with

photoactive MOFs and exhibited superior performance in field of photocatalysis.
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Fig. 25. Three types of semiconductor heterojunctions. Type-I: straddling gap; Type-I1I: staggered gap; Type-IlI:

broken gap.

3.7.1 Coupling with metal-containing semiconductors

Since the first report of TiO. photocatalysis in 1972, more and more semiconductor

photocatalysts were synthesized and reported. Some semiconductors can be directly excited by

visible light, such as BiOBr, BiOl, MoOs, WO3, BizM00Os, BiVO4, Agl, AgsP0O4, and etc. As for the

construction of MOFs-based heterojunctions, such metal-containing semiconductors were gradually

tested. The as-prepared MOFs-based binary composites for photocatalytic removal of environmental

pollutants were summarized in Table 5. Except for MIL-53(Fe) with 1D lozenge-shaped channels

and ultra-small surface area (< 100 m?/g),6516” the coupling of other MOFs with a photoactive

semiconductor led to decreased surface area relative to pristine MOFs. Due to comprehensive effects

of various factors, including light absorption, charge generation, separation and transfer properties,

the photocatalytic performance for environmental remediation can be promoted.

Table 5 MOFs-based binary composites for photocatalytic removal of environmental pollutants.

Composites 3Sger Variation  Pollutant  Cpoiutant  Ceatayst  Time 'y Variation  Ref,
(m2/g) (mg/L) (g/L)  (min) (%)

Coupled with Zn-MOFs

BiOBr/MOF-5(IL) 915—->NA MO 10 0.4 150 <2—88 168
TiO@ZIF-8 NA MB 1.6 NA 120 54—88¢ 169

RhB 2.4 NA 120 50—65¢

Bi2MoO¢/ZIF-8 NA MB 20 0.25 100 34—67 170
3D MoO;@ZIF-8 1531-213 Cr(VI) 15 0.5 40 13—96 mn
MoOs-NPs/ZIF-8 1710—1529 MB 10 025 180  59—82¢ 172
BiFeOs/ZIF-8 NA MB 20 0.375 100 50—93 173

38/72



Page 39 of 72 Inorganic Chemistry Frontiers

ZIF-8@BiVO, 1180—249 MB 20 0.25 130 NA—g1d 174
Bi»S:@ZIF-8 1297—821 RhB 10 0.4 90 NA—97 175
CdosZnosS@ZIF-8 1190—174 Cr(VI) 20 1 10 5—100 176

Coupled with Fe-MOFs

Fe,03/MIL-53(Fe) 48—47 MB 10 0.2 120 3148 177
WO3/MIL-53(Fe) 57—97 Cr(VI) 30 1.5 240  70—94¢ 167
2,4-D 30 15 240  58—100¢
AgsPO4/MIL-53(Fe) 916 TC 20 0.5 60 26—94 165
Agl/MIL-53(Fe) NA RhB 4.8 0.3 45 86—99 168
CdS/MIL-53(Fe) NA RhB 10 1.0 120 5586 178
1T-MoS,/MIL-53(Fe) 21337 IBP® 10 0.4 120 50—100 179
MIL-53(Fe)/SnS 56—34 Cr(VI) 20 1.0 60 16—71 180
TiO.@NH-MIL-88B(Fe)  34—19 Cr(VI)® 10.4 0.5 35 85—99¢ 181
TiO,NS@MIL-100(Fe) 1670—474 MB® 50 0.2 60 NA—96 182
MIL-100(Fe)/TiO, 1189—307 TCe 100 0.05 60 NA—86¢ 183
Cr(VI) 10 005 60 NA—50¢
N-TiO.QDs/MIL-100(Fe)  1556—1413 MB 16 0.1 140 90—99 184
RhB 24 0.1 140  83—94
M.MIL-100(Fe)@ZnO 766—654 Phenol 5 0.2 120 43585 185
BPA 5 0.2 120 35589
Atrazine 5 0.2 120 30—-70
Bi,WOs/MIL-100(Fe) 1370—140 SAC 10 1.0 50 35595 186
BiM0Os/MIL-100(Fe) NA—110 RhB 10 1.0 120 5188 187
MIL-100(Fe)@Bi,Ss 1394404 RhB 10 0.5 60 70—94 188
M-MIL-101(Fe)/TiO 394—159 TC 20 1.0 80 74—92 189

Coupled with Cr-MOFs
N-K2TisOo/MIL-101(Cr) 2321135 RhB 5 0.2 180 43—544 190
WO;@MIL-101(Cr)@WO3 2480—1360 MB 30 NA 80 NA—100 191

Coupled with Zr-MOFs

Ag.CO3/Ui0-66(Zr) 808—522 RhB 14.4 0.5 120 NA—9%4 102
Agl/Ui0-66(Zr) 808—289 RhB 14.4 0.5 60 NA—100 103
N-KTis0o/NH,-UiO-66(Zr) NA RhB 5 0.2 180  53—90¢ 194
MB 5 0.2 180 NA—94
NR 5 0.2 180 NA—91¢
BiOBr/UiO-66(Zr) 869—204 RhB 14.4 0.5 15 <598 195
BiOBI/NH,-UiO-66(Zr) NA Noroxin 0.3 0.3 180 3494 196
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a-Fe,0s@Ui0-66(Zr)
WO2.72/UiO-66(Zr)
BiVO4/UiO-66(Zr)
Bi:WO¢/UiO-66(Zr)
Bi-M0Os/UiO-66(Zr)
ZnIn;S4/UiO-66(Zr)

CdS@NH,-Ui0-66(2r)

Coupled with Ti-MOFs
IN2Sz@MIL-125(Ti)
BiOBr/NH2-MIL-125(Ti)

BiOI/NHz-MIL-125(Ti)
NH,-MIL-125(Ti)/BiOClI

AgsPOs/NH,-MIL-125(Ti)

PHIK/NH-MIL-125(Ti)
CdTe QDS/NTU-9

Coupled with Cu-MOFs
HKUST-1/BiVO4

Cuy(OH)PO,-HKUST-1

Coupled with other MOFs
Co,Ni-MOF/BiFe0O3

Co,Ni-MOF/CuWOQ4

AgsPO+@Co,Ni-MOF

BiOBr/CAU-17

1296—1204
1099—187
646—387
808—275
621—209
911—-242

840—114

1548—304
1012—8

NA
770—46

NA

1160—185
1205—880

855—585

NA

1058—895

1054—801

NA

NA

MB
MO
RhB
RhB
RhB
Cr(VI)
MO
MG

TC

RhB
Phenol

MO

TC
BPA

MB
RhB

RhB
Rh6G

DB17
RB

Abamectin

MO
4-NP
MB
4-NP
Phenol
BPA
RhB

12.8
20
10
14.4
10

80
20
20

46
20
20
20

20
10

10
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100
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30

