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Metal-organic frameworks (MOFs) are a novel category of porous crystalline materials with an exceptionally high surface
area and adjustable pore structure. They possess a designable composition and can be easily functionalized with different
units. Porphyrins with conjugated tetrapyrrole macrocyclic structures can absorb light from ultraviolet to visible light
regions, and their structures and properties can be facilely regulated by altering their peripheral groups or central metal
ions. Porphyrin-based MOFs constructed from porphyrin ligands and metal nodes combine the unique features of
porphyrins and MOFs as well as overcoming their respective limitations.

Keywords: metal-organic frameworks ; porphyrin ; photoelectric transmission

| 1. Introduction

The utilization of fossil energy brings great benefits to human beings. However, over reliance on traditional fossil energy
such as coal and petroleum results in serious problems such as energy shortages and environment pollution L2, people
search for alternative energy resources to reduce their reliance on traditional fossil fuels BI4IE As is known, solar energy
is an important alternative energy source. About 120,000 terawatts (TW) of solar energy reaches the earth’s surface every
year, far exceeding the global total energy demand €. Moreover, solar energy has emerged as a crucial sustainable
energy resource due to its abundance, cleanliness, affordability, and inexhaustibility. However, efficient capturing and
utilization of solar energy is still challenging because of its lower energy density and its being affected by the weather,
season, and geographical position. Therefore, solar energy is converted to thermal energy, electrical energy, and chemical
energy to solve the problem of direct utilization.

Photocatalytic technology is one of the most promising methods to solve both environmental and energy problems due to
its simple reaction conditions, low cost, lack of secondary pollution, and environmental protection !, and it exhibits
extensive applications in hydrogen evolution, nitrogen fixation, CO, reduction, as well as the elimination of organic and
inorganic pollutants. The design and development of efficient photocatalysts attract great attention since photocatalysts
play a crucial role in photocatalytic reactions . So far, metal oxides 1% metal phosphides 112 metal sulfides [23114]
18] and carbon-based composites LEILAILEIL] haye been developed and used in energy conversion systems. However,
these traditional photocatalysts suffered from different challenges such as low electronic conductivity, low apparent
quantum efficiency, rapid recombination of electron-hole pairs, poor chemical stability and cycle stability, and so on [29.
Therefore, the construction of photocatalysts with high performance and physical/chemical stability holds great promise in
addressing the current energy and environmental issues.

Metal-organic frameworks (MOFs) are crystalline nanoporous hybrid materials composed of metal nodes connected by
organic ligands 4. They can be modularly assembled with suitable inorganic and organic building units, allowing for the
design of functional frameworks with specific topologies, adjustable porosity, and desirable properties 22, Different from
other porous compounds such as zeolites, MOFs are easily modifiable. The products can be obtained under relatively
simple conditions and thus obtain good specificity and selectivity. The rich coordination chemistry of MOFs enables the
adjustment of their photoelectric properties by changing their composition 231, In this context, MOFs can be widely used in
various fields including gas storage and separation 24231 photocatalysis 222827 sensors (28129 pollutant degradation
(031 jon exchange B2, and so on.

| 2. Photocatalytic Mechanism
2.1. Light Absorption

The light absorption of semiconductors is determined by their band gap. According to the band theory, the energy gap of
MOFs depends on the distance between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels, which correspond to VB and CB of inorganic semiconductors [22231[34]



respectively (Figure 1a,b). Photocatalysts absorb light energy and facilitate the transition of electrons from HOMO to
LUMO. Charge transfer from ligand to metal cluster or ligand (n-1*, - T*) constitutes the majority of the charge
transition in MOFs under irradiation (Figure 1c) 551,
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Figure 1. (a) Photocatalytic mechanism of the semiconductor B8l (b) mechanism of MOF photocatalytic reduction of CO,
871 (¢) schematic diagram of charge transfer pathways in MOFs, such as LMCT, LLCT, and MLCT.

