REVIEW

SChinese Journal of
tructural Chemistry
A Review on Crystalline Porous MOFs Materials in Photocatalytic
Transformations of Organic Compounds in Recent Three Years

Hao Zhang", Ru Sun'f, Da-Cheng Li* and Jian-Min Dou*

1Shandong Provincial Key Laboratory of Chemical Energy Storage and Novel Cell Technology, School of Chemistry and Chemical Engineering,
Liaocheng University, Liaocheng, Shandong 252059, China

ABSTRACT Metal-organic frameworks (MOFs) have always been the focus of chemists due to their

diverse structures, adjustable pore size and high stability since they came into being. In recent years, iyt

as one of the most significant applications of MOFs porous materials, photocatalytic organic com- i~°°c:~°

pounds transformation has made full-grown progress both in the preparation of the catalysts them- ;§°° ‘v\e‘es -

selves and in the scope of specific applications. Herein, we summarize the research progress of Q@‘ ;g% Synthesis

MOFs catalysts for photocatalytic transformations of organic compounds in recent three years. Some E§ l

outstanding works on the preparation and synthesis strategies of photocatalysts are introduced firstly, § % g MOFs 55

including internal optimization and modification of MOFs, POM@MOF composite and core-shell 9"0% s\f

MOF@COF hybrids. The second part is about the application of diverse types of organic reactions, :é “ounds ¥

including dual-function organic reactions, catalytic oxidation reactions, comprehensive utilization of '%Qj%’%qmp@pogw‘&
2 =

CO, and degradation of organic pollutants. Besides, the development opportunities and some prob-

lems to be solved in this field are proposed.
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n INTRODUNTION

Photocatalysis is considered as one of the most ideal ways to
store and utilize solar energy, so it has attracted extensive atten-
tion from all over the world.!4l Compared with the traditional
thermal catalysis, the photocatalytic transformation of organic
compounds has the advantages of mild conditions, friendly en-
vironment, high product yield and selectivity, so as to show a
unique charm.571 Especially, in the synthesis and conversion of
small molecular organics, a large number of scientific articles and
literature reports have confirmed the hot spot.B15 With the
in-depth study of the basic theory of photophysics and photo-
chemistry, many kinds of catalytic materials with good photocor-
responding have emerged, including metal sulphides, '8 metal
oxides, %21 metal nitrides??? and some metal-free catalysts.
Nevertheless, these classical semiconductor materials have
encountered great difficulties in practical application, despite their
advantages of low toxicity, low cost and high stability. As far as
TiO, is concerned, it is known as the photocatalyst with the most
potential for commercialization. However, TiO, can only absorb
ultraviolet light and be excited, which is obviously not satisfactory
for the full utilization of solar energy. Alternatively, CdS with high
utilization efficiency of visible light is limited by large-scale prac-
tical application due to its serious photocorrosion. Although the
emerging C3N4 material can overcome almost all of the above-
mentioned shortcomings, the low quantum yield still makes fur-
ther researches challenging.

Over the 3 decades, MOFs have attracted much attention
because of the structural variability and adjustability, as well as
their potential applications in gas storage and separation,26-3°
fluorescence sensing, -3 photocatalysis®*-3? and electrocataly-
sis.*-41 The infinite variability of MOFs structure is mainly
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caused by the combination diversity of ligands and metal ions,
and the ligands and metal ions play different roles in the reaction
process, which makes it the most common method to regulate
the optical properties of MOFs by reasonably adjusting internal
structure. In addition, MOFs have extremely high specific surface
area, ultrahigh porosity and open channels, which allow more
catalytic active sites to be exposed and bind to substrate mole-
cules more easily. Although most MOFs have stable frames, they
have weak light absorption on their own especially in the visible
and near infrared regions. Hence, the organic integration of
photosensizers or catalysts and MOFs can not only play the
advantages of stable structures of MOFs, but also vastly improve
the utilization rate of catalysts fixed at the specific position on the
MOFs skeleton. Until now, due to the variable size of the pores in
disparate MOFs, the intricate bond relationships between the
MOFs and other loaded materials, and diverse mechanisms of
various catalytic reactions, the construction of visible-light-
responsive MOFs-based mutilcomponent materials with excel-
lent catalytic activity and stability for organic conversion remains
challenging and strategic. Alternatively, due to the high cost of
ligands themselves and the complicated synthesis process, the
progress from laboratory to industrial application is greatly hin-
dered. Finding cheaper ligands with high versatility and mild
synthesis methods is significant factors for further application of
MOFs materials.

