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Broader Context

The technology of photo(electro)catalytic reduction of CO, aims to mimic the
natural photosynthesis mechanism by using light or electrical energy to convert
excess CO, in the atmosphere into valuable chemicals like C;, C,, and other
hydrocarbons. This process helps in efficiently utilizing carbon resources and
reducing greenhouse gas emissions. Porphyrin-based metal-organic frameworks
(MOFs) has attracted much attention in the field of CO, photo(electro)reduction,
such as superior CO, adsorption due to their many advantages such as tunable
photoelectrochemical properties, strong light absorption and response abilities,
large specific surface area, and abundant and evenly distributed active sites. This
review presents a panorama of the latest developments of the emerging
porphyrin-based MOFs photo(electro)catalysts for CO, reduction. It starts with the
synthesis and design of porphyrin-based MOFs. After that, the basic principle for
CO; reduction is also illustrated. Later, the recent advancements have been made in
the field of porphyrin-based MOFs for applications in photo(electron)catalytic CO,
reduction are exemplified. In the end, this review also offers some new views into
the major challenges, opportunities, and heuristic perspectives for future researches

in this emerging field.
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Abstract: Amidst the significant challenges posed by global climate change andthes pacco1745)
need for sustainable resource recycling, there is a pressing demand for the
development of new materials that offer high cost-effectiveness, exceptional
conversion efficiency, and robust stability to facilitate the conversion of CO, into
high-value products. Metal-organic frameworks (MOFs), which incorporate versatile
porphyrin fragments, have emerged as promising candidates in the realm of
photo(electro)catalytic CO, reduction. Noteworthy for their straightforward synthesis,
tunable structure, chemical stability, and abundance of active sites, MOFs enriched
with specific functional porphyrins can be precisely incorporated through in-situ self-
assembly or post-synthesis techniques, thereby broadening the scope of design
possibilities for porphyrin-based MOFs. This comprehensive review delves into the
rational design principles and recent advancements in the utilization of porphyrin-
based MOFs for photo(electro)catalytic CO, reduction. It elucidates the synthesis
methods, CO, interaction mechanisms, and delves into the latest research endeavors
encompassing catalyst structure optimization, activity enhancement, selectivity
control, and other pivotal breakthroughs. Furthermore, it conducts a detailed analysis
of the current technical challenges, future trends, and the promising prospects of
porphyrin-based MOFs in driving the industrialization of this technology. By offering
a thorough theoretical framework and practical insights, this review serves as a
valuable resource for enhancing the understanding and application of porphyrin-based
MOFs in high-value CO, conversion, thereby paving the way for improved catalytic
performance and the successful implementation of this technology.

Keywords: Porphyrin-based MOFs; Photocatalysis; Electrocatalysis; CO, conversion
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The technology of photo(electro)catalytic reduction of CO, aims to mimic the
natural photosynthesis mechanism by using light or electrical energy to convert
excess CO, in the atmosphere into valuable chemicals like C;, C,, and other
hydrocarbons. This process helps in efficiently utilizing carbon resources and
reducing greenhouse gas emissions. Porphyrin-based metal-organic frameworks
(MOFs) has attracted much attention in the field of CO, photo(electro)reduction,
such as superior CO, adsorption due to their many advantages such as tunable
photoelectrochemical properties, strong light absorption and response abilities,
large specific surface area, and abundant and evenly distributed active sites. This
review presents a panorama of the latest developments of the emerging porphyrin-
based MOFs photo(electro)catalysts for CO, reduction. It starts with the synthesis
and design of porphyrin-based MOFs. After that, the basic principle for CO,
reduction is also illustrated. Later, the recent advancements have been made in the
field of porphyrin-based MOFs for applications in photo(electron)catalytic CO,
reduction are exemplified. In the end, this review also offers some new views into
the major challenges, opportunities, and heuristic perspectives for future researches

in this emerging field.

Page 4 of 46

Article Online
D4EE01748J


https://doi.org/10.1039/d4ee01748j

Page 5 of 46 Energy & Environmental Science

View Article Online

1. Introduction DOI: 10.1039/D4EE01748]

The greenhouse effect caused by excessive CO, emissions has emerged as a
significant threat to human survival.!> The conversion of CO, into energy is an
effective strategy that addresses two issues simultaneously: protecting the
environment and conserving non-renewable energy sources.® Among different
approaches to CO, energy conversion, photo(electro)catalytic CO, reduction has
gained considerable attention.’!! This method offers favorable reaction conditions
and enables the production of fuels and chemicals, thereby mitigating the
environmental impact of excessive CO, emissions.'? However, symmetric linear CO,
molecular structure means process of activation and transformation requires more
input energy and lower overpotential to overcome the sluggish reaction kinetics.!3: 14
For photocatalytic CO, reduction, appropriate conduction band potential and effective
chemisorption are desirable in photocatalysts.!> However, low carrier separation
efficiency and poor electron conductivity limit the photocatalytic activity.!® 17
Numerous reports have suggested various approaches to enhance the photocatalytic
activity, which can be broadly categorized as: structural engineering (doping
element,'®-20 defect engineering,?!>3 etc) and co-catalytic design (heterojunction,?-?7
loading noble metal,?® 2° single atom catalysis,?* 3! etc). On the other hand, for
electrochemical CO, reduction reaction (CO,RR), electrocatalysts are expected to
have lower overpotential and higher efficiency in CO,RR.3? However, the hydrogen
evolution reaction (HER) competes with CO,RR in aqueous systems, as HER occurs
in a similar potential range.’3-3°> Additionally, the multi-electron and multi-proton
reactions also reduce the selectivity of CO,RR, making it satisfactory. Both structure
engineering and surface decoration are key approaches to enhance the selectivity and
catalytic activity of electrocatalysts. It’s important to note that selecting the right
photo(electro)catalytic materials is also crucial for optimizing selectivity and
maintaining high performance in catalytic CO, reduction.

Recently, the research of metal-organic frameworks (MOFs) about the field of
energy conversation of CO, has become a hot discussion and more scientific
achievements have been published in some top journals.’% 37 As we know, MOFs are
a class of porous crystal materials consist of inorganic metal ions or clusters and
organic linkers.’84 The notion of MOFs was first introduced by Yaghi et al. in
1995.41 With thorough research on the properties and synthesis strategies of MOFs,
more outstanding merits have been discovered for their applications in the field of
energy conversion, gas storage, separation, and sensors.*>> +* These merits can be
attributed to their large special surface area, tunable open channels, and abundant
active sites.** In addition, the flexible composition of metal nodes and the organic
linkers in MOFs materials allows for excellent functional expansion and regulation.*>-
48 Thus, MOFs have long been considered as a promising platform to be induced in
the research and application of energy conversion of CO,.#°

Porphyrins are widespread in nature and play an irreplaceable role in the
metabolism of life, such as, participating in photosynthesis as chlorophyll, being
involved in the transportation of oxygen in the blood in the form of hemoglobin and
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producing vitamin By, of red blood cell, etc.’*->3 In case of the structure, porphysiass oareo1r48)
are a class of aromatic organics with macrocyclic conjugated planar structures, the
central compound is a porphyrin core of 18- conjugate electrons, and substituents are
observed on the bridging hypomethyl (=CH,-) groups.’* Meanwhile, nitrogen atoms
existing on porphine can coordinate with most metal ions, ultimately, porphyrins
transform into metalloporphyrins.>>-37 Porphyrin materials assume the active centers
in diverse bioenzymatic catalysts and environmentally friendly biomimetic catalysts,
and show outstanding performance and superior selectivity in catalytic reaction.*!>>8-60
Noteworthy, metalloporphyrins present stronger catalytic and photoelectric activity
than porphyrins, which mainly attributes to the fact that the addition of the
coordinating metal ions change the configuration of electrons in porphyrins.¢ 61 62
With the increasing research on porphyrins and porphyrin derivative for
photo(electro)catalytic application, more drawbacks, such as, small specific surface
area, non-recyclable for homogeneous system, low catalytic efficiency are exposed
during the catalytic process.>®5 In this case, the strategy that integration of
porphyrins and porphyrin derivatives into MOFs has received highly attention in the
field of photo(electro)catalytic CO, reduction. In addition, porphyrin MOFs stand out
with excellent light absorption and precise active center, facilitating tailored design
and exhibiting great potential in advanced photo(electro)catalytic applications
compared to conventional MOFs.