2.2. Charge Transfer Pathway

The combination of organic ligands and metal clusters in MOFs endows them with semiconductor behavior and a similar
principle of photocatalysis B829, Metal clusters and photoactive ligands absorb light energy and result in photo-induced
charge separation, that is, electrons with reducing ability e~ and holes with oxidizing ability h*. Then the photo-generated
charges migrate to the surface of the photocatalyst to participate in the redox reaction. That is to say, metal clusters
accept electrons generated by organic ligands for subsequent redox reactions ¥%. Transferring e~ from the highest
occupied molecular orbital (HOMO) of organic ligands to the lowest unoccupied molecular orbital (LUMO) of metal
clusters is labeled as the ligand-to-metal charge transfer (LMCT) pathway in MOFs [41],

| 3. Design and Construction of Porphyrin-Based MOFs
3.1. Design of Porphyrin-Based MOFs

Some drawbacks of MOFs including rapid recombination and deactivation of photo-generated charges as well as poor
cycling stability greatly impede their large-scale application in photocatalysis; although, MOFs and their composite
materials possess advantages of tunable pores, high porosity, and a large surface area. These limitations hinder the
efficient utilization and long-term stability of MOFs in photocatalytic processes. Porphyrins and their derivatives have
excellent light absorption capacity and are easily coordinated with metal ions, which facilitates addressing these problems
of MOFs. Therefore, the incorporation of porphyrins into MOF materials endows them with the advantages of porphyrin
molecules and MOF materials.

The chemical properties and coordination abilities can also be regulated by introducing different functional groups onto
porphyrin molecules. For example, the electron affinity and electron conductivity of porphyrins can be changed by the
introduction of various substituents or modified peripheral groups 224311441 This modification allows for the attainment of
appropriate orbital energy levels and band gaps, and results in the construction of porphyrin-based MOFs with exceptional
light-harvesting capabilities and efficient charge separation and transfer efficiencies. 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin (TCPP) with the capacity to coordinate with Zr, Cu, Al, Cr, La, and other metals, is the most commonly used
organic linker in porphyrin-based MOFs.

3.2. Construction of Porphyrin-Based MOFs

In porphyrin-based MOFs, porphyrin or metal porphyrin molecules act as organic ligands to coordinate with metal ions or
metal clusters. The porphyrin linkers in porphyrin-based MOFs mainly include carboxylic acids, pyridines, and polyazole

groups 12146471 The following are most of the porphyrin ligands that are commonly used in porphyrin-based MOFs,
shown in Figure 2 48IAAB0I51I52]53][54(55],
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Figure 2. Representative chemical structures of porphyrin ligands in porphyrin-based MOFs.

3.2.1. Porphyrin-Based MOFs with Carboxylic Acid Linkers

The porphyrin ligand with a carboxylic acid linker is the most widely used in the construction of porphyrin-based MOFs. It
is connected to the metal center through a flexible coordination mode, resulting in a controllable and adjustable ligand
structure. Such porphyrin-based MOFs usually exhibit high stability and controllability in structures and are suitable for
application in gas adsorption, catalysis, and photocatalysis.

An atomically Pt-dispersed aluminum-porphyrin-based MOF (AI-TCPP-Pt) was synthesized using tetracarboxylic
porphyrin (H,TCPP) as the organic ligand to interconnect AI(OH)O4 chains by a hydrothermal reaction and a subsequent
Pt(ll) metalation 8. The hybrid Al-TCPP-Pt MOFs showed significantly enhanced photocatalytic activity, utilizing the
highly efficient electron transfer channel provided by platinum (Pt) atoms (Figure 3a).

3.2.2. Porphyrin-Based MOFs with Nitrogen-Containing Heterocyclic Linkers

Nitrogen-containing heterocyclic ligands include imidazole, polyazole, pyridine, pyrazole ligands, and so on. The
coordination strength between nitrogen atoms and metal ions is greater than that between oxygen atoms and metal ions.
Therefore, MOFs composed of nitrogen-containing heterocyclic ligands exhibit comparable chemical and thermal stability
to carboxylic acid-based MOFs. At the same time, nitrogen-containing heterocyclic MOFs may exhibit better stability than
carboxylic MOFs under extreme pH conditions through appropriate metal-ligand matching.