30

50
50

10
10

40
40

20

1.0
0.3
1.0
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NA: no experimental data available; 2 Sger variation indicates the surface area of MOFs before and after forming composite; ° Removal

efficiencies () for pollutants were used received or estimated from the figures in reference and presented in integer numbers, »

variation indicated the performance of MOFs before and after forming composite; ¢ Addition of H202; ¢ UV-Vis light or simulated

sunlight; ¢ addition of ammonium oxalate; 7500 nm monochromatic light; 9under the assistance of sonication; " 465 nm LED light.
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Fig. 26. (A) TEM images of NH>-MIL-125(Ti) (a), AgsPOs@NH,-MIL-125(Ti) (b), and high magnification of
AgsPOs@NH2-MIL-125(Ti) (c); (B) CB and VB positions of AgsPO4 and NH2-MIL-125 (Ti); (C) Photocatalytic
degradation of MB by different samples under visible light irradiation. Adapted with permission from ref. 2%, ©

2017 Elsevier B.V.

For example, AgsPOs@NH2-MIL-125(Ti) were fabricated via a simple dry-process.2®® As shown
in Fig. 26A, AgsPO.s nanoparticles (10 to 20 nm) were well-dispersed onto the surface of
NH2-MIL-125(Ti). The band structure of AgsPO4 and NH2-MIL-125(Ti) were illustrated in Fig. 26B,
which indicated Type | heterojunction. The as-prepared binary composite exhibited significantly
enhanced performance (Fig. 26C) as well as good stability for MB degradation under visible light
irradiation. Similarly, WO272/Ui0-66(Zr)'*® and Co,Ni-MOF/BiFeO3?*® composites were also

prepared and displayed characteristic properties of Type | heterojunctions.
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Fig. 27. (A) SEM image of BiOBr/NH2-UiO-66(Zr); (B) Photocatalytic degradation of Noroxin by different
samples under simulated sunlight irradiation; (C) Proposed mechanism for photocatalytic degradation of Noroxin

by BiOBI/NH.-UiO-66(Zr). Adapted with permission from ref. 1%, © 2018 Elsevier Ltd.

Due to water-stability of UiO-66(Zr), the development of UiO-66(Zr)-based composites were
competitive candidates for wastewater treatment. For example, BiOBr/UiO-66(Zr) was prepared by
incorporating UV-active UiO-66 (Eq= 4.0 eV) with visible light-active BiOBr (Eq= 2.8 eV) through
a convenient solution method.!®® The as-prepared BiOBr/UiO-66 composite displayed enhanced
photocatalytic activity for RhB degradation, as well as good stability in cyclic runs. After 15 min
visible light irradiation, the removal efficiency of RhB was in the order of BiOBr/UiO-66 (100%) >
BiOBr (84%) > UiO-66(Zr) (<5%). Furthermore, amine-functionalized UiO-66 was also applied to
couple with BiOBr.1% As shown in Fig. 27A, flower-like BiOBr/NH.-UiO-66(Zr) composite with
three-dimensional structure were fabricated. Intensive characterizations, such as SEM, XRD and XPS,
have been carried out to investigate the structure properties. Results indicated that BiOBr nanoplates
successfully grew on the surface of NH2-UiO-66(Zr) with an intimate interaction. The recombination
of charge carriers can be inhibited, which was evidenced by PL spectra. For the photocatalytic

degradation of a typical fluoroquinolones antibiotics (Norfloxacin), the as-prepared
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BiOBr/NH2-UiO-66(Zr) composites with different loading amounts all displayed enhanced
performance (Fig. 27B). Highest activity was achieved by BUN-20 with 20 wt% NH>-UiO-66.
Furthermore, trapping experiments were also performed to reveal the active species for Norfloxacin
degradation. The addition of electron scavenger (HCOOH) and emptying oxygen (N2 purging) both
significantly inhibited the degradation dynamics. Thus, the dominant role of O+~ can be speculated
since O+~ was originated from the electron transfer to O.. Besides, the secondary role of HOe and h*
can also be confirmed via addition of corresponding IPA and NaCl scavengers. Considering the band

167, 196, 207 can be

positions of independent BiOBr and NH2-UiO-66(Zr), a Type Il heterojunction
applied to explain the charge transfer processes (Fig. 27C). It is thermodynamically feasible that the
photogenerated electrons in the LUMO of NH»-UiO-66(Zr) (-0.6 eV) can be transferred to the CB of
BiOBr (+0.32 eV). Meanwhile, holes (h*) in the VB of BiOBr (+3.02 eV) can be transferred to the
HUMO of NH2-UiO-66(Zr) (+2.22 eV). Moreover, the LUMO of NH2-UiO-66(Zr) and VB of BiOBr
are energetic enough for reducing Oz to Oz+~ and oxidizing HO- to HOe, respectively. The synergistic
effect between BiOBr and NH»-UiO-66(Zr) led to highly enhanced performance for Norfloxacin

degradation.
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Fig. 28. (A) Photocatalytic degradation of TC by different samples under visible light irradiation; (B) Cyclic
stability of AgsPO4 and AgsPO4/MIL-53(Fe) composite for photocatalytic degradation of TC; (C) XRD patterns of
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AgsPOs and AgsPO4/MIL-53(Fe) in different conditions; Proposed mechanism for charge separation over
AgsPO4/MIL-53(Fe): (D) Traditional Type Il heterojunction and (E) Z-scheme heterojunction. Adapted with

permission from ref. 1%, © 2018 Elsevier B.V.

In addition to traditional Type Il heterojunction, novel MOF-based Z-scheme heterojunction were
recently reported.2%> 167 For example, AgsPO4/MIL-53(Fe) composite was prepared through a simple
in situ precipitation strategy. The as-prepared binary composite displayed enhanced photocatalytic
performance for the degradation of multiple antibiotics such as tetracycline (TC), oxytetracycline
(OTC), chlortetracycline (CTC) and deoxytetracycline (DCL). As shown in Fig. 28A, the optimized
AgzPO4/MIL-53(Fe) composite (APM-3) with 1:3 mass ratio exhibited highest activity for TC
degradation. More importantly, the binary composite also displayed higher photostability and
recyclability than pristine AgsPOas (Fig. 28B). After four cyclic runs for TC degradation, the loss of
degradation efficiency using APM-3 was ca. 8%. Whereas, the value was ca. 25% using AgzPOa. The
instability of AgsPOsduring the photocatalytic process was evidenced by the formation of metallic
Ag. More obvious XRD signals of Ag (JCPDS card no. 65-2871) were observed in pristine AgzPO4
relative to APM-3 (Fig. 28C). Interestingly, the formation of tiny metallic Ag may lead to a
Z-scheme structure for charge transfer in AgsPO4/MIL-53(Fe) composite. As shown in Fig. 28D, the
CB/LUMO positions of AgsPO4 and MIL-53(Fe) matched well with typical Type Il heterojunctions.
In this mechanism, the electrons in the LUMO of MIL-53(Fe) (-0.41 eV) will flow into the CB of
AQgsPO4 (+0.42 eV). Since the CB edge of AgsPO4is more positive than the redox potential of
02/02¢ (—0.33 eV vs NHE), the formation of O2¢~ was not feasible. Similarly, the HOMO position of
MIL-53(Fe) (+2.33 eV) was not energetic enough to oxidize surface HO— into HO* (Eno-/mo. = +2.40
eV vs NHE). However, both strong signals of HO+ and O2+~ were detected by electron spin resonance
(ESR) spectroscopy. Thus, Type Il heterojunction mechanism was not suitable for
AgsPO4/MIL-53(Fe). Since metallic Ag was detected during the photocatalytic process, a Z-scheme
mechanism can well explain the above phenomena. As depicted in Fig. 28E, metallic Ag
nanoparticles with proper Fermi level can act as bridge for electron transfer from the CB of AgsPOa4
to the HOMO of MIL-53(Fe). In this way, both the high reductive ability of MIL-53(Fe) and
oxidative ability of AgsPO4 can be well maintained, leading to generation of sufficient active species
(HO- and O2*").
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Fig. 29. (A) Proposed mechanism for the charge transfer processes in In;Ss@MIL-125(Ti); (B) Photocatalytic
degradation of TC by different samples; (C) Cyclic stability of optimized In,S;@MIL-125(Ti) for TC degradation