In this review, we summarize the progress of MOFs catalysts
in the field of photocatalytic organic synthesis in the past three
years, including some innovative and novel synthetic strategies
of MOFs and their derivatives, breakthroughs in organic reaction
types and prospects for the further development of similar mate-
rials. We hope that this review can help readers to have a deeper
understanding of MOFs-based materials in photocatalytic or-
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ganic synthesis, so as to guide and promote further relevant
researches.

n SYNTHETIC STRATEGIES OF MOFs MATERI-
ALS

Internal Optimization and Modification of MOFs

Confinement Effects. In addition to being shape-selective for
reactants/products, the confinement effects can also regulate the
surface electron distribution of active substances in porous en-
vironments, thereby affecting the catalytic activity, selectivity and
stability in turn.[45-4

In an example on MOF-based oxidative transformations, Jiang
et al. assembled Ir'"" photocatalyst and Pd" catalyst respectively
at spatially proximate positions on MOF, and obtained Pd/photo-
redox catalysts UiO-67-Ir-PdX, (X = OAc, TFA).5% This new
strategy addressed the reoxidation problem of Pd with low va-
lence. As shown in Figure 1la, the Pd and Ir catalysts at the
monatomic site were stabilized by the framework of MOFs and
were spatially adjacent to each other, which provided preemptive
conditions for fast electron transfer. The turnover performance of
the as-prepared bimetallic catalysts in decarboxylative coupling
reactions was 25 times higher than that of the existing Pd catal-
ysis systems. In terms of mechanism investigations, the single-
site Pd in MOF could effectively inhibit the agglomeration of Pd°,
and then promoted the reoxidation of Pd-catalyzed reactions
(Figure 1b).

Linker Installation. Precise placement of multiple functional
groups in a highly ordered MOF platform enables customizing

the pore environment, which is required for advanced applications.

Through the linker installation, systematic variation of the pore
volume and decoration of pore environment are realized, thus
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Figure 1. (a) The synthetic diagram of UiO-67-Ir-PdXz (X = OAc, TFA),
which was synthesized via pre-functionalization and post-synthetic modi-
fication. (b) A possible mechanism for the MOFs-based Pd/photoredox
catalysis. The C-H alkenylation of 2-phenylphenol catalyzed by this Pd-
catalyst was taken as an example. Reproduced with permission from
Ref.150]
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Figure 2. Construction of PCN-608 and PCN-808. (a) The planar and
rectangular tetratopic ligand of PCN-608. (b) The Zrs cluster in PCN-608
and PCN-808. (c) The expanded planar and rectangular ligand of PCN-
808. (d) The crystal structure of PCN-608 (along the c axis). (e) The topo-
logy structure of mesoporous MOFs PCN-608 and PCN-808. (f) The
crystal structure of PCN-808 (along the ¢ axis). Color distribution: C, black;
O, red; Zr, blue; R1 on the ligands. R1 = OH, NHz2 or OMe, R2 = H or CFs.
Reproduced with permission from Ref.[%!

affecting its catalytic performance. 55

In 2020, Zhou and his co-workers designed and synthesized a
novel Zrg clusters based mesoporous MOF, named PCN-808
(Figure 2).581 In PCN-808, a linear Ru-based ligand was suc-
cessfully and preciously mounted on the open channel wall via
the linker installation while maintaining the mesoporous proper-
ties of the framework. The photocatalytic performance of
as-prepared catalyst PCN-808-BDBR was tested in the aza-
Henry reaction and showed high catalytic conversion yields even
after 6 cycles (Figure 3). Encouragingly, this mesoporous catalyst
also demonstrated all-right yields for the oxidation of dihydro-
artemisinic acid to artemisinin under visible light irradiation. The
unique and innovative point was that this study provided a basis
and guidance for the regulation of controlling pore environment in
mesoporous MOFs. In the same year, Zhou incorporated multi-
functionalities into MOLs through secondary ligand pillaring (di-
topic and tetratopic linkers).”1 Notably, the metal-phthaloyanine
was successfully incorporated to the Zr-MOL system (Figure 4a),

photocatalyst

0,, hv
COOH

Artemisinin

Dihydroartemisinic acid

conversion (%) / yield (%)*

catalyst run 1 run 2 run 3
Ru(bpy);Cl, >99/47 N.A N.A
PCN-808 <5/<5 N.A N.A
UiO-67-Ru 30/<5 N.A N.A
PCN-808-BDBR 92/42 88/51 90/49

Figure 3. Oxidation of dihydroartemisinic acid to artemisinin catalyzed by
PCN-808-BDBR under visible light irradiation. 2The conversion yields of
the product were determined by *H NMR. Reproduced with permission
from Ref.[56]
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Figure 4. (a) The synthesis diagram of the PCN-135 family. Zrs-BTB was
appointed as the precursor and a series of linear ligands or tetratopic
ligands as the secondary ligands. (b) The catalytic oxidation reaction of
anthracene to anthraquinone. Reproduced with permission from Ref.[%"]

which was appointed as an efficient heterogeneous catalyst
for the selective anthracene oxidation. This work not only intro-
duced a novel strategy for incorporating phthalocyanine frag-
ments, but also opened the door to design new 2D molecular
functionalities materials (Figure 4b).