In 1994, Robson and coauthors B4 first reported a coordinated framework material containing Cu(ll) and neutral pyridyl-
substituted porphyrin units. Since then, an increasing number of porphyrin-based MOFs have been reported. Pyridine-
containing porphyrin-based MOFP was prepared by encapsulating platinum metalized porphyrin (Pt(I)TMPyP) in a rho
zeolite-like metal-organic framework (rho-ZMOF) via a post-modification method (Figure 3b). They exhibited excellent
sensitivity and selectivity for various anions in both aqueous and methanol media, leading to a significant enhancement in
the detection limit of anions 8. In addition, a novel pyridine-containing porphyrin ligand 5,10,15,20-tetrakis (4,4-
dipyridylaminophenylene) porphyrin (TDPAP) was designed and synthesized, and introduced four peripheral 4,4'-
bipyridylamine moieties in the porphyrin platform (Figure 3c) 52,
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Figure 3. (a) Schematic diagram of the preparation of AI-TCPP-Pt photocatalyst £8: (b) synthesis method of
Pt(I)TMPyP/rho-ZMOF composites [£8; (¢) four coordination modes of porphyrin TDPAP 22,

| 4. Improvement in Photocatalytic Performance of Porphyrin-Based MOFs

4.1. Modification of Porphyrin Ligands

As one of the important components of MOFs, organic ligands play a crucial role in determining their topological structure,
pore size, shape, and surface properties. They serve as the main supporting unit of the framework and their size and
shape affect the aforementioned characteristics 8961 |n addition, organic ligands in MOFs act as ‘photosensitive
antennas’, determine the light-capturing ability, and are responsible for the charge transfer processes of LMCT or MLCT
pathways 2631 Therefore, the rational selection and modification of organic ligands can remarkably improve the
photocatalytic ability of MOFs. As the most commonly used photosensitive ligand with a large 1t structure, porphyrin has
become an important target for ligand modification and hybridization strategies.

4.1.1. The Introduction of Metal Coordination Center

The modification of porphyrin ligands mainly refers to the insertion of metal ions into the porphyrin core to form
metalloporphyrin complexes 64, After metalation, the coordination bonds are formed between the metal ion and the
porphyrin ring which enhances the symmetry of the porphyrin molecule, resulting in stronger absorption in the visible and
near-infrared regions and suppressed recombination of photo-generated electron-hole pairs E2EEIG7GEIEAIAIA]  The
optical properties and catalytic activity of metalloporphyrin-based MOFs can be regulated by selecting different metal ions
and controlling the structure of the porphyrin ligands.

The stability and biocompatibility of the materials can be enhanced to meet the requirements for different applications. For
example, a new ligand-to-linker metal charge-transfer (LLMCT) pathway was found by anchoring non-precious metal Cu
in the center of the porphyrin in Ti-porphyrin-based MOFs (Figure 4a,c). The photo-generated electrons initially originated
from the excited eosin Y (EY*) can transfer from the lowest unoccupied molecular orbital (LUMO) level of the porphyrin to
the transient Cu'/Cu' center via rapid delocalization through the conjugated 18-mt electron system of the porphyrin. This
can reduce the width of the bandgap and at the same time, improve the charge separation and transfer rate, thereby
enhancing the charge transfer efficiency (Figure 4b). Experimental results show that the addition of metal ions in MOFs
can achieve a hydrogen evolution rate of 5465.689 umol g™t h™%, approximately 27.71 times that of the pristine MOFs
(Figure 4d), indicating the Cu in porphyrin core plays a key role in improving the photocatalytic performance 2,
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Figure 4. () Synthesis of Cu-PTM [Z2: (b) photocatalytic mechanism of Cu-PTM for hydrogen evolution under visible light
[721: (¢) UV-visible spectra of 2H-PTM, Cu-PTM, Co-PTM, and Ni-PTM [2Z; (d) photocatalytic hydrogen evolution diagrams
in the presence of 2H-PTM, Cu-PTM, Co-PTM, and Ni-PTM photocatalysts [,