under visible light. Adapted with permission from ref. 2°4, © 2016 Elsevier.

Comparing with Type | and Type Il heterojunctions, there were very few reports of Type Il
heterojunctions for environmental photocatalysis. In 2016, Wang et al. reported the fabrication of
core-shell In2Ss@MIL-125(Ti) via solvothermal method.?* As shown in Fig. 29A, the band
positions of InxSz and MIL-125(Ti) matched well with Type Ill heterojunction. Upon visible light
irradiation, the photogenerated electrons in the CB of In,Ss will be transferred to the LUMO of
MIL-125(Ti), which finally led to reduction of adsorbed O>. Meanwhile, the corresponding h* left in
the VB of In2Sz will oxidize water into O.. Thus, promoted separation of photogenerated charges can
be achieved, which finally led to enhanced degradation of TC (Fig. 29B). However, probably due to
low oxidizing ability of h* in In,Ss, the degradation of TC on optimized In;Ss@MIL-125(Ti) slow
down with prolonged irradiation time. Besides, the cyclic stability for TC degradation exhibited

moderate loss (Fig. 29C).
3.7.2 Coupling with metal free g-C3N4 semiconductor

Nonmetal g-CaN4 was a star photocatalyst due to its appealing electronic structure, low cost and
high stability. The band gap of g-C3Ns was ca. 2.7 eV, indicating the light absorption edge into
visible region (up to 450 nm). Thus, coupling g-CsN4 with MOFs may lead to enhanced visible light
response. As summarized in Table 6, many kinds of MOFs-C3N4 binary composites have been
fabricated and displayed superior photocatalytic activity. After coupling with g-CsN4, the BET
specific surface area was decreased to different extends in most cases, indicating less surface active

sites. Despite of this, the negative effects by decreased surface area can be offset by enhanced visible
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light absorption, promoted conductivity, more efficient charge separation and lower charge transfer

resistance induced by g-C3Na.

Table 6 MOFs-C3N4 binary composites for photocatalytic removal of environmental pollutants.

CsNa4 aSBE.T. Cpolutant  Ceatalyst  Time K .
MOFs (Wi%) Variation Pollutant ML) (/L) (min) Variation Ref.
(m?qg) (%)
Coupled with Zn-MOFs
ZIF-8(Zn) 60% 1318—555 TC 89 0.1 60 4591 27
ZIF-8(Zn) 97% NA TC 20 0.5 30 NA—74 218
RhB 10 0.5 75 NA—99
MO 50 0.5 180 NA—86
BUC-21(Zn) 50% 1-12 Cr(VI) 10 0.25 120 13—100 219
Coupled with AI-MOFs
MIL-53(Al) 20% NA—44 RhB 10 0.5 75 NA—100° 220
Coupled with Fe-MOFs
MIL-53(Fe) 3% 21-19 Cr(VI) 10 0.4 180  52—100 22
NH2-MIL-53(Fe) 50%* NA TC! 50 0.4 30 82-90 2
cBz¢ 50 0.4 150 52578
BPAY 50 0.4 10 NA—100
PNP¢ 50 0.4 30 NA—100
MIL-88A(Fe) 90% 2238 RhB 10 1.0 30 <5—100 2
Phenol 10 1.0 120 <526
TC 10 1.0 120 <5—46
MIL-88A(Fe) NA 24—16 MB NA 1.0 120 2575 224
NH.-MIL-88B(Fe) 10% NA MB¢ 30 1.0 120 57—100 2%
MIL-100(Fe) 1% 1225—1096 RhB* 50 0.2 240  68—100 226
MIL-100(Fe) 80% NA Cr(VI) 10 0.5 80 7698 27
Ds¢ 32 0.5 30 NA—100°
MIL-100(Fe) 9%9 1556—1252 RhB 10 1 200  36—87 2
MB 10 1 200 2782
pyridine 560" 5 360 53—76
MIL-101(Fe) 2% NA BPA! 10 0.5 60 51—-100 2
NH,-MIL-101(Fe) NA NA Cr(VI) 10 0.5 60 56—100 20
Coupled with Zr-MOFs
Ui0-66(Zr) 50% 1335—1133 RhB 10 0.4 180  19—93 231
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UiO-66(Zr) 50% 972—384 MB 10 0.25 240 48—100 232
PCN-222(Zr) 99% NA—36 RhB 20 0.1 120 78—98 233
Ofloxacin 20 0.1 200 72—96

Coupled with Ti-MOFs
MIL-125(Ti) 7% 1548—328 RhB 50 0.4 60 15595 234
NH2-MIL-125(Ti) 30% 1535—830 4-NP NA NA 240 55—75 235

Coupled with Cu-MOFs
HKUST-1 25% 1084—392 DMCP NA NA 1440 NA 236
HKUST-1/fiber 25% 1084—392 DMCP NA NA 1440 NA 37