POM@MOF Composite-Based Catalysts

The combination of MOFs and POMs addresses the advantages
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Figure 5. (a) The schematic diagram of two-step in situ synthesis of
(PW12,Cp*Rh)@UiO-67 and postsynthetic exchange (PSE) procedure of
linkers. (b) The components of (PW12,Cp*Rh)@UiO-67: the PW12 POM,
the subunit of UiO-67 Zr-based MOF, the [Cp*Rh(bpydc)CI]* Rh-based
molecular catalyst and the bpdc linkers. Density functional theory (DFT)
calculations were used to give the specific position of POM (see the
original text). Reproduced with permission from Ref.[64
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Figure 6. (a) The experimental PDF of PW1.@UiO-67 (black curve) and
UiO-67 (green curve), and the related d-PDF for PW12@UiO-67 (blue
curve). (b) The comparison of [PW12040]* CIF calculated PDF (black
curve), [PW12040)% refined PDF obtained from the CIF file JCPDS
00-050-0304 (blue dotted curve), experimental d-PDF (red curve) and
residual profile (green curve). (c) The refined distances for the PO tetra-
hedron, the WQOe octahedron, the trimer of WOs octahedra and the full
PW12 polyoxometalate structure in the POM components. (d) Experi-
mental d-PDFs (1-3) of PWi2 in PW1@UIO-67 (blue curve), in
(PW12,Cp*Rh)@UiO-67 before (magenta curve) and after (navy curve)
catalysis. Reproduced with permission from Ref.[64]

of POM and MOFs while avoiding their respective disadvantages.
MOFs with high specific surface area and long range ordered
structure make uniform distribution of POMs possible, which can
not only prevent self-aggregation of POMs, but also expose more
active sites for catalytic reactions.8-¢3 These composites are
considered as promising photocatalytic materials due to their
unique advantages, such as ultra-high porosity, large specific
surface area and better electron redox conversion.

In an article on the utilization of CO,, Caroline's research group
in situ integrated the UiO-67 MOF and Keggin-type PW1,040>
POM, and then introduced Rh-based catalyst Cp*Rh(bpydc)Cl;
(bpydc = 2,2'-bipyridine-5,5'-dicarboxylic acid) by postsynthetic
linker exchange (Figure 5).1% The photocatalytic performance of
obtained (PWi., Cp*Rh)@UiO-67 POM@MOF composite for
CO; reduction into formate was measured under visible light
irradiation. Compared with the POM-free Cp*Rh@UiO-67 cata-
lyst, the formate production was doubled and the TON was as
high as 175. Intriguingly, the authors proposed an extremely
robust structural assessment of Cat@MOFs based on differential
Pair Distribution Function (d-PDF) results, which was related to a
computational Monte Carlo/DFT approach. The d-PDF analysis
assisted in verifying the integrity of POM before and after the
catalysis (Figure 6).

Core-Shell MOF@COF Hybrids

By introducing the prepared MOFs into the synthesis of COFs, a
new type of core-shell hybrid MOF@COF material was cons-
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Figure 7. (@) The synthesis illustration of the Pd decorated Ti-MOF@TpTt
catalyst. The SEM images of the (b) Ti-MOF and (c, d) Ti-MOF@TpTt.
Reproduced with permission from Ref.["!

tructed. Not only did it inherit the high specific surface area of the
parent porous MOF and COF materials, but also the existing
spatial separation and strong covalent connection between MOF
and COF could effectively promote the charge transfer between
the two components, which made the core-shell MOF@COF
hybrid have excellent photocatalytic activity.[656°

Zang and his co-authors successfully synthesized a
Ti-MOF@TpTt hybrid material coated with ultrathin COF nano-
ribbons via continuous growth strategy (Figure 7a)."® Different
from the fibrous structure of massive COF, this TpTt COF can
grow vertically on the Ti-MOF surface and form ultra-thin nano-
ribbon through regulating the amount of ligands. SEM results
revealed that the truncated bipyramid octahedral structure of
Ti-MOF remained in the Ti-MOF@TpTt composite after surface
functionalization (Figure 7b-d). The in situ construction of Pd
decorated Ti-MOF@TpTt catalyst presented outstanding per-
formance in the photocatalytic cascade reactions of ammonia
borane (AB) hydrolysis and nitroarenes hydrogenation. The au-
thors pointed out three reasons for the excellent properties of the
composite. Firstly, the formation of Type-Il heterojunction pro-
moted the separation of carriers. Secondly, the core-shell struc-
ture further promoted the separation of photogenerated electrons
at the spatial level. Thirdly, the ultra-thin COF nanoribbon shell
structure for loading Pd NPs was conductive to exposing more
active sites and reducing the migration distance of the reaction
matrix.