4.1.2. Incorporation of Functional Groups

The structures and properties of MOFs depend on the organic ligands and metal clusters and can be regulated by the
incorporation of active ingredients. In addition, by functionalizing organic linkers (ligands) with other groups (such as
amino), the light capture properties of MOFs can be regulated 3], Therefore, the incorporation of functional groups on the
ligand can optimize the structure and properties of the materials, such as increasing the porosity and surface area,
decreasing the band gap, and thus improving the catalytic performance of MOFs. A series of isomorphic UiO-66-X (X = H,
NH,, Br, (OH),, (SH),) catalysts have been successfully synthesized by incorporating various functional groups in the
ligands (Figure 5a). The ligand modification of UiO-66 was carried out to enhance the photocatalytic activity for the
degradation of Rhodamine B under visible light. The results showed that UiO-66-NH, and UiO-66-(OH), have narrow
band gaps and good visible light absorption, but they cannot effectively catalyze the degradation of organic dyes, possibly
due to their conduction band being close to the redox potential of Rhodamine B (Figure 5b) 4. However, different results
can be obtained when amino groups are incorporated in other MOFs. MIL-125-NH, modified with amino functional groups
can decompose 97% of Congo Red dye under 3 h of irradiation, while the original material MIL-125 can only degrade 60%
pollute 3, Three RE-PMOFs (BUT-224/225/226) with new topological structures were successfully obtained by
introducing phenyl/pyridine groups in the middle of the porphyrin core (Figure 5c) and adjusting the symmetry and
connectivity of the ligands. In addition, BUT-225 (Co) exhibits stronger CO, absorption capacity and higher catalytic
activity than other MOFs during CO, reduction 28],
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Figure 5. (a) Molecule structure of functionalized terephthalic acid linker, H,BDC-X 4 (b) band gap diagram, energy
transfer between UiO-66 and UiO-66-NH,, and the degradation mechanism of Rhodamine B over UiO-66-(SH), 4 (c)
the chemical structures of BBCPPP, BBCPPP-Ph, and BBCPPP-Py (78],

4.2. Construction of Donor-Acceptor System

The design of the internal structure of MOFs is an alternative strategy for high-powered photocatalysts. The donor-
acceptor (D-A) system, which involves the interaction between electron-rich and electron-deficient organic components,
has garnered significant interest from researchers. This system shows promising potential for optical and electrical
materials. The unique electronic properties of the component endow the D-A system with different electron transfer
behaviors between the donor and acceptor components [ZAZ8 which lays the foundation for the charge transfer (CT) and
energy transfer (ET) of MOFs containing the D-A system. The different connection or packaging of the donor and acceptor
components will affect their mode of interaction, thereby determining the properties of the system.

Photo-induced electron transfer (PET) can be achieved by assembling electron donor and acceptor chromophores in a
single MOF. Weak interactions, such as electrostatic and hydrogen bonding between the molecular entities of the donor
and acceptor, provide a long-range ordered electron transfer channel and help to inhibit the recombination of charges <.
In addition, MOFs provide an unprecedented level of controlling the D-A system layout through the design of metal nodes
and organic linkers, the modularity of the framework topology, and the combination of different subjects (Figure 6a) 9.

4.2.1. Effect of D-A System in Promoting Light Harvesting

A donor-acceptor system containing MOFs with molecular-level heterojunctions was synthesized from a linear trinuclear
Mn(ll) cluster, a 1,1,3,6-tetraphenyl pyrene-based photoactive linker, and a D-1t-A cationic dye cyanine (DMP) under
isothermal conditions (Figure 6b) 1. The interplay between the chromophore and energy acceptor, and the bandgap can
be adjusted to a large extent. The resulting MOFs exhibited unique light absorption across the UV/visible to NIR light
region, extremely high luminescence polarization anisotropy (0.97), and high light responsivity.
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Figure 6. (a) Diagram of donor-acceptor-based MOF structure Y (b) schematic diagram of the ion exchange experiment
by the incorporation of DMP cations where a, b and ¢ represents the 3D spatial directions [B1: (c) chemical structure of the
NDI and H,DPBP ligands [2; (d) photocatalytic mechanism of amine coupling reaction over the mixed ligands Zr-NDI-
H,DPBPMOF based on donor H,DPBP and acceptor NDI 82: (e) schematic diagrams of the SBUs for the construction of
TBAPy-Zr NS and TCPP-Zr NS (left), schematic illustration of the acceptor-on-donor-NS model (right, top), the EnT
process (right, middle), and the donor-on-acceptor-NS model (right, bottom) (31,

4.2.2. Effect of D-A System in Facilitating Electron Separation

The porphyrin-based MOF based on the donor-acceptor system also exhibits excellent performance in promoting electron
separation. For example, a mixed ligand MOF (Zr-NDI-H,DPBP) photocatalyst was constructed using 5,15-bis (p-benzoic
acid) porphyrin (Ho,DPBP) as the electron donor and naphthalene diimide (NDI) as the electron acceptor (Figure 6c). The
prepared MOFs can produce high-efficiency photo-induced electron transfer, optimize charge separation efficiency, and
thus improve photocatalytic performance (Figure 6d).