NA: no experimental data available; ? Sger variation indicates the surface area of MOFs before and after forming
composite; ? Removal efficiencies (i) for pollutants were used received or estimated from the figures in reference
and presented in integer numbers, # variation indicated the performance of MOFs before and after forming
composite; ¢ UV-Vis light or sunlight; ¢ Addition of H,0,; ¢ g-CsN4 doped with pyromellitic diimide (PDI); fg-C3N4

nanosheet; 9Protonated g-C3Na; " pg/g; 'Addition of PS; J oxidized g-C3Na.
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Fig. 30. (A) EIS Nyquist plots of different samples; (B) Mott—Schottky plots of BUC-21; (C) Mott-Schottky plots
of g-C3Ng; (D) Proposed mechanism for photogenerated electron transfer by BUC-21/g-C3Na heterojunction; (E)
Photocatalytic reduction of Cr(VI) by different samples. Adapted with permission from ref. 2°,  © 2018 John
Wiley & Sons, Ltd.
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For example, Wang’s group reported the facile fabrication of Type-I heterojunction between a
novel Zn-MOFs (BUC-21) and g-C3Na4 through ball-milling. The as-prepared BUC-21/g-C3N4
composite displayed enhanced photocatalytic performance for Cr(VI) reduction. The radius of EIS
Nyquist plot for BUC-21/g-C3N4 composite was smaller than either BUC-21 or g-CsNa4 (Fig. 30A),
indicating lowest electron transfer impedance. Thus, for the reduction of Cr(VI) under simulated
sunlight, BUC-21/g-C3sN4 composites with different loading percentage of g-CsNa displayed
significantly enhanced performance (Fig. 30E). After 120 min light irradiation, only 13% and 18%
Cr(VI) can be reduced by single BUC-21 and g-CsN4, respectively. Whereas, 100% reduction
efficiency can be achieved by BUC-21/g-C3N4 (B100G100) composite with 50 wt% g-CsNa. In order
to further confirm the formation of heterojunction, a mixture of BUC-21 and g-CsN4 with the same
content as optimized BUC-21/g-C3sN4 were also tested for Cr(VI) reduction. The value was ca. 52%,
which was far less than the composite. For better understanding the interfacial charge transfer
mechanism, the band positions of pristine BUC-21 and g-C3Ns were estimated from typical
Mott-Schottky measurements. As illustrated in Fig. 30B-C, the flat band potentials were ca —1.24 V
and —1.10 V (vs Ag/AgCl) for BUC-21 and g-C3Na4, corresponding to —1.04 V and —0.90 V (vs NHE),
respectively. Besides, the positive slope of Mott-Schottky plot indicated n-type semiconductor.
Therefore, the VB position can be calculated from the equation: Eq = Eve-Ecs. As shown in Fig. 30D,
a Type-I heterojunction can be deduced from BUC-21/g-C3N4 composite. In addition to UV active
BUC-21, Type-l heterojunctions can also be achieved when visible light-active Fe-MOFs were
coupled with g-C3N4.2242%6.228 For example, MIL-100(Fe) with tricarboxylate linker was reported to
be very stable with relatively high BET surface area (> 1000 m?%g).> The LUMO and HOMO
positions of MIL-100(Fe) were estimated to be -0.24 V and 1.73 V (vs Ag/AgCl) at pH 7,
respectively.??® The corresponding CB and VB values were -0.92 V and 1.96 V (vs Ag/AgCl) for
g-C3Ns nanosheets. The MIL-100(Fe)/g-CaN4 composite with Type | heterojunction exhibited
enhanced activity for RhB degradation. After 240 min visible light irradiation, the degradation
efficiency increased from 68% on pristine MIL-100(Fe) to 100% on MIL-100(Fe)/g-C3Na.
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Fig. 31. (A) Schematic diagram of the band structure and charge transfer between MIL-101(Fe) and g-CsN4; (B)
Visible light-induced photocatalytic degradation of BPA under different conditions; (C) ESR spectra of Fe®* in
MIL-101(Fe) under different conditions; ESR signals of (D) DMPO-HO-+ and (E) DMPO-O.+ in different
photocatalytic systems. (D) Reuse stability of g-CsN4/MIL-101(Fe) for BPA degradation; (E) Proposed
photocatalytic mechanism of g-C3sN4/MIL-101(Fe) heterojunction. Adapted with permission from Ref. 22, @ 2018

The Royal Society of Chemistry.

In addition to Type-l heterojunction, UV-active UiO-66(Zr)%t 232, MIL-125(Ti)%4 25 and
visible light-active Fe-MOFs?2L: 224227, 229 \yere also reported to form Type Il heterojunctions with
g-CsN4. For example, g-C3aN4/MIL-101(Fe) composite were fabricated for degradation of bisphenol
A (BPA) with persulfate (PS) under visible light. Combined with the results in Mott—Schottky plots
(measuring flat band potential) and UV-Vis DRS spectra (measuring band gap Eg), the CB and VB
positions of g-CaN4 were estimated to be -1.1 VV and 1.7 V (vs SCE), respectively. The corresponding
LUMO and HOMO values were -0.7 V and 1.9 V (vs SCE) for MIL-101(Fe), respectively. As shown
in Fig. 31A, under visible light irradiation, the photogenerated electrons (e”) will transfer from the
CB of g-C3Na4 to the LUMO of MIL-101(Fe). Meanwhile, holes (h*) will transfer from the HOMO of
MIL-101(Fe) to VB of g-CsNa4. In this way, efficient separation of photogenerated charges can be

achieved. Thus, for the visible light-induced degradation of BPA, the g-C3N4/MIL-101(Fe)
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composite displayed dramatically enhanced performance relative to single MIL-101(Fe) and g-C3sNa4
(Fig. 31B). The electron transfer process as well as reactive centers were further investigated by ESR
analysis. As shown in Fig. 31C, obvious ESR signal can be observed under dark condition in
MIL-101(Fe), which was ascribed to Fe*"in FeOg. Subsequently, this signal can be totally quenched
under visible light irradiation, indicating the disappearance of Fe3*. Due to the presence of extensive
Fe—O clusters, which can be directly excited by visible light, the charge transfer from 0% to Fe3* will
lead to reduction of Fe* to Fe?*. Interestingly, after the addition of PS, the ESR signal of Fe®*can be
regenerated, which may be originated from the oxidation of Fe?* to Fe*" by PS. Thus, it can be
deduced that the active sites for PS activation were metal centers (Fe) in the network of MIL-101(Fe).
Besides, stronger signals of DMPO-HOs and DMPO-Oz+ were also observed in
g-C3N4/MIL-101(Fe) composite relative to single ones. The oxidation of H:O/HO— by SOgs¢~ led to
the production of HOe. Thus, all the active species together boosted the degradation of BPA.

Direct Z-scheme heterojunction was also reported in the fabrication of MIL-88A(Fe)/g-CaN4
composite.?”® The introducing of MIL-88A(Fe) can significantly promoted the separation of
photogenerated charges. For example, lower PL intensity, higher photocurrent response and lower
charge transfer resistance were observed on MIL-88A(Fe)/g-CsN4 relative to single components.
Therefore, for the photocatalytic degradation of colorful RhB dye and colorless organic pollutants
(phenol and tetracycline), the binary composite exhibited excellent performance. Under visible light
irradiation, the estimated rate constant for RhB was ca. 0.16 min, which was ca. 253 and 5 times

that on MIL-88A and g-CsNg, respectively.