Over the past few years, the emerging porphyrin-based MOFs have been widely
reported for photo(electro)catalytic CO, reduction. It is an opportune moment to offer
a review on porphyrin-based MOFs for photo(electro)catalytic CO, reduction. Up to
now, although there have been many inspiring reviews on porphyrin-based MOFs for
various applications,®®’? a comprehensive review focusing on porphyrin-based MOFs
for photo(electro)catalytic CO, reduction is inexistent. In this review, the synthetic
approaches of porphyrin-based MOFs and basic principle for CO, reduction are firstly
exhibited. Subsequently, the recent advancements in the utilization of porphyrin-
based MOFs in photo(electro)catalytic CO, reduction are outlined. Lastly, the
challenges and prospects of this class of emerging materials for the application of
photo(electro)catalytic CO, reduction are discussed.

2. Synthesis and design of porphyrin-based MOFs

A diverse set of MOFs, such as, zeolite imidazolate frameworks (ZIFs)”3-7,
isoreticular ~ metal-organic  frameworks  (IRMOFs),’®  material  sofistitute
lavoisierframeworks (MILs),>> ocket-channel frameworks (PCNs)?”” have been
successfully designed and synthesized. According to the past experiences, the
development trend of the synthesis and design of porphyrin-based MOFs generally
follows the MOFs guideline. Toward the target of pragmatization, the design and
synthesis of porphyrin-based MOFs meet the characteristics of excellent
photo(electro)chemical property and chemical stability. Meanwhile, combined with
the porous and large specific surface area of the framework structure of MOFs, this
enables the development of porphyrin-based MOFs in CO, capture with great
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potential. As research on the application of porphyrin-based MOFs in CO, catalysiso/narcor s,
advances, numerous design concepts and structural engineering approaches for
porphyrin-based MOFs have been proposed. These concepts have been thoroughly
validated, demonstrating their excellent catalytic activities. The synthesis,
construction, and development of porphyrin-based MOFs have been described in

recent years through two design directions, namely porphyrinic MOFs and
porphyrin@MOFs.

2.1. Porphyrinic MOF's

Porphyrins are heterocyclic macromolecular compounds that can act as
functional organic linkers and coordinate with metal ions or secondary building units
(SBUs) to form porphyrinic MOFs, the secondary building units (SBUs) refer to the
fundamental repeating units that constitute the crystalline structure of porphyrinic
MOFs. These units typically arise from the coordination between metal ions (such as
zinc, copper, iron, etc.) and organic ligands (commonly carboxylic acids, imidazoles,
bipyridines, etc.), forming simpler polyhedral structures. Acting as building blocks,
SBUs assemble into larger and more intricate three-dimensional networks through
various connecting modes, including vertex-sharing or edge-sharing, to create the
complex architectures of porphyrinic MOFs, common secondary building units
include octahedral structures formed by four metal ions and six organic ligands,
denoted as [M4(O/R)¢], where M represents metal ions, and O or R signifies oxygen
atoms or functional groups within the organic ligands, metal nodes and SBUs have
significant influences on the structural and physicochemical properties of porphyrinic
MOFs.# 60 Some common porphyrin linkers are shown in Fig. 1b. In addition,
porphyrinic MOFs can also be further enhanced by incorporating other functionalized
components, such as quantum dots and photoelectronic nanoparticles. This
modification transforms it into an exceptionally advanced photoelectrocatalytic
platform. Besides composition, the structure of porphyrinic MOFs is crucial in the
field of energy-conversion catalysis’®%%, In this section, we introduce the synthesis
strategy of porphyrinic MOFs from topological engineering, metal-organic cage
engineering and pillar-layer engineering. Meanwhile, the structural stability of
porphyrinic MOFs with different synthetic ideas is elaborated.
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Meso Meso

Porphyrin core

Fig. 1. (a) Representative molecular structures of Structure diagrams of porphyrin core,
porphyrins, metalloporphyins. (b) Porphyrin-based organic linkers for the synthesis of porphyrin-
based MOFs.

2.1.1. Topological engineering

Topology is a fundamental branch of mathematics that studies the properties of space
that remain unchanged under continuous deformation. In other words, topology is
concerned with the "connectivity" and "hollowness" of objects rather than their
specific shape, size or distance. Similarly in chemical synthesis, topological strategies
emphasize "connectivity" and "adjacency" without concerning themselves with
precise distances or directions. This approach focuses on the relationship between
points, which represent entities like atoms or vertices, and lines that symbolize
connections such as chemical bonds or edges. In the design and synthesis of
porphyrinic MOFs, topological strategies can employ a variety of topological indices
to guide synthetic routes, predict structural characteristics, and optimize material
properties. Such as, the connectivity index measures the degree of connection among
atoms or structural units within a molecule, aiding in the understanding of porosity
and diffusion properties in porphyrinic MOFs, the vertex degree reflects the local
density and potential coordination patterns within a structure, analysis of ring count
and size distribution, which examines the presence of various-sized rings within a

DOI: 10.1039/D4EE01748J
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molecule, provides guidance for predicting the stability and functionalizations paceoi74s)
pathways of porphyrinic MOFs. In short, topological engineering facilitate the
simplification and analysis of complex porphyrin-based MOF structures, providing
guidance for structural design and synthesis. Currently, a prevalent topological
strategy involves maintaining the inherent topology during the construction of
porphyrinic MOFs, ensuring structural integrity and intended functionality.4® 81> 8
This process alters the structure, lengths of porphyrin-organic linkers, and metal
nodes in the framework, facilitating the functionalized synthesis of porphyrinic
MOFs.” 83 The advancement of topological engineering has significantly enhanced
the utility of porphyrinic MOFs for energy conversion applications. For example, pore
size in porphyrinic MOFs can be adjusted by modifying linker lengths.? %
Furthermore, changing the coordination metal in the porphyrin core allows for
modification of the photoelectric properties of porphyrinic MOFs. Additionally,
enhancing the stability of porphyrinic MOFs can be achieved by adjusting bond
lengths and angles of centers and ligands through altering metal clusters or metal
nodes.

As shown in Fig. 1, porphyrin consists of a central heterocyclic ring and external
functional groups, the structure and length of these functional groups can be easily
modified. Thus, porphyrin function as linkers usually with a large size about 2.5 nm,
which facilitates the generation of large pores inside the organic framework,
ultimately forming mesoporous porphyrinic MOFs materials. Here, Zhou®® and his
group developed a series of porphyrinic MOFs consist of tetratopic carboxylate
porphyrin ligand H4TCPP (tetrakis (4-carboxyphenyl)-porphyrin) with D4, symmetry
and the 12-connected Zrg cluster with Oy, symmetry, topological connection of those
two nodes to each other could ideally give rise to a highly connected ftw-a network
(Fig. 2a). Herein, the desired formation of organic linkers were elongated through
arranging the vicinal phenyl ring and carboxylate group. Ultimately, a series of
mesoporous porphyrinic MOFs with ftw-a topology, namely PCN-228, PCN-229, and
PCN-230 (PCN is the abbreviation of porous coordination network) were synthesized
by the assembly of organic linkers and 12-connected Zrg cluster. The mesopores size
of porphyrinic MOFs (PCN-228, PCN-229, and PCN-230) were 2.5, 2.8, 3.8 nm,
respectively (Fig. 2b), and PCN-229 present the most special surface area according
to Brunauer-Emmett-Teller (BET) test (Fig. 2c). Longer linker possible lower
stability, however, PCN-230 showed unexpected stability over the pH range of 0-12
in aqueous solution, which demonstrated PCN-230's excellent PH tolerance and
chemical stability (Fig. 2d). The adjustment of linker length in porphyrin-based
MOFs is expected to broaden their application potential, particularly in gas adsorption
and catalytic site distribution. This modification will help overcome stability issues,
enhancing the versatility and feasibility of their use.
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Fig. 2. (a) Assembly of Oy and Dy, nodes into ftw-a network. (b) Structures and crystals of PCN-

230. (c-d) N, adsorption isotherms of PCN-230 after different treatment. Reproduced from ref. %,

Copyright 2022 ACS.