n APPLICATIONS OF MOFS MATERIALS IN
PHOTOCATALYTIC ORGANIC TRANSFOR-
MATIONS

Dual-Function Catalyst. Tandem reactions improve resource
utilization and reduce waste generation by performing multiple
organic transformations in a single synthetic operation without
the need to separate and purify specific reaction intermediates
produced at each step.l’*7l
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Figure 8. The tandem catalytic schematic diagram of the bifunctional MOLs
I

containing Hfs SBUs Lewis acidic and TPY-M (M = Fe"of Mn") ligands.
Reproduced with permission from Ref.[”]

Lin et al. reported the design of a dual-functional layered MOF
material, HfOTf-Fe and HfOTf-Mn, in which Hfs secondary build-
ing units (SUBs) capped by trifluoromethanesulfonic acid (OTF)
were used as strong Lewis acid sites (Figure 8).'"l Moreover, the
4'-(4-carboxyphenyl) [2,2".6',2"-terpyridine]-5,5"-dicarboxylate (TPY)
ligands can be appointed as active sites for metal catalysis. It
was found that HfOTf-Fe effectively transformed hydrocarbons
into cyanohydrins by tandem oxidation with O, and silycyanation,
while HfOTf-Mn converted styrenes into styrene carbonates by
tandem epoxidation and CO; injection (Figure 9a-b). Density
functional theory calculations revealed that the high spin Fe"
was involved in the oxidation of the sp® C-H bond (Figure 9c-d).
This work not only realized the tandem catalytic reaction of O,
and CO; as reactants, but also reported for the first time the
synthesis of cyanohydrin from aromatic alkanes.

Catalytic Oxidation Reaction. As one of the most classical and
diverse reactions in organic chemistry, catalytic oxidation is more
promising due to its combination and mutual use with solar en-
ergy. Some reactions under extreme conditions are softened
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Figure 9. (a) Cyanohydrination reaction for tandem oxidation of hydro-
carbons based on HfOHf-Fe catalyst and (c) its corresponding proposed
mechanism. (b) CO:z insertion of styrenes reaction for tandem epoxidation
based on HfOHf-Mn catalyst and (d) its corresponding proposed mecha-
nism. Reproduced with permission from Ref.[’”]
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Figure 10. (a) The crystal structure diagram of JUN-204, Zn (sky blue), C
(gray), N (blue), O (red). All the H atoms were omitted for clarity. ZnNa
clusters (cyan tetrahedra) were connected by pyrazole molecules with
shared edges to form helical rod SBUs, which were cross-linked via PBT
connectors to form a 3D frame with square channels along the [001]
direction. (b) Schematic diagram of JUN-204 photocatalyst for aerobic
oxygenation upon visible light irradiation. Reproduced with permission
from Ref.[’8]

after the introduction of illumination.

Li et al. reported the development of an organic molecule with
pyrazole-benzothiadiazole-pyrazole structure that can be used
as a donor-acceptor-donor (D-A-D type) conjugated Tr-system to
achieve superb capability of photon absorption, applicable
bandstructure and rapid charge separation (Figure 10a).l"8]
JNU-204 heterogeneous catalyst with excellent photocatalytic
activity was obtained by assembling photosensitizer molecules
into MOF material. Under visible light irradiation, JNU-24 MOF
realized three aerobic oxidation reactions (Figure 10b), which are
arylboronic acid oxidation (oxygenation with O;™), enamine oxi-
dation (oxygenation with *0,) and oxysulfonylation of alkynes
(oxygenation with O;). The authors synthesized pyrrolo[2,1-a]-
isoquinoline-derivatives (a significant structure of marine natural
product molecules) by using the JNU-204 MOF in an uncompli-
cated pathway, and verified that the high stability and repeatabi-
lity of JINU-204 through cyclic catalytic experiments. Placing the
energy donor and acceptor parts within the same frame with
atomic precision seems to be a major synthetic challenge. In
another report about the energy donor and acceptor,[” Zhang et
al. designed and synthesized a highly porous and photoactive
MOF named NPF-500-H,TCCP (NPF = Nebraska porous

framework, H,TCPP = meso-tetrakis(4-carboxyphenyl)porphyrin).