3.8 MOFs/COFs coupling

During the past decades, great progress has been achieved in the modification of MOFs. Among
the various modification strategies, coupling MOFs with another MOFs may possess the merits of
individual MOFs and bring in new properties. For example, MOFs—MOFs hybrid materials with
core—shell, 238240 Janus?4! 242 and hierarchical structures®*® 2** have been fabricated and applied in
many fields, such as catalysis,®*® gas detection®® and chemical/biological sensing.?*” Since
photoactive MOFs possess semiconductor-like behavior, the coupling of different MOFs with

matched HOMO-LUMO positions may also lead to formation of heterojunctions, which
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subsequently promoted the separation of photogenerated charges as well as photocatalytic

performance.?*32°2 For example, hierarchical MIL-101(Cr)@NH2-MIL-125(Ti) hybrid were
developed via internal extended growth method, which displayed enhanced performance for Cr(V1)
reduction under visible light.?*® PCN-222/MOF-545 with porphyrin functionality, high porosity and
exceptional stability were prepared and applied for the selective degradation of mustard-gas simulant
(2-chloroethyl ethyl sulfide) to nontoxic 2-chloroethyl ethyl sulfoxide.®! As for Fe-MOFs with
strong visible light absorption, MIL-100(Fe)/MIL-53(Fe) composite with Type Il heterojunction
were fabricated via electrostatic interaction with each other. For the photocatalyic degradation of
Microcystin-LR (MC-LR), the hybrid material displayed enhanced activity than single MIL-53(Fe)
and MIL-100(Fe) (Fig. 32A).2°2 More importantly, the leaching of Fe®* was significantly suppressed
in hybrid MOFs (Fig. 32B). The reason may be ascribed to electrostatic attracting effect between the
two kinds of Fe-MOFs, since the surface of MIL-101 and MIL-53 was negatively and positively
charged (at pH 6), respectively. Considering the matched LUMO and HOMO positions, more
efficient charge separation can be anticipated (Fig. 32C). Thus, the complete degradation of MC-LR

(4.5 mg/L) can be achieved at very low dosage (0.02 g/L) of MIL-100/MIL-53 (Fe).

MC-LR degradation
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Fig. 32. (A) Photocatalytic degradation of MC-LR by different samples under visible light; (B) Comparison of

Fe(111) ion leaching from MIL-53 (Fe), MIL-100(Fe) and MIL-100(Fe)/MIL-53(Fe), Inset: the photo of the aqueous
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solution during the photocatalytic process; (B) Proposed mechanism for charge separation and MC-LR degradation

by optimized MIL-100(Fe)/MIL-53(Fe) under visible light. Adapted with permission from ref. 253, © 2019 Elsevier.

Similar to MOFs, metal-free covalent organic frameworks (COFs) are another kind of porous
crystalline materials, which have recently attracted increasing attention in photocatalysis.?>42%
Moreover, the MOF-COF hybrid photocatalysts have also been developed.?®” 2 For example,
core-shell NH>-MIL-68(In)@TPA-COF with high crystallinity and hierarchical porosity was
fabricated according to the procedure depicted in Fig. 33A.%" The growth of sheet-like TPA-COF on
the surface of rod-like NH>-MIL-68(In) can be obviously observed (Fig. 33B). Besides, the
incorporation of TPA-COF were further verified by XRD (Fig. 33C) and FT-IR analysis. Since
TPA-COF (2.32 eV) has narrower band gap than NH>-MIL-68(In) (2.82 eV), the MOFs-COF
hybridation led to even smaller band gap (Fig. 33D), corresponding to more efficient utilization of
visible light. Besides, due to the introduction of TPA-COF (1136 m?/g), the BET surface area
increased from 451 m?/g for NH2-MIL-68(In) to 539 m?/g for the hybrid material. Thus, for the
photocatalytic degradation of RhB, the NH>-MIL-68(In)@TPA-COF hybrid displayed enhanced

activity.
o i e =~ s s :
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Fig. 33. (A) Schematic illustrations for the fabrication of NH2-MIL-68(In)@TPA-COF; (B) SEM images of (a)
NH2-MIL-68(In) and (b) NH>-MIL-68(InN)@TPA-COF; (C) XRD patterns and (D) UV-Vis-DRS of different

samples. Adapted with permission from ref. 27, © 2017 WILEY-VCH.

Recently, a series of covalently integrated MOF/COF composites with direct Z-scheme
heterojunctions  were also  synthesized via facial one-pot procedure, such as
NH2-MIL-125(Ti)/TTB-TTA, NH2-MIL-53(Al)/TTB-TTA and NH2-UiO-66(Zr)/TTB-TTA.2® Due
to well-matched HOMO-LUMO positions and promoted separation of charge carriers across
heterojunction interface, significantly enhanced performance can be observed for the photocatalytic
degradation of phenol and MO. Besides, the NH>-MIL-125(Ti)/TTB-TTA composite with highest
activity became extremely stable after the incorporation of TTB-TTA COF. Thus, the hybridation of
MOFs with metal free COFs will be very attractive due to the formation of heterojunction, retention

of high surface area and structural stability.

3.9 Hybrid modification strategies

As described above, many single strategies have been reported to modify MOFs for enhanced
photocatalytic performance. Each strategy has its own merits and limitations. For better utilization of
the merits, proper combination of different strategies may lead to synergistic effect.

As listed in Table 7, many hybrid modification strategies were established and displayed further
enhanced photocatalytic performance relative to single strategy. For example, MOFs can be
co-modified using MNPs and photoactive semiconductors, MNPs and conducting carbon materials,
conducting carbon materials and photoactive semiconductors, and etc. Besides, different photoactive
semiconductors were also coupled with MOFs constructing multi-heterojunctions for more efficient

charge separation.
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Table 7 Hybrid modification strategies for photocatalytic removal of environmental pollutants under visible light.

Composites 3Sger  Pollutant  Cpoiutant  Ceatalyst  TIME  °Hcomposie  REF.
(m?/g) (mg/L) (g/L)  (min) (%)
Co-modification of MOFs using MNPs and photoactive semiconductors
Ag/AgCI@QZIF-8 367 ACT 1.0 0.5 90 99 259
Ag/AgCIl/ZIF-8 576 RhB 10 1.0 60 98 260
Ag@AgCI/Ag nanofilm/ZIF-8 23 MB 10 1.0 12 96 261
Pt/ZIF-8/TiO2-NTs 1100  phenol 52 NA 120 19 262
Ag/AgCI@MIL-53(Fe) NA RhB 10 0.4 45 100 263
Cr(V1) 10 0.4 240 100
MIL-53(Fe)/Ag/g-CsNsa; NA CLQ 10 0.2 100 95 264
Ag/AgCI@MIL-88A(Fe) 173 IBP 10 0.4 210 100 265
Ag/AgCI@MIL-101(Cr) 2016 RhB 20 1.0 18 96 266
MIL-125(Ti)/Ag/g-C3N. 101 NB 2050 0.83 240 43¢ 267
Ui0-66(Zr)/g-CsN4/Ag 705 RhB 20 0.4 180 93 268
2,4-D 20 0.4 180 84
Ag2CrO4/Ag/AgCI-HKUST-19 NA AB 3 0.1 155 98 269
oG 3 0.1 155 90
Ag/AgsPO4/HKUST-1 602 PBS 55.6 1.0 80 89 210
AgsPO4/AgBr/Ag-HKUST-19 NA MB 15 0.4 75 92 21
ER 15 0.4 75 90
A-O 15 0.4 75 90
Co-modification of MOFs using MNPs and conducting carbon materials
Ag/GO/MIL-125(Ti) 730 RhB 50 0.4 50 95 272
Pd/GO/MIL-101(Cr) NA  BC 25 025 15 100 273
AF 25 0.25 15 100