Then, the interaction between metal nodes and porphyrinic linkers plays a crucial
role in the chemical stabilization of porphyrinic MOFs. By adjusting the hardness of
metal ions and porphyrin ligands, the chemical stability of porphyrinic MOFs can be
controlled in accordance with the soft and hard acid-base theory (HSAB).%7
Especially, porphyrinic MOFs consist of coordination centers with high-valent metal
ions and linkers with carboxylate terminal group exhibit a significant degree of
variability when exposed to water. Zhou and his co-workers®® guided by a top-down
topological analysis, a MOF was constructed by pyrazolate-based (PZ-based)
porphyrinic ligand, namely PCN-601, has been rationally designed and synthesized.
The porphyrinic MOF with ftw-a topology is composed of the O, symmetric 12-
connected [Nig(OH)4(H,0),Pz1;] (which is denoted as [Nig]) nodes and the Dy,
symmetric 4-connected 5, 10, 15, 20-tetra(1H-pyrazol-4-yl)porphyrin (H4TPP)
ligands (as Fig. 3a). Then, a series of tests have been carried out to identify the
chemical stability of PCN-601. According to X-ray Diffraction (XRD) and BET

DOI: 10.1039/D4EE01748J
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special surface area test, the crystallinity and porosity of PCN-601 can be,greathys oiccoims;

maintained between room temperature and 100 °C in saturated NaOH solution (20
mol L") (Fig. 3b, ¢). The experimental results suggest that designing porphyrin-based
MOFs based on HSAB theory is crucial for the creation of acid and alkali resistant, as
well as thermally stable, materials. This highlights the potential use of porphyrin-
based MOFs in demanding catalytic environments in the future.
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Fig. 3. (a) Structural analysis of PCN-601. (b) PXRD patterns for simulated, pristine PCN-601,
and PCN-601 samples treated under different conditions. (¢) N, adsorption/ desorption isotherms
at 77 K of pristine PCN-601 and acid and base treated PCN-601 samples. Reproduced from ref. 8.
Copyright 2022 ACS.

Due to the distinctive structure of the porphyrin nucleus, the nitrogen atoms
within the porphyrin cores of metalloporphyrin MOFs display a high reactivity
towards coordination reactions with metal ions. By adjusting the metal ions within the
ligands, changes in the photoelectronic properties of the porphyrin MOFs can be
achieved. Therefore, controlling the coordination of metal ions proves to be a valuable
method for improving the catalytic efficiency of metalloporphyrin MOFs. Gu and his
team®® reported a series of a series of 2D MOF Zny[TCPP(M)] (named ZnTCPP(M),
M = Zn, Mn, Fe, and H,) films engage in photodetectors and revealed the
photodetection response of metalloporphyrin MOFs (Fig. 4a, b). In comparison to
ZnTCPP(H,), ZnTCPP(Fe), ZnTCPP(Mn) and ZnTCPP(Zn), ZnTCPP(Zn) exhibited
notable enhancement in photoresponse and light harvesting, which suggests great
potential for research and applications in photoelectrocatalysis (as Fig. 4c, d).
Furthermore, the topological guidance of the metalloporphyrin MOFs increases the
number of ligand metal ions, promoting a uniform distribution of metal active sites. In
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addition, integrating porphyrins containing different metal centers into porphysinze,niccoi74a)
based MOFs is expected to be a prominent research focus in the future. The metal-
dependent photoelectrochemical properties are anticipated to play a key role in CO,

catalytic reduction reactions.

.
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Fig. 4. (a) Preparation process of ZnTCPP(M) films. (b) Schematic diagram of ZnTCPP(M)-based
photodetectors. (¢) Photocurrent curve and (d) responsivities of the ZnTCPP(M)-based
photodetector. Reproduced from ref. 3°. Copyright 2022 ACS.

2.1.2. Metal-organic cage engineering

Molecular organic cages are molecular structures composed of organic molecules that
interact with each other to form a cavity structure. These cages are typically
constructed by numerous organic molecules through non-covalent interactions, such
as hydrogen bonding and hydrophobic effects, resulting in an organic molecular
system with a hollow interior.33 %% °! Hollow self-assembled molecular cages possess
the remarkable capability to selectively include chemicals within their established
cages. Additionally, they can aid in guest stabilization, storage, and transportation, as
well as catalyze guest transformation in a controlled manner. Su et al. prepared two
ultra-stable metal-organic frameworks ([ZrsO4(OH)4(H,TBPP);],,-(solvent),) (FJI-H6)
and ([Hf¢O4(OH)s-(H,TBPP);],-(solvent)y) (FJI-H7), which both feature 2.5 nm
cages. FJI-H6 and FJI-H7 are both constructed from 12-connected M¢O4(OH)4(CO;);,
nodes (M = Zr, Hf) and porphyrin tetracarboxylic ligands (H¢TBPP =4, 4>°°  4>°>°,
4>>°7>-(porphyrin-5, 10, 15, 20-tetrayl)tetrakis([1, 10-biphenyl]-4-carboxylic acid))
as Fig. 5a-c®2. Gas adsorption experiments reveal the special surface area of FJI-H6
and FJI-H7 are 5007 m? g! and 3831 m? g, respectively. FJI-H6 and FJI-H7
synthesized with metal-organic cage strategy exhibits a satisfied special surface area
is much larger than that of PCN-222(Fe) (2200 m? g'!), NU-1000 (2320 m? g'!), PCN-
223(Fe) (1600 m? g-'), PCN-94 (3377 m? g!), NU-1100 (4020 m? g'!) and PCN-229
(4619 m? g, notably, among those Hf-based MOFs have been reported, FJI-H7
shows the best special surface area (Fig. Sd). Then, the acid and alkali resistance tests
confirmed the stability of FJI-H6 and FJI-H7, as it exhibited excellent stability in
aqueous solutions with pH value levels ranging from 0 to 10. However, it is worth
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noting that the alkali resistance of this particularly organic cage-strugtureds oaceoisis;
porphyrinic MOFs is slightly lower when compared to other structured MOFs. In
addition, FJI-H6 and FJI-H7 have some catalytic effect on CO,, the catalytic
mechanism is shown in Fig. Se, which is mainly attributable to distribution of Lewis

active sites on the porphyrinic MOFs.
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Fig. 5. (a) The large cubic cage constructed from six porphyrin ligands and eight ZrgO4(OH),4
clusters. (b) The small octahedral cage constructed from four porphyrin ligands and two
Z1s04(OH), clusters. (¢) Packing of the two kinds of cages. (d) Experimental N, adsorption
isotherms for FJI-H6, FJI-H6(Cu), FIJI-H7 and FJI-H7(Cu). (e) Cycloaddition reactions of CO,
with epoxide catalyzed by FJI-H6(Cu), FJI-H7 and FJI-H7(Cu). Reproduced from ref. %2
Copyright 2022 RSC.