The equatorial plane of the octahedral cage in NPF-500 closely
matched the size and the shape of the photoactive porphyrin
ligand H,TCPP, forming an ideal donor-acceptor structure for
light harvesting and energy transfer (Figure 1la-b). The
NPF-500-H,TCCP could selectively oxidize thioanisole to the
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Figure 11. (a) The structures of Zrs clusters, HsL and H2TCPP/NIiTCPP,
and the formation diagram of NPF-500, NPF-500-H.TCPP/NIiTCPP and
their corresponding topological structures (C: gray, O: red, N: blue, Zr:
cyan polyhedra). (b) The optical photographs of NPF-500, NPF-500-
NiTCPP and NPF-500-H2TCPP. (c) The oxygenation reaction of thioan-
isole based on various photocatalysts. Reproduced with permission from
Ref.[™d]

relevant sulfoxide with a 99% yield in 1 h and exhibited excellent
cyclic stability (five times without obvious decrease) (Figure 11c).
This work might provide a new blueprint for the design of high-
efficient light-harvesting and energy transfer capability systems.
In another reported oxidative coupling reaction of amine
compounds, p-TCN@UiO-66-NH, catalyst was synthesized via
in situ loading of UiO-66-NH. on the surface of p-TCN (phospho-
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Figure 12. (a) The synthesis diagram of the p-TCN@U6-X. (b-c) SEM
images of p-TCN@U6-3. Reproduced with permission from Ref.[8
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rus-doped tubular carbon nitride) (Figure 12).18% The composite
exhibited 99% selectivity rate and 98% conversion rate for cou-
pling reaction of benzylamine. In addition, the H, evolution rate of
p-TCN@U6-3 could achieve 2628 pmol g* h't under visible light
irradiation, which is 5.36 and 8.19 times higher than that of pure
UiO-66-NH, and p-TCN. Such materials with both photocatalytic
oxidation and reductive properties are rare and therefore are
expected to be further developed in the fields of energy, envi-
ronment and biomedicine.

The reaction process was greatly influenced by the inorganic-
organic interface between metal catalysts and the substrates. Zhu
et al. discovered the functionalization reaction of catalytic oxida-
tion excited by NIR light through ligand modification, thus im-
proving the photocatalytic performance of Au nanoclusters (Fig-
ure 13a).184 Notably, they found that increasing the stiffness of
the protected ligand geometry effectively prevented the defor-
mation of the metal core due to the Jahn-Teller effect. To inves-
tigate the potential for future industrial applications, the authors
expanded the equivalent by 50 times and compared the perfor-
mance between the blue LED light and near-infrared light with
the same power (3 W). When the 460 nm blue LED light was
used as the light source, the synthesis yield was only 69% within
48 h. Correspondingly, a supernal 99% yield of product was
obtained in 8 h when using an 850 nm LED (Figure 13b). These
meaningful results revealed possible application value for
near-infrared photocatalysis in future industry.

CO> Utilization. With continuous deterioration of global green-
house effect, the comprehensive correlation researches based
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Figure 13. (a) The structures of Auzs(PET)1s” and Auzs(F-Ph)is. (b) The
synthesis yield via using Auzs(F-Ph)ig with NIR and blue LED light
against with time. Reproduced with permission from Ref.[81]
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Figure 14. (a) Multicomponent synergistic effects of (CuiPd2)1:@
PCN-222(Co) photocatalyst for visible-light-driven Suzuki coupling reac-
tion under CO2 or Ar. (b) Carbonylation reaction of different aryliodides
upon visible light irradiation. Reproduced with permission from Ref.[8%

on CO; increased sharply. Whether the rational utilization of CO,
can be realized is a vital strategic point for improving climate and
living environment in the 21th century.f84 Due to the high
symmetry and difficulty to activate the CO, molecule, conven-
tional single metal catalysts or MOFs materials have not per-
formed well either in the reduction reaction of CO; itself or as
reactions involved in other reactions such as CO, cycloaddition
or specific organic coupling reactions. This appearance promot-
ed researchers to carry out in-depth study on the combination of
multi-component, polycrystalline or multi-phase catalysts.[85-8]

It makes sense to use CO, instead of toxic CO as C1 source
for solar-driven carbonylation reactions, but this is still an unto-
ward challenge due to the high inertia of CO, molecules them-
selves. Based on this, Zhang and his co-authors reported that a
series of composite photocatalysts (Cu;Pd,),@PCN-222(Co) (z =
1.3, 2.0, and 3.0 nm) were constructed by integrating cobalt
single-site and ultrafine CuPd nanoclusters onto a porphyrin-
based MOF (Figure 14a).%% Upon visible-light irradiation, the
excited porphyrins can transfer electrons to Co single-site and
ultrafine CuPd nanoclusters simultaneously. In the presence of
CO,, the photosynthesis of benzophenone was significantly im-
proved via synergistic effects of multiple components in
(Cu;1Pdy)13:@PCN-222(Co), with a yield higher than 90% and a
selectivity more than 97% (Figure 14b). It is noteworthy that the
famed cholesterol-lowering pharmaceutical molecule fenofibrate
was synthesized for the first time under mild and environmentally
friendly conditions in this (CuiPd;)13:@PCN-222(Co)-based
photocatalytic system.