Co-modification of MOFs using conducting carbon materials and photoactive semiconductors

BiOBr/GO/MOF-5 185
SnO.@Ui0-66(Zr)/rGO 437

RhB
RhB

Co-modification of MOFs using two different strategies

MIL-100(Fe)@Fe304/CA 390
Fe—C oxides/MIL-101(Cr) 1116
TiO @Salicylaldehyde-NH>-MIL-101(Cr) 853
H,TCPPc(I")Meim-UiO-66 502
4-PySH@TiO2/PCN-222(Zn) 1401

TC
X-3B°¢
MB¢
Cr(vI)
RhB¢
2,4-DNP°

NA
50

10
100
30
100

50
20

NA
0.5

0.2
0.1
0.125
0.25

0.048
0.048

120
150

180
120
60
30

270
270

92
96

85
100¢
86
100

98
68

274

275

276

277

278

279

280
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Co-modification of MOFs using different photoactive semiconductors

BiOI@MIL-88A(Fe)@g-CsN4 70 AB92 10 0.1 180 88 281
RhB 10 0.1 180 75
Phenol 10 0.1 180 70
Ag:PO4/BiPOs@MIL-88B(Fe)@g-CsNs NA  AB92 10 0.1 60 85 282
AgsPO4/MIL-101(Cr)/NiFe,04 313 RhB 10 0.2 30 95 263
CdS/g-C3N4/MIL-125(Ti) 238 RhB NA NA 60 94 284
CdS/NH-MIL-125@TiO 968 NO NA 4.0 5 49 &
N-KTi400/g-CsN4/UiO-66(Zr) 288 RhB 10 0.2 180  68¢ 285
Cdo.5ZnosS@Ui0-66(Zr)@g-CsNa4 147 MO 20 0.2 120 82 288
BiOI@NH.-UiO-66(Zr)@g-C3Ns 123 RhB 20 0.2 80 95 287
TC 20 0.2 180 79
BiPO4/Bi2Ss-HKUST-1 670 TB 25 025 65 99 268
AO 25 025 65 98
Ag3PO4/Bi,S;-HKUST-1" NA B 25 0.25 25 98 289
VS 25 025 25 99

NA: no experimental data available; rGO: reduced graphene oxide; GO: graphene oxide; CA: carbon aerogel; 2 Sget surface area were
presented in integer numbers; ® Removal efficiencies (i) for pollutants were received or estimated from the figures in reference and
presented in integer numbers; ¢ Addition of H202; ¢ UV-Vis light or sunlight; ¢ under N2 atmosphere with methanol as h* scavenger;
under the assistance of sonication; ¢ measured in continuous flow photocatalytic rotating packed bed for the degradation of dye

mixtures.
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Fig. 34. (A) (@) SEM; (b) TEM; (c) and (d) HRTEM images of Ag/AgCI@MIL-88A(Fe); (B) XRD patterns of
different samples; (C) Proposed mechanism for photocatalytic degradation of IBP by Ag/AgCI@MIL-88A(Fe)
under visible light irradiation; (D) Proposed degradation pathway of IBP. Adapted with permission from ref. 2%, ©

2018 Elsevier B.V.

Among the reported hybrid modification strategies, co-modification of MOFs using MNPs and
photoactive semiconductors were frequently reported. Especially, plasmonic Ag nanoparticles were
competitive in comparison with other noble metals (such as Au, Pt and Pd) due to lower price. Till
now, various kinds of MOFs (such as ZIF-8, MIL-Fe, MIL-Ti and HKUST) have been co-modified
using Ag nanoparticles and semiconductors for environmental photocatalysis. For example,
plasmonic ~ Ag/AgCl and  spindle-shaped  MIL-88A(Fe) were integrated forming
Ag/AgQCI@MIL-88A(Fe) (denoted as ACMA) ternary composite via one-pot solvothermal
method.?®> As shown in Fig. 34A, Ag/AgCl nanoparticles were uniformed anchored on the surface of
spindle-shaped MIL-88A(Fe) micro rods. The presence of metallic Ag were further verified by XRD
analysis (Fig. 34B) and XPS investigation. The flat-band potential of ACMA was estimated to be
-0.75 V via Mott-Schottky plot measurement.?®® Thus, the electron transfer from the CB of ACMA to
O, forming reactive Oz (0.13 eV) was thermodynamically feasible. For the photocatalytic

degradation of ibuprofen (IBP), Ag/AgCI@MIL-88A(Fe) composite exhibited significantly enhanced
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performance relative to Ag/AgCl and MIL-88A(Fe). The ternary composite was optimized with
Fe:Ag molar ratio of 2:1 in the initial preparing procedure. Furthermore, trapping experiments were
carried out to investigate possible active species involved in the degradation of IBP by optimal
ACMA-2. The addition of O.¢~ (benzoquinone), h* (EDTA-2Na) and e~ (AgNOs) scavengers all
inhibited the degradation dynamics, while HO+ scavenger (IPA) had negligible influence. Thus, it
can be deduced that O+, h* and e~ play dominant roles for IPA degradation.?®* The production of
HO* (Eno_mo. = 2.38 V vs NHE)*® 20 was thermodynamically infeasible due to weak oxidative
ability (Fig. 34C). The degradation products were further detected. As depicted in Fig. 34D, due to
the combined effect of O,e", h* and e, the degradation of IBP started from decarboxylation
(by-product 1 and 4) and direct loss of functional groups (by-product 2, 3 and 5). The subsequent
ring opening process led to the formation of HCOOH and CH3COOH, which finally were

mineralized into CO» and H»0.

., UV-light Dryini b
irradiation Im 60°C '

RhB

Fig. 35. (A) Schematic processes for the preparing of Ag/rGO/MIL-125(Ti); (B) TEM image of MIL-125(Ti); (C)
HRTEM image (insert: TEM image) of Ag/rGO/MIL-125(Ti); (D) Proposed mechanism for photocatalytic
degradation of RhB by Ag/rGO/MIL-125(Ti) ternary composite. Adapted with permission from ref. 272, © 2016

John Wiley.