2.1.3. Pillar-layer engineering

Kitagawa and his collaborators were the first to propose the concept of pillars in
MOFs%. In this structure, the layers are bonded to each other through hydrogen
bonds, resulting in a 3D arrangement.’* ** The design and modification of 3D porous
materials are the significant breakthrough owing to the widespread application of the
materials for the guest molecule adsorption.®>-%7 Pillar-layer engineering is a
straightforward and efficient way to synthesize the 2D structure of porphyrinc MOFs
into a 3D structure. Zhou et al. synthesized a mixed-linker zirconium-based metal-
organic frameworks (Zr-MOFs) with a layer-pillar structure.”® As Fig. 6a, b, 6-
coordinated Zrg clusters with hexagonal shape and the triangular BTB linkers are
interconnected to form a 2D layered (3, 6)-connected kdg topology. In addition, The
Zr¢ metal clusters are not only bonded to the six carboxylate groups in the 2D layer,
but they also have six pairs of terminal -OH/H,O ligands distributed on the upper and
lower sides of the layer to allow the carboxylate linkers to attach. In simpler terms,
the 2D layers are linked together using ditopic linkers like pillars, which allows the
2D layered MOFs to grow into a 3D layer-pillar structure. Noteworthy, the creation of
Zr-carboxylic acid bonds is an exothermic process, making it energetically favorable
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for MOFs with well-connected Zrg clusters. The authors were thermodynamicallys oitcoismss
guided to combine two rational linkers to convert the 6-connected Zrg clusters to 12-
connected one thereby realizing porphyrinic Zr-MOF with mixed linkers with the
lowest system energy, namely Zr¢O4[OH]s[H,O],[BTB],[TCPP] (PCN-134). The
stability of the PCN-134 was demonstrated through using of XRD pattern and N,
sorption isotherms derived from single-crystal X-ray diffraction and BET experiments
(Fig. 6¢-d). The XRD patterns demonstrate that the structure of PCN-134 remains
unchanged when it is exposed to aqueous solutions with pH values ranging from 0 to
13. However, there are slight variations in the intensity of the peaks observed in the
XRD patterns. Combined with the results of N, sorption isotherms, the acid-base
tolerance test confirmed that the layered-pillars structure of PCN-134 remained stable
without experiencing collapse or phase transition, indicating its high chemical
stability. In addition to the high stability of mixed-linkers PCN-134, manipulating the
proportions of various linkers, it is possible to enhance the adsorption capacity of
mixed-linkers PCN-134 for guest molecules. As Fig. 6e, the TCPP ratio up to 25% in
the PCN-134 framework the most performance of N, uptake is exhibited (717 cm? g
1), which is mainly attributed to the defects between the Zr-BTB layers resulting from
missing TCPP fragments. Furthermore, the 3D porphyrinic pillar-layered metal-
organic framework promotes interlayer charge transfer more effectively. Fei Wang et
al. synthesized porphyrinic pillar-layered MOF constructed with n-conjugated TCPP
and in-situ formed 1, 2-bis-(1H- benzo[d]imidazol-2-yl)-ethene (BIE) conjugated
ligands. In both PMOFs, Zn,(CO,), paddlewheel units are connected by TCPP-Zn
ligands to form a 2D layer. The layers were connected by BIE ligands to form a
porphyrinic pillar-layered MOF (PMOF-2). 3D pillar-layered PMOF-2 demonstrates
strong light absorption within the visible light spectrum of 400-600 nm. Additionally,
it displays impressive photoresponse in photocurrent experiments, primarily due to its
exceptional conductivity.
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Zrg cluster and TCPP. (¢) the XRD patterns and (d) the N, isotherms after immersion in aqueous


https://doi.org/10.1039/d4ee01748j

Page 15 of 46 Energy & Environmental Science

solutions with different pH values at room temperature for 24 h. (e) Effects of TCPP defects;0f5/oiroras;
PCN-134 system on N, uptake measured at 77 K. Reproduced from ref. %3, Copyright 2022 ACS.

2.2. Porphyrin@MOFs

To create porphyrin@MOFs, we usually trap free-base porphyrins or metallo-
porphyrins inside the pores or attach them to the surface of MOFs, and employ in-situ
formation or post-synthesis methods to integrate porphyrins into MOFs.#’ Because
porphyrin molecules self-degrade and aggregate, porphyrin or metalloporphyrin-based
catalysts are typically utilized in homogeneous catalytic systems, which significantly
reduces their catalytic efficiency.>> % The catalytic activity and stability of porphyrin
can be enhanced by incorporating porphyrins into MOFs to create heterogeneous
porphyrin@MOFs.

PCN-134 is a porphyrin-based MOFs consist of Zr-BTB and porphyrinic linkers
with typical pillar-layer structure as the introduction of section 2.1.3. Zhou et al.
successfully synthesized PCN-134-2D (functionalized MOF 2D nanosheet) and PCN-
134-3D (functionalized MOF 3D nanosheet) through one-pot reaction and step-wise
synthesis, and the processes were illustrated in Fig. 7a. Subsequent tests on the acid
and alkali resistance of PNC-134-2D, modified with varied porphyrin groups,
demonstrated that PNC-134-2D synthesized using step-wise method remained stable
in the pH range of 1-10. PNC-134-2D produced through TCPP synthesis was found to
be even more stable, likely due to its greater number of coordination groups.
Abbreviations will be explained when first used. Yi and his group synthesized the
stable metal organic framework PCN-224 through post-modification and embed Mn3*
into the porphyrin@MOFs as prepared to form PCN-224(Mn). Moreover, compared
with PCN-224 with special surface area of 2630 m? g'!, PCN-224(Mn) almost retains
the specific surface area of PNC-24 while introducing a metal active center. The
metalloporphyrin-based MOFs obtained through a post-synthesis method maintained
structural stability during acid and alkali tests, with no detachment of metal ions
observed.
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Fig. 7. (a) Schematic representation showing the one-pot synthesis of PCN-134-3D and stepwise
synthesis of PCN-134-2D nanosheets with accessible catalytic sites. (b) PXRD of Zr-BTB and
PCN-134-2D treated by aqueous solutions with different pH values. (¢) Stability test of Zr-BTB
modified by TCPP, DCPP, and TPP treated by aqueous solutions with different pH values.
Reproduced from ref. 190, Copyright 2022 Wiley.

Guided by topological engineering, metal-organic cage engineering, pillar-layer
engineering and post-synthesis strategy, substantial porphyrin-based MOFs have been
synthesized and modified by purpose, which means tremendous potential for research
and application. Herein, high-value CO, conversion high demand exists for the
distribution of catalyst active sites, specific surface area size, and stability. Metal-
organic cage engineering can offer a significantly large specific surface area and
uniformly distributed active sites for porphyrin-based MOFs. However, the metal
nodes of metal-organic cage are generally classified as soft acids, which restricts the
intensity of interactions between the ligand and center metals, thereby compromising
stability. This issue has been subject to numerous criticisms. However, topological
engineering broader selection of metals for metal nodes presents a noteworthy benefit
in constructing porphyrin-based MOFs with stable structures. The issue of some
functional groups being unable to be introduced directly during in-sifu synthesis is
resolved by introducing them to fine-tune the properties in the porphyrin-based MOFs
or to functionalize the porphyrin-based MOFs on a larger scale. However, often the
introduction of functional groups leads to a reduction in the specific surface area of
porphyrin-based MOFs.

DOI: 10.1039/D4EE01748J
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3. Basic principle for CO; reduction DOI: 10.1038/D4EE01748]

The high symmetry and linear structure of CO, molecules result in evenly
distributed electronic charges and spatial arrangement, leading to a low-energy state.
Consequently, activating CO, necessitates the input of substantial energy. The
photo(electro)catalytic CO, reduction using porphyrin-based MOFs is classified as a
prototypical heterogeneous catalytic system, wherein CO, molecules undergo
activation and subsequent evolution of intermediates at the porphyrin MOF surface.!0!
Consequently, an in-depth investigation into the catalytic mechanisms and structure-
activity relationships of porphyrin MOFs is of paramount importance.'??. Below is a
detailed explanation of the CO, activation, the mechanisms involved and the
structure-activity relationship in these systems.

3.1. Surface interface catalysis mechanism

The processes of photocatalytic CO, reduction are generally divided into light
absorption, electron injection, CO, activation and evolution of intermediates.
Porphyrin rings possess 26-m electrons, forming a highly conjugated electronic
system. Conjugated systems enable 7 electrons to delocalize along the chain, creating
a uniform electron cloud and molecular orbitals = and ©* with distinct energy levels.
When the energy of photon matches the gap between these levels, absorption occurs.
The continuous band-like energy structure of conjugated m electrons broadens their
light absorption range, especially in the visible spectrum, allowing these compounds
to capture diverse wavelengths.!9 Thus, porphyrin function as a vital constituent of
porphyrin-based MOFs, endows porphyrin-based MOFs materials with exceptional
absorption properties in the visible spectrum, enabling them to efficiently capture
photons and instigate transitions to excited states. The electrons excited by photo
energy are injected into the conduction band of the porphyrin-based MOFs, leaving
positive holes (h™) in the porphyrin. The essence of this process lies in the transfer of
photogenerated electrons to active sites on the porphyrin-based MOF, where they can
engage in reduction reactions. Then, the injected electrons reduce adsorbed CO,,
creating reactive intermediates (COOH*, CO*, OCHO*) that are amenable to further
reduction steps. Subsequently, the intermediates convert to target products, the
sufficient reaction kinetics and the availability of photogenerated electrons are crucial
factors for this process.!%

Porphyrin-based MOFs functioning as electrocatalysts in the electrochemical
CO; reduction of undergo a process akin to the general mechanism of CO,
electroreduction, albeit with variations attributed to the specific properties of
porphyrin moieties and metal centers.'% The process initiates with the adsorption and
activation of CO,.!% Then, driven by an applied electric field or photoexcitation,
electrons migrate from the electrode to the metal center and further to the CO,
molecule.? Finally, a series of intermediates and target products are formed.
Additionally, In the case of carefully designed porphyrin-based MOFs, their inherent
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structural resilience and the capacity of their metal centers to undergo reversiblg redoXo/oicr01745

transformations are pivotal to a phenomenon known as catalyst regeneration, which is
essential for upholding catalytic activity after multiple operational cycles.'”” And
porphyrin-based MOFs excel in photocatalytic applications primarily due to their
conjugated structures and tunable pore architectures, which collectively enhance both
conductivity and mass transfer efficiency.