In another example of CO, utilization, a robust composite cata-
lyst ZIF-8@Aus@ZIF-67[tkn] (tkn was the thickness of shell)
was successfully constructed via coordination-assisted self-
assembly by Zhu and co-authors and this was the first report of
APNC decorative MOF materials with sandwich-like structure
(Figure 15a).°% Fortunately, the shell thickness of ZIF-8@Aus@
ZIF-67[tkn] could be controlled arbitrarily by precisely adjusting
the concentration of 2-MelmA and Co?* added. The carboxylation
reaction of terminal alkyne was appointed as the model example
to test the as-prepared catalysts. Under optimal conditions, the
ZIF-8@Au;s@ZIF-67[12] has superior performance to others,
which maintained 99% conversation yields even after 3 cycles. In
Figure 15b, authors gave the possible mechanism for carboxyla-
tion. Step 1: under the combined action of Cs,CO3 and Auzs, the
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Figure 15. (a) The synthetic procedure of ZIF-8@Aus@ZIF-8[tkn] and
ZIF-8@Auzs@ZIF-67[tkn] with sandwich structures, and [tkn] was the
thickness of shell. (b) Possible reaction mechanism between terminal
alkynes and CO:z for ZIF-8@Au2s@ZIF-67[tkn]. Reproduced with permis-
sion from Ref.1%]

intermediate Il formed. Step 2: CO, molecule was captured by
the 2-Mlem in the ZIF-67 shell and led the formation of interme-
diate Ill. Step 3: the activated CO, molecule inserted to the bond
of C=C--Au and gave the intermediate IV. Step 4: the products
were formed and the catalyst was regenerated, so that a com-
plete catalytic process could continue. Hence, this highly artistic
work will stimulate chemists' interest in designing sandwich-like
structure composites MOF@APNC@MOF with excellent photo-
catalytic properties, and open up a new research direction for the
expansion of nano-metal and MOFs materials.

In addition to the above-mentioned two examples of CO, indi-
rectly participating in organic reactions, the photocatalytic reduc-
tion of CO; itself to methane and formats and other organic
compounds had also made extraordinary substantial progress.
Noble metal nanoparticles (NPs), especially Pd and Ru based
NPs, have been extensively studied in the CO, methanation
reactions. At the same time, non-noble metal Fe, Co, Ni based
NPs also emerged in an endless stream. However, the nature of
metal NPs was not the only factor determining catalytic perfor-
mance. The thermal and optical properties of the carrier also
played a very significant role. Jorge's group reported the synthe-
sis of a highly active and stable MOF derived Ni-based catalyst
(Ni-MOF-74) for the photothermal reduction of CO, to CH4 (Fig-
ure 16a).°Y Through controlled pyrolysis of MOF-74 (Ni), the
photothermal properties of carbon can be adjusted. Under opti-
mal conditions, the methane yield is 488 mmol g* h** and no
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Figure 16. (a) STEM images of Ni@C-600 and STEM mapping. (b) The
CO2 conversion and CH4 production rates of Ni@C-500, Ni@C-600 and
Ni@C-700. (c) The CO2 conversion against with the catalytic cycles.
Reproduced with permission from Ref.[91
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particle aggregation or apparent activity loss is observed in 10
cycles (Figure 16b-c). Intriguingly, the researchers conducted
outdoor experiments under direct sunlight, demonstrating the
potential of the catalysts to achieve CO, methanation using only
solar energy. In the field of CO, reduction to produce hydrocar-
bons, Zhang and colleagues reported the preparation of a series
of catechol metalloporphyrins, (In/Fe)TCP-Co and (In/Fe)TCP-
OH-Co acid and alkali resistant frameworks (Figure 17).9% Ex-
perimental results and density functional theory calculations
manifested that the iron-oxygen chains in FeTCP-Co were more
favorable for photogenerated electron-hole separation than the
indium-oxygen chains in INnTCP-Co. After introducing uncoordi-
nated hydroxyl groups into FeTCP-Co, the interaction between
CO, and photocatalyst was reinforced, so as to enhance the
photogenerated carrier transfer. The synergistic effect made
FeTCP-OH-Co have the highest CO; reduction rate. These MOFs
derivatives can perform CO; reduction reaction under visible light

f

Figure 17. (a, b) The coordination chain of In/Fe-(hydroxy)catechol. (c)
The (hydroxy)catechol-metalloporphyrin ligand. Structures of (In/Fe)TCP-
Co (d) and (In/Fe)TCP-OH-Co (e). The as-synthesized and Rietveld-
refined PXRD patterns of INTCP-Co (f) and FeTCP-Co (g). Reproduced
with permission from Ref.[%%
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Figure 18. (a) The schematic diagram of N-CDs@PCN-222@PNIPAM
photocatalyst. (b) The possible mechanism for the degradation of RhB
and TC based on 2N-CDs@PCN-222@PNIPAM2 upon visible-light irra-
diation. Reproduced with permission from Ref.[%!

irradiation without adding any photosensitizers or sacrificial agents.
The use of a single component played a multi-component role,
which made the heterogeneous photocatalyst a promising ap-
plication in artificial photosynthesis and provided guidance for the
design of efficient photocatalyst.