The merits of MNPs and conducting carbon materials can also be combined via co-modification.
For example, MIL-125(Ti) was modified with both Ag nanoparticles and rGO. As shown in Fig.
35A-C, bipyramid-like MIL-125(Ti) was enwrapped with rGO and Ag nanoparticles via one-pot

self-assembly and photoreduction method. The BET surface area slightly decreased from 755 m?/g
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for pristine MIL-125(Ti) to 730 m?/g for Ag/rGO/MIL-125(Ti) with negligible influence on average
pore diameter (2.2 nm vs 2.3 nm), indicating the maintenance of microporous structure. Besides, the
presence of Ag nanoparticles and rGO can promote the separation of photogenerated charges, which
was elucidated by PL spectra. Thus, under visible light irradiation, Ag can be excited to generate
e—h" pairs due to plasmonic effect (Fig. 35D). Due to the presence of rGO, the electrons can be more
easily transferred to Ti* metal center in MIL-125(Ti). The reduced intermediate Ti* will be
re-oxidized by O, generating reactive Oz+~. rGO can also facilitate the interfacial electron transfer
from Ag plasma to O2. Meanwhile, HO* can be generated by capturing h*. Thus, due to the formation
of the above active species, the photocatalytic performance for RhB degradation was accelerated on
co-modified MIL-125(Ti) relative to single strategy modified MOFs. The rate constant was in the
order of Ag/MIL-125(Ti) (0.052 min™t) < rGO/MIL-125(Ti) (0.0595 min™t) < Ag/rGO/MIL-125(Ti)
(0.0644 min™).
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Fig. 36. (A) Schematic processes for the preparing of H,TCPPc(I")Meim-UiO-66; (B) UV-vis-DRS of different
samples; (C) ESR analyses of H,TCPPc(I")Meim-UiO-66 with Mn as internal standard; (D) Time-resolved PL
spectra of H,TCPPc(I")Meim-UiO-66 suspensions with and without the presence of Cr,O? at emission of 650 nm
(Aex=400 nm).; (E) Photocatalytic reduction of Cr(VI) by different samples under visible light irradiation. Adapted

with permission from ref. 27°, © 2019 Elsevier B.V.
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Generally, the starting point of most hybrid modification strategies is focused on the formation,
separation and transfer of charge carriers, which finally led to enhanced performance for removal of
pollutants. Whereas, the design of proper modification strategy according to the characteristics of
target pollutants, may be a more promising way. For example, for efficient reduction of Cr(VI) (in
the form of anionic Cr,O;* at neutral pH), visible light-harvesting unit (porphyrin) and Cr(\V1)
adsorption site (CH3") were simultaneous integrated into single MOFs (UiO-66). As illustrated in Fig.
36A, H>TCPPc(I")Meim-UiO-66 (I as mobile counter anion) was fabricated via sequential
mixed-ligand and ionization routes. The incorporation of HoTCPP ligand with porphyrin unit could
extend the absorption of UiO-66 from UV to visible region (Fig. 36B). Meanwhile, the cationic struts
could lead to enhanced adsorption of anionic Cr.07%. Besides, the generation, separation and transfer
of charge carriers in UiO-66 were also promoted after co-modification. Furthermore, the electrons
transfer from excited porphyrin to Zr** centers can be confirmed from the greatly enhanced ESR
signals (g = 2.003) under visible light (Fig. 36C). Time-resolved PL spectra was also applied to track
the photoexcited carrier in H.TCPPc(I")Meim-UiO-66 (Fig. 36D). After in-situ addition of Cr(V1),
the long time constant (12) totally disappeared, indicating fast transfer of electrons from H>TCPP to
Cr(VI). Thus, due to the above synergistic effect, the photocatalytic reduction of Cr(VI) was
significantly boosted (Fig. 36E). After 30 min visible light irradiation, 100 mg/L Cr(VI) can be
completely removed via adsorption and photoreduction by 0.25 g/L HoTCPPc(I")Meim-UiO-66.
Herein, the concentration of Cr(VI) was far higher than mostly studies (10 mg/L). In other words, the
rate for Cr(V1) reduction in the present system was 13.3 mgcrvi)/deatalyst/min, which was far higher
than previous reported MOFs-based systems. For example, the value was 0.2 mgcr(vi)/Qcatayst/min for
NH2-UiO-66(Zr) and 1.6 mgcrviy/geatayst/min NH2-MIL-125(Ti), respectively. Thus, for the removal

of environmental pollutants, targeted modification strategies deserves intensive study.
3.10 Carrier loading and magnetic recovery

In addition to high reactivity, good recyclability also played important role for further
large-scale industrial applications. Since most pristine MOFs are highly dispersive in water and
difficult to be separated, it is therefore desirable to enhance the recyclability. Typically,
immobilization on inert carrier or introducing magnetic component were proved to be two promising

approaches. As listed in Table 8, Resin and SBA-15 were applied as supports to immobilize MOFs
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with enhanced stability and photocatalytic performance.

Table 8. MOFs-based composites with easy recyclability for photocatalytic removal of environmental pollutants.

3SgeT o
Crollutant  Ceatalyst  Time bi] Variation
Composite Variation Pollutant Ref.
(mg/L) (g/L)  (min) (%)
(m?/g)
Immobilization on inert carriers
Resin/MIL-53 (Fe) NA SRB 3.3° 017 120 2496 292
A@FeBTCH NA RhB 35 0.4 60 69—99 293
MG 10 025 80 NA—99
HKUST-1/SBA-15 197—532 0
SO 15 025 80 NA—88
Combined with magnetic component
Fes04@ZIF-67 301 CR 7 0.5 30 NA—95 294
FesO4/MIL-53(Fe) NA RhB® 10 0.4 70 9999 295
y-Fe,03/MIL-53(Fe)  1835—60 MB 10 0.4 240 8772 296
Fe30,@MIL-100(Fe) 1766—1245 DCF® 60 0.1 120 100—91 297
Fes04@MIL-100(Fe) 1646—213  MBE® 50 0.1 120 68—99 298
MIL-100(Fe)@Fe304
725—390 TC 10 0.2 180 4285 276

ICA
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NA: no experimental data available; ® Sger variation indicates the surface area of MOFs before and after forming

composite; ® Removal efficiencies (i) for pollutants were used received or estimated from the figures in reference

and presented in integer numbers, # variation indicated the performance of MOFs before and after forming

composite; °mM; ¢ Amberlite IRA-200 resin; ¢ Addition of H,O2; fCA: carbon aerogel.