3.1.1 Adsorption and activation of CO,

The adsorption and activation of CO, on porphyrin-based MOFs are intricate
processes that rely on the strategic design of the structure of porphyrin-based MOFs,
composition, and functionality.'®® By optimizing these factors, researchers can
enhance the interaction between CO, and the catalytic sites, thereby improving the
efficiency and selectivity of CO, reduction reactions. Understanding and manipulating
these mechanisms are critical steps towards developing Adv. mater. for sustainable
energy conversion and carbon utilization technologies.

It 1s widely acknowledged that CO, adsorption is significantly influenced by
factors such as the specific surface area, pore dimensions, and functional groups
attached to porphyrins.!” The synthesis of porphyrin-based MOFs predominantly
involves strategies like topological engineering, layer-pillar schemes, and cage
construction methodologies, thereby bestowing unique advantages in designing
porphyrin MOFs with high surface areas and appropriately sized pores.'!0-112
Furthermore, the tunability of porphyrin linkers implies enhanced regulatory capacity
over CO, adsorption in porphyrin-based MOFs, offering improved modulation of
their catalytic performance. Zhou and his team prepared PCN-601 composed of
reactive Ni-oxo cluster nodes and light-harvesting metalloporphyrin ligands
connected via pyrazolyl group, as a catalyst for gas-phase overall CO, photoreduction
with H,O vapor at room temperature.!'> Comparison through BET analysis and CO,
capture experiments has revealed that porphyrin-based MOFs generally possess
substantial specific surface areas. While large surface areas have a notable impact on
CO, adsorption, a critical factor in the kinetics of heterogeneous gas-solid reactions,
particularly the affinities between reactants and the catalyst, was meticulously
assessed in the case of PCN-601. Consequently, the substantial specific surface area
provides an abundance of adsorption sites for CO,, and efficient adsorption is further
augmented by the generation of photogenerated electrons under light irradiation.
Additionally, this study confirmed that in PCN-601, these photogenerated electrons
utilize Ni as a conduit, facilitating accelerated electron transfer and thereby enhancing
the catalytic efficiency (Fig. 8a).

The activation of CO, is a pivotal step in its conversion into value-added
chemicals and fuels. This process typically involves breaking the stable double bond
between the carbon and oxygen atoms in CO,, rendering it reactive enough to
participate in subsequent reduction reactions. Strategies to provide suitable reaction
sites and lower the energy barrier for CO, activation in porphyrin-based MOFs
primarily involve several methods: constructing metal ions coordinated within the
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porphyrin ring, designing frameworks with synergistic multiple reactive sites, ands/oaceoisie;
engineering metal nodes to enhance conductivity. Xu demonstrated the CO,
coordination can drive low temperature rapid synthesis of porphyrin-based bismuth-
MOFs (Bi-PMOFs) by utilizing synergistic physical and chemical properties of
supercritical CO,.'"* And SC-Bi-PMOFs combined many advantages of high
accessible active sites, fast electron/mass transfer capability, and unique coordination
environment around active sites, thus endowing them superior photocatalytic CO,
reduction activity (Fig. 8b). In both photocatalytic and electrocatalytic CO, reduction,
the provision of electrons with sufficient kinetic energy to the active sites is crucial
for disrupting the inherent symmetry of CO, molecules, thereby facilitating the
activation of CO,. This step is pivotal in converting CO, into value-added chemicals
or fuels.

3.1.2 Evolution of intermediates

As stated above, photocatalysis of porphyrin-based MOFs harnesses light to generate
excited electrons that engage in surface reactions with CO,, whereas electrocatalysis
relies on electric fields to drive the process.'’> Consequently, the efficacy of
photocatalytic reactions with porphyrin-based MOFs is largely dependent on their
bandgap structures that dictate light absorption and electron-hole pair generation.
Conversely, in the context of electrocatalysis, emphasis shifts towards optimizing
mass transfer efficiency and ensuring a favorable distribution of charges at the active
sites for efficient electron transfer. However, the evolution process of CO, and
intermediates during both photocatalysis and electrocatalysis is strikingly similar, as
follow:
One step: *COOH + e~ — CO + OH-
Two steps: *COOH + e~ — *CO + OH- — CO + H,0
*CO + e + H* —» *CHOH — CH3;0H
Multi-step: *CO + 2¢” + 2H* — *CHOHCH, — C,H4
*CO + 2¢ + 2H" —» *CHOHCH,OH — CH;CH,OH

Recently, surface interface catalysis mechanism of photo(electro)catalytic CO,
reduction for porphyrin-based MOFs shows different ideals due to the complex
structure of porphyrin-based MOFs. Generally, redox-active sites of porphyrin-based
MOFs are typically situated at the metal centers within their structure, where these
centers possess a unique electronic configuration enabling participation in redox
reactions and facilitation of electron transfer. Zhang and his team prepared porphyrin-
based MOFs (Cu-SAs@Ir-PCN-222-PA) with dual active sites of Ir-porphyrin and
Cu-SAs through the pre-coordination confinement strategy. Catalytic results disclosed
that Cu-SAs@Ir-PCN-222-PA could drive the reduction of CO, to C,H4 with a high
faradaic efficiency (FE) (70.9%) with the current density of 20.4 mA cm™2. And the
DFT Calculation was carried to deduce the electrocatalytic CO, reduction mechanism
(2CO, + 8¢ + 8H* — C,H,4 + 2H,0). The reduction of CO, molecules at the catalyst
surface involves a sequential acquisition of electrons and protons, namely, a stepwise
electron transfer proton transfer (ET-PT).
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Distinguished traditional redox mechanism, in proton-coupled electron transters narcoi 4s;

(PCET), the transfer of electrons is tightly coupled with that of protons, occurring
virtually simultaneously, which contrasts with traditional redox reactions where
electron and proton transfers may occur as separate steps.''* Moreover, the
thermodynamic and kinetic properties of PCET reactions can vastly differ from those
of isolated electron or proton transfers. This synergistic transfer can impact the free
energy change, activation energy, and reaction rate, sometimes rendering reactions
feasible that would otherwise be difficult to proceed. Sarazen and co-workers well-
dispersed iron-porphyrin-based MOF (PCN-222(Fe)) on carbon-based electrodes
revealed optimal turnover frequencies for CO, electroreduction to CO at 1 wt.%
catalyst loading, beyond which the intrinsic catalyst activity declined due to CO, mass
transport limitations.!'® The pattern of log(jco) vs. log(HCOj5") indicates that the CO,
electroreduction rate is not dependent on the transfer of protons. This finding excludes
both PT in the stepwise ET-PT pathway and PCET as the rate-determining step of the
reaction, suggesting that ET is the rate-determining step (Fig. 8c).
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Fig. 8. (a) The BET surface area and the CO, uptake of PCN-601 and the structure of PCN-601
and PCN-222. Reproduced from ref.!'> . Copyright 2022 ACS. (b) the electron-transfer
mechanisms of SC-Bi-PMOFs. Reproduced from ref.!'* . Copyright 2022 ELSEVIER. (¢) The
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ref.116 . Copyright 2022 WILEY.
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3.2 Structure-activity relationship DOI: 10.1038/D4EE01748]

Porphyrin-based MOFs have emerged as prominent catalysts in the realm of
Adv. mater., primarily due to their integration of unique structural elements: a
porphyrin core offering tunable electronic properties, strategically selected metal
nodes that facilitate electron transfer, meticulously designed linkers enabling porosity
tuning, and a highly ordered porous structure providing enhanced surface areas. This
sophisticated design not only fosters exceptional photo(electro)catalytic functionality
for efficient CO, conversion into valuable chemicals and fuels but also underscores
their stability and recyclability, which are pivotal for sustainable carbon capture and
utilization technologies. The synergy of these features positions porphyrin-based
MOFs as prime candidates in the quest for optimized photocatalytic and
electrocatalytic systems, thereby driving advancements in green chemistry and
climate change mitigation strategies.