Photodegradation Organic Pollution. The degradation and
transformation of organic pollutants and wastes are one of the
problems that researchers in the fields of environment, chemistry
and materials have been working on.l%-%! In addition to the pur-
suit of high degradation rates or conversion yields and broader
degradation goals, more detailed design can better meet the
requirements of the contemporary background, such as the re-
alization of selective enrichment in reactive active centers and
the combination of theories and experiments to explain and de-
duce the possible mechanism.[96-97]

LU et al. encapsulated various carbon dots (CDs) into the sur-
face wettability modified PCN-222 nanoporous cells using ther-
mally responsive catechol terminal PNIPAM with different chain
lengths (Figure 18a).1%! A porphyrin-based Zr-MOF nanohybrid
(CDs@PCN-222@PNIPAM) was successfully prepared as a
highly efficient hydrophilic photocatalyst. Due to the electron
collecting function of N-doped CDs (N-CDs) and the existence of
synergistic effects with PCN-222, the photocatalytic results of the
as-prepared photocatalyst were significantly improved. The re-
markable degradation and transformation efficiency of RhB and
TC reached 100% and 90.93%, respectively, within just 20 min.
And most strikingly, the introduction of hygrophilic polymers
enhanced the wetting of the photocatalyst surface and improved
the dispersibility of the catalysts toward water (Figure 18b), which
promoted the enrichment and further transformation of water-
soluble target pollutants near the active sites.

Due to the presence of strong C-F bond, the degradation and
transformation of poly/perfluoroalkyl substances (PFASs) have
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Figure 19. The proposed mechanism for In-MOF/BIOF degradation system
under visible-light irradiation. Reproduced with permission from Ref.[*?!

always been a difficult problem and great challenge. Recently,
Zhu and colleagues selected BiOF and In-MOF as basic materi-
als and prepared a series of In-MOF/BIOF composites through
doping.!®? First, the built-in electric field constructed at the inter-
face accelerated the transfer of photogenerated carriers and
reverse phase separation, which made the composite have a
stronger ability to participate in redox reactions. Second, the
In-MOF provided a substrate with strong adsorption and activa-
tion of PFASs, which also accelerated the degradation of PFASs
(Figure 19). As shown in Figure 20a, within only 150 min, the 20%
In-MOF/BIOF catalyst could achieve full degradation (100%
conversion yields) of PFOA. Figure 20b reveals the relationship
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Figure 20. (a) Adsorption and degradation for PFOA against with time.
(b) The pseudo-first-order fitting to PFOA of the as-synthesized catalysts.
(c) 3D charge density difference of the In-MOF/BiIOF photocatalyst (yel-
low and cyan indicate areas where charge accumulates). (d) The charge
density distributions for the energy band of HOEB (green colors indicate
the charge density distribution with electron occupation). (e) The charge
density distributions for the energy band of LUEB (yellow colors indicate
the charge density distribution with electron occupation). Reproduced
with permission from Ref.%?
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between the reaction rate constants kes (min) and the adsorp-
tion energy of PFASs on the catalyst. For 20% In-MOF/BiOF
catalyst, the parameter ko,s Was calculated to be 0.0031 min*
according to the formula -In(C/Co) = kons't. The charge transfer
and redistribution at the interface of In-MOF/BIOF composite
system were studied by calculating 3D charge density difference.
Relevant results are shown in Figure 20c, where the blue and
yellow areas represent the charge accumulation and consump-
tion, respectively. The variation of charge density at the interface
showed that the electron transfer from BiOF to In-MOF mainly
through the interface and the accumulation of net charges led to

the formation of built-in electric field at the In-MOF/BiOF interface.