Diverse ligands are used to construct the donor-acceptor system, and the catalytic performance of prepared MOFs can be
affected by the functions and properties of the ligands. MOFs with high energy transfer efficiency can be constructed by
selecting tetrakis (4-carboxyphenyl) porphyrin (H;TCPP) and 1,3,6,8-tetrakis(p-benzoic acid) pyrene (H4;TBAPYy) as the
acceptor and donor parts, respectively. The results demonstrate that the energy transfer between the TBAPy donor and
the TCPP acceptor can be fulfilled. The energy transfer efficiency of the TBAPy-Zr nanosheets with 22% TCPP reached
82% (Figure 6e).

4.3. The Introduction of Co-Catalysts

Photocatalysts are catalysts that can utilize light energy to catalyze reactions. However, the performance of photocatalysts
may not be ideal in some applications, which makes it challenging to achieve efficient photocatalytic reactions. The
introduction of co-catalysts is a recognized approach to enhance the performance of photocatalysts and amplify their
advantageous effectiveness. Unlike optimizing the internal composition and structure design of MOFs, the introduction of
co-catalysts can provide additional active sites to enhance the reaction rate. It can also modulate the band structure of the
photocatalysts, alter their light absorption and photoelectron transfer properties, accelerate charge transfer, and suppress
charge recombination [B483],

| 5. Application of Porphyrin-Based MOFs in Photocatalysis
5.1. Photocatalytic Hydrogen Evolution

Hydrogen, a clean and efficient energy resource, produced from solar energy-driven water splitting exhibits great
prospects [BIETIEEIEY  The visible light absorption of MOFs is effectively broadened when porphyrin ligands are
introduced. At the same time, specific active groups such as co-catalysts can be introduced into the larger pore size of



MOFs, which endows porphyrin-based MOFs with great potential and advantages in using solar energy to produce
hydrogen 29,

The activity in photocatalytic hydrogen evolution of MOFs can be improved by the introduction and assembly of active
metals in MOF frameworks. Porphyrin-based MOFs ([FeFe]@ZrPF) have high stability and high photocatalytic hydrogen
production efficiency. In this system, the porphyrin unit is used as a photosensitizer, and the iron hydride enzyme is used
as a hydrogen evolution catalytic site. The short distance between the two parts and the nature of chemical bonding
allows for the fast transfer of photo-generated carriers. The chemical bonding within the materials can provide robust
hydrogen elution systems by avoiding the use of electron mediators to transfer electrons from the photosensitizer to the
catalyst 89,

5.2. Photocatalytic CO, Reduction

Fossil fuels including gasoline, oil, coal, and natural gas are used in large quantities every day, and excessive amounts of
carbon dioxide are discharged into the air, which causes increasingly serious environmental problems [S[221[93][94]
Therefore, the collection and conversion of carbon dioxide into renewable energy fuels or high-value-added compounds
have attracted great interest from scientists and entrepreneurs around the world, and various strategies for converting
carbon dioxide into usable substances have been developed 23, Among them, one of the most promising and economical
methods is the photocatalytic reduction of carbon dioxide driven by solar energy 28187

Synthesis of MOFs with appropriate organic linkers to promote light absorption is the first step in the photocatalytic
reduction of CO,. So far, various organic linkers including porphyrin-based, metal complex-functionalized, and amine-
functionalized organic linkers have been used to regulate the band gap of MOF photocatalysts. In 2013, Fu and coauthors
[98] demonstrated for the first time that MOF photocatalysts can photocatalytically reduce CO, to HCOO™.