The porphyrin core serves as a common reactive site in porphyrin-based MOFs
for photo(electro)catalytic CO, reduction, primarily due to its facile coordination
capabilities and ability to easily accept and transfer electrons. When the macrocyclic
porphyrin structure coordinates with metal ions, it effectively captures light energy
and facilitates electron excitation and transfer, which is vital for activating CO,
molecules. With metal ions situated at the center of the porphyrin ring, they can
modulate charge distribution, influencing the electronic structure of the catalytic site
and, consequently, altering the adsorption and activation abilities towards reactants
such as CO,. Furthermore, tuning the metal species within the porphyrin core allows
for further optimization of catalytic performance, as different metal centers impart
distinct electronic characteristics and activities, advantageous in breaking the
symmetry of CO, and promoting its conversion into valuable chemicals and fuels
during photocatalysis or electrocatalysis.’> "7 Su and his team contrastively
investigate the catalytic performance of the two-dimensional (2D) cobaltporphyrin-
based organic frameworks linked with phenyl, CoO-cluster, ZnO-cluster, and ZrO-
cluster, as CO, reduction photocatalysts (abbreviated as CoP, Co-PMOF, ZnPMOF,
and Zr-PMOF, respectively) using DFT computations. The calculated results
represent that the CoP, Co-PMOF, Zn-PMOF, and Zr-PMOF monolayers are all
semiconductors with band gaps of 1.63, 1.21, 1.72, and 1.68 eV, respectively.'!® A
narrower bandgap implies superior light-harvesting capability, hence modifications to
the porphyrin core are conducive to enhancing the electronic environment around the
porphyrin, thereby elevating the catalytic performance of porphyrin-based MOFs. The
selection of metal nodes in porphyrin-based MOFs not only directly influences the
electronic structure of the MOFs but also interacts synergistically with the porphyrin
units, collectively enhancing the catalytic performance of porphyrin-based MOFs.
Sheng fabricated a Cu-ZnTCPP MOF, in which the first Cu refers to the carboxylate-
coordinated Cu,(COO)4 node in a paddle-wheel structure.!'® The research exhibited
that the enhanced CO, reduction rate in the presence of O, benefited from the
promoted activity on the higher coordination Cu node (HO-Cu node) relative to that
on the lower coordination Cu node (LC-Cu node) with a significantly lower activation
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barrier (0.55 eV vs. 1.42 eV), as well as the role of -OH in capturing and actiyatings oaccor/48,

the gas-phase CO,. The judicious introduction of functional groups markedly
enhances the photocatalytic performance of porphyrin-based MOFs by widening the
light absorption range, refining charge transport efficiency, creating and tuning active
sites, and fostering synergies. Additionally, it bolsters their electrocatalytic
capabilities through improvements in conductivity and modulation of local charge
distribution, thereby comprehensively elevating both photo(electro)catalytic
efficiencies. Chen synthesized a series of functional group-containing (-F, -NH, and -
NO;5) MOF-808 catalysts and investigated their adsorption behavior toward CO,. F-
MOF-808 exhibited super catalytic performance for CO,, which underscore the
significance of rationally tuning the electronic structure and defective metal centers.
Furthermore, the introduction of fluorine significantly enhanced the selectivity
towards CO production for F-MOF-808, reaching up to 97.8%.'%°

Porphyrin-based MOFs have demonstrated remarkable potential in the fields of
photo(electro)catalysis for CO, reduction, with the exploration of their high-
performance characteristics primarily centered around three core aspects: CO,
adsorption and activation, evolution of intermediates, and the relationship between
structure and activity. Firstly, the adsorption and activation of CO, mark the inception
of the entire catalytic process.!?!"'23 The unique porous architecture of porphyrin-
based MOFs, coupled with functionalized ligands, enhances both the physical
adsorption and chemical activation of CO, molecules. Particularly, tuning the
functional groups on the porphyrin ring can optimize the binding mode of CO, at
active sites, reducing its activation energy barrier and facilitating the initial step of
CO; conversion. Secondly, the evolution of intermediates is pivotal to gaining an in-
depth understanding of the catalytic mechanism. Under photo or electrostimulation,
the formation, stabilization, and transformation pathways of intermediates generated
post-CO, activation, such as *COOH and *CHO, directly influence the selectivity and
yield of the final products. Furthermore, the proposition of PCET mechanisms offers
profound insights into the intricate interplay of electron and proton migration in
photo(electro)catalytic CO, reduction, facilitating a deeper understanding of the
reaction pathways involved. Lastly, the investigation of structure-activity
relationships elucidates the microcosmic principles underlying catalyst design.
Variations in metal nodes, linking strategies, and degrees of functionalization not only
impact the electronic structure and photo(electro)responsive properties of the
materials but also directly relate to the distribution and efficiency of catalytically
active sites. Systematically adjusting these structural parameters uncovers new
avenues for enhancing catalytic performance. In summary, by focusing on CO,
adsorption and activation, tracing the progression of intermediates, and delving into
the intrinsic connections between structure and activity, research on porphyrin-based
MOFs for photocatalytic and electrocatalytic CO, reduction is progressively
advancing our comprehension of efficient CO, conversion mechanisms. This
endeavor provides a scientific foundation and innovative perspectives for the
development of sustainable carbon cycle utilization technologies.
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4. Porphyrin-based MOFs for photocatalytic CO, reduction DOI: 10.1038/D4EE01748]

Photocatalyst plays an important role in the field of photocatalytic CO, reduction
because of the process of transform CO, into add-value chemical (such as, CO, CH,,
HCHO, HCOOH, CH3;0OH and C, products) through sunlight is straightforward and
zero consumption. The materials that can be used as photocatalysts include
semiconductors (ZnO,, TiO,, Fe,0;, CdS, Co;S, and LDHs etc.),” 124 semiconductors
(porphyrin, triazine etc.), and noble metals (Ag nanoparticle (NPs), Au NPs, Pt
NPs).?% 39 When sunlight irradiate on the surface of photocatalyst, the process of
photocatalytic reaction occurs on the surface as follow: 1) CO, molecules are
absorbed by active sites of photocatalyst; 2) light harvesting of semiconductor
photocatalyst; 3) Light energy drives the separation of photogenerated carriers; 4) The
photogenerated carriers migrate to the semiconductor's valence (VB) and conduction
(CB) bands, respectively; 5) The photogenerated electrons in the CB undergo a
reduction reaction with the adsorbed CO;; 6) Products desorption from photocatalyst
surface. This completes the entire catalytic reaction process. In contrast, the
photocatalytic activity of noble metal NPs is rooted in the surface plasmon resonance
effect (SPR).!23. 125, 126 The evidence presented demonstrates that the condition of
photogenerated carriers significantly impacts the performance of photocatalysis.*> 112
Porphyrins are highly efficient photo-response molecules, and functionalized
porphyrins integrated into MOFs greatly improve the intra-electronic environment of
the catalysts, thereby leading to intensive investigations. Porphyrin-based MOF(Zn)
materials have strong photocatalytic activity for photocatalytic CO, reduction. S.
Sharifnia and his co-workers synthesized porphyrin-based metal organic framework
(Zn/PMOF), the ligand in Zn/PMOF is TCPP (Fig. 9a).!?” Then, Photocatalytic CO,
reduction behavior of porphyrin-based MOFs was investigated by a platform of
Zn/PMOF with a gaseous phase reactor, in which vapor act as donor. As shown in
Fig. 9b, under UV/Visible irradiation, electrons at first are exited from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of Zn/PMOF. Subsequently, the interaction between the photogenerated
electrons in the CB and the adsorbed CO,, as well as the interaction between the
photogenerated holes in the VB and the water molecules, initiates the photocatalytic
reaction. In this photocatalytic system, the ultimate product is CH,; with a
considerable yield of 8.7 umol g h'l. In addition, the results of 3-cycling and long-
term tests illustrated that the porphyrin-based MOFs possessed excellent stability
during the photocatalytic reaction (Fig 9c, d).
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Fig. 9. (a) Synthetic reaction scheme for Zn/PMOF. (b) Mechanism of photocatalytic reduction of
CO; over Zn/PMOF with H,O vapor as sacrificial agent. (¢) The photocatalytic performance of
Zn/PMOF under UV/Visible light after. (d) Recycling tests for photocatalytic reduction of CO,
under UV/Visible light over Zn/PMOF. Reproduced from ref. '27. Copyright 2022 ELSEVIER.