For example, Huang’s group investigated the immobilization of MIL-53(Fe) with anionic resin

(Amberlite IRA 200) and cationic resin (Amberlite IRA 900), respectively. The resulting

AMIL-53(Fe) and DMIL-53(Fe) behaved negligible changes in UV-Vis DRS spectra and Flat band

potential measurements, indicating that the optical properties and electronic properties were not

influenced after immobilization. Decreased charge transfer resistance can be deduced from EIS

Nyquist plot with smaller radius of curvature. The different charge characteristic of AMIL-53(Fe)
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and DMIL-53(Fe) led to prior adsorption and degradation of RhB and SRB, respectively. Especially,
dramatic difference can be observed in the stability of MIL-53. As shown in Fig. 37, the leaching of
Fe(I11) ion from MIL-53 can be significantly inhibited on AMIL-53(Fe). The reason may be ascribed
to the chelation effect between -SOs™ group of Amberlite IRA200 and Fe(ll). Accordingly, for the
degradation of RhB, AMIL-53 exhibited highest stability after 5 cyclic runs.

(A) Fe(III) leaching (B) Cyclic stability
06 100 | ®MIL-53(Fe) © DMIL-53(Fe) ® AMIL-53(Fe)
NS
r MIL-53(Fe)y .~ <
o w80 1
g4l T =
S | P +DMIL-53(Fe) | & “
8 s "5
i A AMIL-53(Fe) g .
/ v R e . m
00l & I
0 2 T 0= - - —
1st 2nd 3rd 4th 5th

Time (h)

Fig. 37. (A) Comparison of Fe(lll) ion leaching from MIL-53 (Fe), DMIL-53(Fe) and AMIL-53(Fe) in water under
visible light irradiation; (B) Comparison of cyclic stability for RhB degradation over recycled MIL-53(Fe),

DMIL-53(Fe) and AMIL-53(Fe). Adapted with permission from ref. 2°2, © 2017 Elsevier.

As for preparing magnetically recyclable MOFs, FesOs nanoparticles with good magnetic
properties and low toxicity were frequently applied to form composite with MOFs. However, due to
easy photo-dissolution of FesOs, MOFs were designed as shell with FezO4 as core. The as-prepared
core-shell structure displayed good stability and recyclability. For example, Zhao’s group reported
the fabricating of core-shell FesOs@MIL-100(Fe) microspheres (Fig. 38A-C).2® Among the
as-prepared FesOs@MIL-100(Fe) samples, the one with 20 cycles exhibited highest photocatalytic
performance for MB degradation in the presence of H>O> under visible light. Moreover, the
performance of magnetic FezOs@MIL-100(Fe) can be well maintained after four cyclic runs with
negligible change in crystalline structure (Fig. 38D-E). Besides, Fe(lll) ion leaching can be greatly
inhibited after covering a MOF shell, and thicker shell is more beneficial (Fig. 38F). For example,
the value for Fe(lll) ion leaching decreased from 1.96 ppm on pristine MIL-100(Fe) to 0.41 ppm on
Fe30s@MIL-100(Fe) prepared with 40 cycles. Mechanism study further indicated that the

photogenerated h™ in the MOF shell can access the FesOa4 core, leading to efficient separation of
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e—h" pairs. The separated e can react with H>O, forming active HO* radicals, which finally lead to
degradation of MB dye (Fig. 38G).
Fe(III) leaching

~ {10 cycles EEM40 cycles
1 20 cycles EEEMIL g0 (Fe)

Time (h)
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" b -OH
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Fig. 38. The TEM (A-B) and SEM (C) images of used Fes0,@MIL-100 with 20 assembly cycles, which had been
reacted with H2O for 180 min at pH 3.00; (D) Comparison of XRD patterns between fresh MIL-100(Fe) and used
MIL-100(Fe); (E) Cyclic degradation of MB using FesOs@MIL-100 with 20 assembly cycles; (F) Comparison of
Fe(lll) ion leaching in water from different Fes0.@MIL-100(Fe) samples; (F) Proposed mechanism for MB

degradation. Adapted with permission from ref. 28, © 2015 Wiley-VCH.

4. Conclusions and Outlook

In this review, we summarize and illustrate recent progress in MOF-based photocatalysis for
environmental remediation. The unparalleled versatility of MOFs allows many strategies to modify
and regulate pristine MOFs for enhanced photocatalytic performance under visible light. However,
MOF-based environmental photocatalysis is currently in the stage of infancy, which needs to be
further developed as amiable and stable technology for low cost practical applications in the future.
In general, intensive research work should be carried out to overcome the following challenges and
obstacles:

(1) Most photo-active MOFs are still at the stage of lab-scale, which cannot be fabricated by
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one-time high-throughput synthesis. Besides, some preparing methods are complicate and difficult to
control. The development of more facile synthetic routes, especially one-step approach under mild
conditions, will be highly desirable for future large-scale applications.

(2) Although there are many reports on water-resistant MOFs, such as UiO-66, MIL-125,
MIL-101 and ZIF series, the stability under harsh conditions (strong acidic and alkaline pH) still
need to be improved. Besides, according to metal-ligand bond strengths and the HSAB (hard/soft
acid/base) principle,® the selection of high-valent metal ions (such as Mo®*, W®*, and etc.) as metal
centers may arose great interest for fabricating novel stable MOFs.

(3) As for MNPs/MOFs composites, most of the loaded metal nanoparticles were precious
metals (such as Pd, Pt, Au, and Ag). More researches on non-precious metals (such as Cu and Bi)
deserve exploring.

(4) In addition to immobilization on inert carrier and introducing magnetic component, the
fabrication of MOFs films is another attractive way for the recycling of MOFs. However, the
utilization of MOFs films for environmental photocatalysis was very limited. Especially, the
fabricating of MOFs films on conductive substrate, need to be further developed for
photoelectrocatalytic degradation of organic pollutants and reduction of heavy metal ions.

(5) Up to now, multi-functional applications of MOFs were limited. There are only sporadic
reports on simultaneous photocatalytic oxidation of dyes and reduction of Cr(VI) or H* (H:
production)*” 135 150.2% ‘More efficient multi-functional MOFs are required for the simultaneous and
synergistic removal of environmental pollutants and production of energy or valuable products in
one system.

(6) For better regulation of MOFs photocatalysis, more efforts are needed to intensively explore
the degradation processes. For example, the toxicity of degradation intermediates should be
evaluated due to incomplete mineralization of organic pollutants under most circumstances.

(7) In addition to the detection of active species (such as HOe, Oz and h*) during
photocatalysis, more details associated with photocatalytic mechanism need in-depth investigation.
For example, the adsorption sites of contaminants on the surface/in the channel of MOFs, interfacial
electron transfer mechanism as well as the rate limiting step should be identified. Based on these, the
design of appropriate modification strategies will be more scientific and effective.

(8) Finally, there is still urgent need to develop novel robust MOFs with excellent light
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harvesting property, high stability and easy recyclability through the engineering of metallic nodes
and organic linkers.

In summary, although there are still many challenges to be solved, in the past two decades of
development, researchers from all over the world have made great progress for MOFs materials from
structural design, controllable modification to functional applications. We believe that with the joint
efforts of researchers in many fields, the prospects of MOFs for environmental photocatalysis will be

definitely bright.
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