The stability of MOFs can be enhanced by in situ substitution of porphyrin. A labile MOF (BUT-109(Zr)) was converted to a
stable porphyrin-based MOF (BUT-110) by replacing a naphthalene diimide dibenzoate (NDIDB27) with a size- and
geometry-matching porphyrin ligand (DCPP27). Compared with BUT-109(Zr), BUT-110 MOFs with different porphyrin
contents showed various chemical stability enhancements. The obtained BUT-110 material exhibited excellent stability at
a wide pH range (1-10) when the porphyrin content exceeded 50%.

5.3. Photocatalytic Synthesis of Organic Compounds

Singlet oxygen is a reactive oxygen species that can be used for many catalytic transformations [[L00I[101)[102][103] ¢y
the photocatalysts, their ability to effectively generate singlet oxygen and prolong its lifetime is crucial for their use in
photooxidation reactions such as sulfide oxidation and amine oxidation.

Sulfoxide is an indispensable intermediate in pharmaceutical, agrochemical, and other fine chemical industries [204[05]
The thionyl group in the sulfoxide molecule is chemically unstable and easily overoxidized to sulfone. Strong oxidants
such as potassium permanganate or dichromate are usually used for the oxidation of sulfoxide, resulting in serious
environmental pollution [l porphyrin-based metal-organic frameworks have remarkable advantages in the
photocatalytic oxidation of sulfoxide due to their wide absorption from ultraviolet to the visible light region, high chemical
stability, and environmental friendliness. PCN-222/MOF-545, NU-1000, and UMCM-313, MOFs with porphyrin, pyrene,
and perylene ligands, respectively, were used as photocatalysts to complete the oxidation of 2-chloroethyl ethyl sulfide
(CEES) using the generated singlet oxygen under LED irradiation (Figure 7a,b) 202,
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Figure 7. (a) Structure of NU-1000, PCN-222/MOF-545, and UMCM-313 and their corresponding linkers and common
Zrg-node 1921 (h) Mechanistic diagram of photocatalytic oxidation of 2-chloroethyl ethyl sulfide over the MOF thin film [1921;
(c) selective photocatalytic oxidation of amines on Ti-PMOF-DMA under red LED irradiation 197: (d) mechanism of
selective photocatalytic aerobic oxidation of benzylamine over Ti-PMOF-DMA 197,

Imines are important biomedical intermediates with excellent pharmacological and biological activities. The Ti-porphyrin-
based metal-organic framework (Ti-PMOF-DMA) was synthesized by solvent-controlled synthesis, showed excellent
catalytic activity, and was selective in the photocatalytic aerobic oxidation of benzylamine. The results showed that
benzylamine could be oxidized to N-benzylbenzaldehyde diamine in 40 min, achieving 94% conversion and 88%
selectivity (Figure 7c,d).

5.4. Photocatalytic Removal of Pollutants

Environmental issues related to clean energy and pollution have become increasingly prominent. In the past few decades,
a large quantity of pollutants has been discharged into the environment due to urbanization and population growth (0811203
[L0111] - Organic dyes pose a serious threat to the environment and are difficult to remove from the environment due to
their varying resistance to photodecomposition and oxidation 112, So far, many technologies have been developed and
used to remove harmful pollutants in the environment, such as adsorption 13 biological oxidation 114! chemical
treatment, and photo-degradation [1221[116]

5.5. Photocatalytic Nitrogen Fixation

Nitrogen fixation, as it can convert atmospheric nitrogen into nitrogen-containing molecules that can be used by all living
organisms including humans, has been regarded as one of the most important natural processes in the Earth’s nitrogen
cycle. For example, ammonia (NH3) is the most common industrial chemical and carbon-free energy storage molecule
(117 However, the industrial preparation of NH3 is a highly energy-intensive and environmentally unfriendly process.
Therefore, an alternative sustainable method for efficient generation of NH3 from N, under mild conditions is sorely
needed to alleviate the increasing energy and environmental issues. Porphyrin-based MOFs are highly porous crystalline
materials with large surface areas and highly ordered pores, which can effectively enhance N, adsorption. Porphyrin
molecules, as a strong photosensitive linker, can significantly broaden the light response of MOFs. Furthermore, the
photocatalytic nitrogen fixation efficiency can be significantly improved by rationally designed porphyrin-based MOFs to
enhance the separation of photo-generated charges (18],
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