The chemical stability and the selection of active center of photocatalyst is a key
factor for photocatalytic CO, reduction. diverse and complex structures of porphyrin-
based MOFs demonstrate reliable stability of photocatalyst closely associated to the
suitable synthesis routes and structural designs. Li and his team proposed a strategy
that a series of BUT-110 with different contents of 4, 4’-(porphyrin-5, 15-
diyl)dibenzolate (DCPP?") were prepared by in-situ substitution of porphyrin ligands
DCPP?" to stabilize and functionalize BUT-109(Zr).!?® And the post-synthetic route
for DCPP? -displaced BUT-109(Zr) (BUT-109(Zr)-P) also be carried. Then, the post-
synthetic modification would not be applicable for BUT-109(Zr)-P owing to its low
porosity resulted from framework interpenetration (Fig. 10a). According to the results
of XRD and BET, BUT-109(Zr), BUT-110 analogs represent more chemical stability,
which can be reflect on the PH tolerance (PH = 1-10) (Fig. 10b, ¢). As a comparison,
BUT-109(Zr) possesses a poor chemical stability that mainly attributes to the
reversible C-N linkage in the imide ligand inker 4, 4’-(1, 3, 6, 8-
tetraoxobenzo[lmn][3, 8]phenanthroline-2, 7(1H, 3H, 6H, 8H)-diyl)dibenzoate
(NDIDB?). In addition, metalloporphyrin act as excellent active site was induced into
the most stability BUT-109(Zr)-50% through pre-synthesis to obtain a novel BUT-
110-50%-Fe, which was applied in the study of photocatalytic CO, reduction. And the
test about photocatalytic CO, reduction were performed in a reaction chamber
charged with CO, (0.1 MPa) under full-spectrum irradiation, the hydrogen donor and
the sacrificial agent are H,O and triethylamine, respectively. As Fig. 10d, the yield of
main product (CO) for BUT-110-50%-Fe achieved 47.2 pmol g-!' h'!, which could be
demonstrated the robust porous structure and uniform active sites distribution
synergistically promote photocatalytic CO, reduction performance.
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Fig. 10. (a) Ligand selection and synthetic strategies of BUT-110 through in-situ ligand
substitution and post-synthetic ligand substitution, and the schematic illustration of the proposed
“in-situ ligand substitution” strategy for the construction of BUT-110 from HABD, NTDA, and
H,DCPP. (b) comparison of XRD patterns. (¢) N, adsorption isotherms between BUT-109(Zr) and
BUT-110-50% after different treatments. (d) The yield of CO for BUT-110-50%-Fe.
Reproduced from ref. 128, Copyright 2022 WILEY.

Porphyrins are integrated into MOFs as the functional moiety, altering the ligand
metal positioned at porphyrin core towards the modulation of CO, photocatalysis is
accessible. Wang and his team synthesized a series of 2-fold interpenetrated indium-
porphyrin framework In(H,TCPP);.,)[M(TCPP)(H,O)]1-m[DEA](1xm) (In-M,TCPP-
MOF) (M = In, Co, Fe), which is consist of H,TCPP = tetrakis(4-benzoic
acid)porphyrine with Fe coordination and DEA = diethylamine) (Fig. 11a)!?°. The
photocatalytic CO, reduction test was performed in the mixed solution of 20 mg of L-
ascorbgyl palmitate (L-AP) and 5 mL of ethyl acetate. Herein, high-performance
visible-light-driven CO, to CO conversion is resulted by the synergetic effect between
porphyrinic rings and Fe reaction active sites, and the performance of photocatalytic
CO, reduction for the best catalyst (Fe; oy TCPP-MOF) up to 3469 pumol g'! within 24
h with high selection of 90% (Fig. 11d). According to the results of density functional
theory (DFT) (Fig. 11b), COOH- is an important intermediate in the process of
photocatalytic CO, reduction. Free energy changes for the CO, reduction processes at
Fe/Co Porphyrins as follow:

[Fe%(Por?>)]*> + CO, +H,CO3 — [Fe!'(Por?)(COOH")]- + HCO3~ AG = -4.10 kcal/mol
[Co%Por?)]* + CO, +H,CO; — [Co'(Por*)(COOH)]- + HCO;5™ AG = -0.25 kcal/mol

The [Fe!'(Por*)(COOH)]- origin from [Fe®(Por>)]> with a lower free energy
than that [Co'(Por?)(COOHY)]  transform from [Co%Por?)]*, which means more
stability for [Fe'(Por>)(COOH-)]" compare with [Co!(Por>)(COOH-)]. The
phenomenon is attributed to the self-filled d,?> orbital weakens the coordination of the
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COOH™ moiety from the z-direction for [Co%(Por®)]*. However, the empty d,2arbitals/oiicoras;
of [Fe®(Por?)]* can easily accept the long pairs of electrons from COOH™. Thus, Fe

center is accessible to lower the negative the charge of COOH™ moiety, ultimately,
stabilizing intermediate. Then, the short life-span of Fe; o TCPP-MOF means the

rapid recombination or the fast transportation of photogenerated carriers (Fig. 11c¢).

The electrons property and CO, adsorption of Fe; o TCPP-MOF demonstrate the rapid

electrons migration may occurs on the photocatalyst. In addition, compared with
[Co'(Por>)(COOH")], Fe active site brings key intermediates closer together (1.9 A),

which means the adsorption state has a low Gibbs free energy.
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Fig. 11. (a) Synthesis and structure of the In-Fe/CoTCPP-MOFs. (b) Influence of the electron
configurations of the metal centers on the metal-carbon interactions in [Fe'{(Por?)(COOH")]" and
[Co''(Por*)(COOH)]". (¢) Time-resolved PL decays of In-Fe; o TCPP-MOF, In-Co,; TCPP-
MOF, and In-InTCPP-MOF under excitation at 440 nm. (d) Time profiles for the CO evolution
catalyzed by In-Fe, o TCPP-MOF, In-Co, 7 TCPP-MOF, and In-InTCPP-MOF under irradiation
with a 300 W xenon light (>400 nm) in the presence of 0.1 M L-ascorbgyl palmitate (L-AP) in
ethyl acetate under 1 atm CO,. Reproduced from ref. '2°. Copyright 2022 ACS.

The life-span of photogenerated carrier is a significant influence for
photocatalytic CO, reduction, which can be regulated through modifying the
microstructure and permanent channels of porphyrin-based MOFs. Deria and his co-
workers report topological control over the photophysical properties of MOFs via
modular interchromophoric electronic coupling to manifest different their
corresponding fluorescence lifetimes.!3? There are four samples target for lifetime
research, NU-902(H2) and MOF-525(H2) are consisting of free-base TCPP(H2), and
NU-902(Zn) and MOF-525(Zn) are consisting of zinc(Il)-metallated TCPP(Zn)
linkers. In addition, NU-902 with topological network of ftw and MOF-525 with
topological network of scu manifest the smallest porphyrin-porphyrin torsional angle
of 90° and 60°, respectively (Fig 12a-c). According to Fig. 12d, e, the order of
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fluorescence lifetime for the corresponding Zn(II)-based porphyrinic MOQFSs, 1d80/04cc01748
TCPPOMe(Zn) > MOF-525(Zn) > NU-902(Zn) and the same trend appears on
TCPPOMe(H2) > MOF-525(H2) > NU-902(H2). Combined topological structures

(ftw and scu) of porphyrin-based MOFs and fluorescence lifetime spectra indicate that

stronger interchromophoric interaction occurs on the NU-902 and leads to more red

shifted spectra with faster emissive state radiative decay. Therefore, the idea is
potential to be applied in the investigation of photocatalytic CO, reduction.
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Fig. 12. (a) Molecular structures of porphyrin-based MOFs NU-902 and MOF-525 (M = H2 or
Zn) and their corresponding building blocks. (b-¢) DFT optimized structures of closely positioned
porphyrin dimers in MOF-525(H2) [90°, dy.y = 13.5A] and NU-902(H2) [60°, dy.m = 10.5A]. (d-
e) Transient emission decay profile for free-base and zinc(II)-metallated NU-902 and MOF-525.
Reproduced from ref. 130, Copyright 2022 RSC.