The direction of the electric field was from the In-MOF surface to
the BIiOF surface, which was favorable for the separation of
photogenerated electron-hole pairs. Further calculations of HOEB
(the highest occupied energy band) and LUEB (the lowest un-
occupied energy band) of the In-MOF/BIOF composite uncov-
ered that the photogenerated electrons at HOEB were easily
excited and transited to LUEB (Figure 20d-e). In other words, the
photogenerated electrons in BiOF transferred to the in-MOF/BiIOF
surface interface, and eventually accumulated on the In-MOF
surface through the internal electric field, leaving the photogene-
rated holes on HOEB in BiOF. In this way, the electrons will be
far away from the holes, so as to achieve a more effective sepa-
ration of carriers and improve the photocatalytic performance of
the composite.

n CONCLUSIONS AND PROSPECTS

In this review, we summarized the outstanding advances in the
field of MOFs-based photocatalytic organic conversion reactions
in the last three years. The dominating contents mainly focused
on two aspects. The first was the breakthrough in the synthesis
of MOFs-based photocatalyst, which mainly introduced novel
structure or specific structure-oriented MOFs by means of the
internal optimization and modification of MOFs, coupled with
POMs and COFs. The second was the concrete application of
organic conversion, including dual-function catalysts catalyzed
multiple types of efficient organic reactions, catalytic oxidation
reaction, cycloaddition of CO, and CO; reduction, degradation
and transformation of organic pollutants. Although the corre-
sponding researches in this area have started late, the accom-
plishments have been surprising and exciting. This means both
opportunities and challenges exist at the same time, and more
persistent efforts should be put into promoting the long-term and
quality development of this research direction.

(1) In terms of MOFs skeleton, there are few types, mainly
concentrated on the Zr,[100.1011 Zn[102.1031 gpg Ti MOFs, 1041051 while
reports on organic conversion catalyzed by MOFs-based photo-
catalysts of traditional transition metals such as Fe, Cu and Ni
are relatively rare. Alternatively, most of the photosensitizers and
cocatalysts embedded or fixed on the skeleton are precious
metal complexes such as Pd, Rh and Ir, which makes the reac-
tions not confirm to the principle of economy. Some coordination
unsaturated Co and Ni based molecular catalysts also have the
potential of photocatalytic oxidation and reduction, but the trou-
blesome problem that these complexes are not easy to recoor-
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dinate and inlay into the MOFs skeleton or pores needs to be
carefully considered and solved. The introduction of metal com-
plexes such as coordination unsaturated with variable valence
states of central ions might make this field more brilliant and
diversified. At present, the structural characterization of these
MOFs-derived or composite materials is not very distinct, be-
cause researchers are often unable to obtain their single crystals.
Hence, some advanced optical and spectral characterization
methods are particularly important and also need to be devel-
oped and popularized.

(2) Reaction stability and cyclic stability are equally crucial, but
the two factors are rarely mentioned together in some articles.
The rapid transfer of electrons and energy between MOFs and
cocatalysts may lead to skeletal collapse or mechanical damage,
the agglomeration of materials during recycling and stability in
contact with other non-solution media such as air. These factors
are very momentous for the evaluation of materials. High reac-
tion stability and cyclic stability are the prerequisite conditions for
the MOFs-based photocatalysts to be studied extensively and
deeply.

(3) It is necessary to recognize the difference between visible-
light driven catalysis and solar driven catalysis, and the visible-
light source for laboratory reactions is the 300 W Xe lamp. In
addition, the amount of photocatalyst is too slight to achieve
gram-scale reaction, which undoubtedly brings some other trou-
bles to the industrial production or larger scale reactions in the
future. Therefore, trying to carry out the reactions under real
sunlight and enlarging the reaction scale should be two urgent
improvement strategies and research directions for industrial
practical applications.

(4) We have to admit that there are always some fuzzy points
in the study of reaction mechanism. This is related to the com-
plexity of the reaction architecture, including structure-activity
relationship, electron transfer between the MOFs framework and
the cocatalyst, interaction between the solution and catalysts,
and energy transition permission or blocking, etc. More detailed
and clearer interpretation of the reaction mechanism may require
new characterization techniques, more accurate theoretical sim-
ulation®%! and unremitting efforts of researchers, which will lay a
solid foundation for the development of the next generation of
more efficient and stable MOFs-based photocatalysts in the
future.

(5) In most of the examples presented in this paper, the ligands
used for MOFs are still very expensive, and the crystal yields are
usually no more than 50%. This situation is far from qualified for
industrial production which pursues economic benefits and high
utilization of atoms. Although some MOFs materials have shown
outstanding catalytic performance in the laboratory, how to
achieve industrialization to better serve society and benefit man-
kind is still a long-term focus. In addition, some studies lack con-
trol and consideration under sub-optimal experimental conditions,
such as pH value, gas atmosphere and reaction vessel specifi-
cations. Therefore, some of the necessary attempts are signifi-
cant. Because each factor is interrelated, it is untoward to ensure
that the optimal conditions before and after scaling up are con-
sistent. Finally, for MOFs derivatives and composites, research-
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ers should focus on studying the original driving force that can
recombine or coexist between them, including electrostatic at-
traction, ionic bond and coordination bond, etc.
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