Single-atom strategy has been widespread employed in the field of photocatalytic
CO, reduction. The addition of single atoms enables a better dispersion of the reactive
sites, while optimizing the photoelectronic properties of photocatalyst. Ye et al.
incorporated coordinatively unsaturated Co single atoms into a porphyrin-based
MOFs, notes as MOF-525-Co that is consist of Zrg clusters and porphyrin-based
molecular units (TCPP) as Fig. 13a.13! In this photocatalytic system, single-atom Co
is identified as the active site, as shown in Fig. 13b. This active site enhances the
absorption of CO2 by increasing the concentration of localized electrons in the near-
surface region and inducing surface corrugation. The introduction of electrons to the
Co active sites lowers the reaction activation energy of CO, (reducing the energy
barrier (EB) from 4.13 to 3.08 eV), suggesting that photo-excited electrons from
porphyrin migrate to CO, molecules through the Co active site (Fig. 13¢, d).
Ultimately, the performance of optimal photocatalyst up to 3.13-fold improvement in
CO evolution rate (200.6 umol g'' h'!') and a 5.93-fold enhancement in CH,4 generation
rate (36.67 pmol g'' h'') compared to the primitive porphyrin-based MOF (Fig. 12e).
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(¢) The O-C bond length-dependent CO, activation energy barrier, charged with one electron
(orange), neutral state (green). (d) CO, adsorption behaviors for MOF-525 (orange) as well as
MOF-525-Co (purple) and MOF-525-Zn (green) implanted with single atoms. (e) Enhancement of
production evolution over MOF-525-Co (green), MOF-525-Zn (orange), and MOF-525-Zn
(purple). Reproduced from ref. 13!. Copyright 2022 WILEY.

A heterojunction comprises dissimilar semiconductors with distinct electronic
properties, most notably differing band gaps (Eg). The band gap represents the energy
difference between the valence band (VB) and the conduction band (CB), determining
the minimum energy required for an electron to transition from the VB to the CB. In a
heterojunction system, the semiconductors may have different chemical compositions,
crystal structures, or dopant concentrations, resulting in varying Eg values and band
edge positions. Its impact on photocatalysis is characterized by several key aspects:
efficient charge separation, broadened light absorption, improved charge transport,
interface catalytic effects. Ye and his team prepared Z-scheme photocatalyst
consisting of PCN-224(Cu) and TiO, nanoparticles to improve the photocatalytic
performance in CO, reduction. As Fig. 14a, TiO, and PCN-224(Cu) are intimately
connected and generate a built-in electric field, under which photogenerated electrons
migrate from the oxidizing side TiO, to the reducing side PCN-224(Cu).%* Advanced
structure of hybrid photocatalyst retains the original redox strength of the
semiconductor and enhances the photoelectric absorption capability. As Fig. 14b, c,
the light harvesting and light response of hybrid photocatalyst 15%P(Cu)/TiO, are
obviously improved. The photocatalytic CO, reduction test was carried out in gas
phase system without any sacrificial agent and photosensitizer. And the integration is
capable of significantly triggering the improvement in photocatalytic CO, reduction
into CO, with an evolution rate of 37.21 umol g! h'!, which is 10 times and 45.5
times higher than that of pristine PCN-224(Cu) and pure TiO,, respectively (Fig.
14d).
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Fig. 14. (a) Direct Z-scheme photocatalytic mechanism. (b) energy band-gaps (Eg) of TiO,, PCN-
224(Cu), and PCN-224(Cu)/Ti0,. (¢) Photocurrent-time (I-t) curves of TiO,, PCN-224(Cu), and
15%P(Cu)/TiO, photoelectrodes at 0.6 V vs REH bias potential in 0.5 M Na,SO,4 (pH ~7.35). (d)
CO and CH,; generation velocity over PCN-224(Cu), 6%P(Cu)/TiO,;, 7.5%P(Cu)/TiO,,
10%P(Cu)/TiO,, 15%P(Cu)/TiO,, 30%P(Cu)/Ti0O,, and TiO, under 300 W Xe lamps. Reproduced
from ref. %, Copyright 2022 ACS.

The photocatalytic reduction of CO, offers a promising avenue for harnessing
sunlight to convert the abundant greenhouse gas into valuable chemical commodities
and fuels, all while operating under mild and energy-efficient conditions. This
environmentally benign and potentially transformative technology has attracted
significant attention, prompting numerous research endeavors aimed at enhancing the
photocatalytic performance of porphyrin-based MOFs. These efforts are geared
towards expediting the practical deployment of porphyrin MOFs as efficient
photocatalysts for CO, reduction. This section provides an overview of how various
synthetic strategies, metal active sites, configurations, single-atom doping, and
heterojunction designs influence the chemical stability, product selectivity,
photocatalytic activity, and photoelectrochemical properties of porphyrin-based
MOFs. Subsequently, recent advances in applying these materials to the
photocatalytic reduction of CO, are summarized in Table 1. IHEP-22(Co) shows the
best performance of photocatalytic reduction of CO, to CO reaches 350.9 umol-h-!-g-
. The metal center not only serves as a pathway for the photogenerated electrons
from porphyrin to transfer to CO, molecules, but also, through spatial regulation, it
has been observed that the stacking method, spatial angle, and distance of porphyrin
in MOFs greatly influence the photocatalytic conversion of CO,. The high
modifiability of porphyrin-based MOFs allows for significant potential for future
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research exploring the correlation between spatial structure and catalytic activity. 10 1030/04cc01748)

Table 1. The recent works of porphyrin-based MOFs applied in photocatalytic CO, reduction.

Samples Porphyrins Products Performance Selectivity ~ Refs.
(umol g''h')
PCN-224(Cu) /TiO, CuTCPP CO/CH4 37.21/0.22 99.4% o4
In-Fe, o; TCPP-MOF FeTCPP CO/CH4 144/0.72 99.5% 129
In-Co, 7 TCPP-MOF CoTCPP CcO 38.1 - 129
In-InTCPP-MOF InTCPP CcO 551 - 129
IHEP-22(Co) CoTCPP CO/CH4 350.9/8.9 97.5% 132
IHEP-22(Cu) CuTCPP CO/CH4 230/19.45 92.2% 132
MOF-525-Co CoTCPP CO/CHy4 200.6/36.8 84.5% 131
g-C3N,/Cu-CuTCPP CuTCPP CO/CH,4 11.6/18.5 71% 133
MOF
Zn/PMOF ZnTCPP CH,4 8.7 - 127
BUT-109(Zr) DCPP CcO 22.6 - 128
BUT-110-50%-Co DCPP CO/CH4 64/11.3 85% 128
MOF 1(monolayer) TPP Cco 60.9 100% 134
MOF 2 (bilayer) TPP CcO 46.14 100% 134
g-CNQDs/PMOF TCPP CO/CH4 16.1/6.8 70.1% 135
Cu -PMOF CuTCPP HCOOH 130.6 - 136

5. Porphyrin-based MOFs for electrocatalytic CO, reduction

The CO,RR is typically conducted in a saturated aqueous sodium carbonate
solution, organic solution, or ionic solution, under milder conditions compared to the
hydrogen evolution reaction (HER), oxygen evolution reaction (OER), and oxygen
reduction reaction (ORR) conducted in strong acidic and alkaline systems’8: 137. 138,
The integration of porphyrin-based MOFs has allowed for the transition of porphyrins
from original homogeneous catalytic systems to heterogeneous catalytic systems!?”
139, 140 Common products resulting from heterogeneous catalytic electrochemical
CO,RR include CO, CH4, HCOO", C,H,, among others.?® 73 141 However, research on
the electrochemical CO,RR of porphyrin-based MOFs is limited due to challenges
such as the competitive hydrogen precipitation reaction, low reaction efficiency, and
poor selectivity!#-144. Gu, et al. prepared copper(Il) paddle wheel cluster-based
porphyrinic metal-organic framework (MOF) nanosheets for electrochemical CO,RR.
The discussion further examines the outstanding product selectivity and structural
modifications of Cu,(CuTCPP) nanosheets.'*> As Fig. 15a, Cu-MOF nanosheets

exhibit significant activity for formate production with a faradaic efficiency (FE) of

68.4% and acetate production with a FE of 16.8% under CO,-saturated CH;CN
solution with 1 M H,O and 0.5 M EMIMBEF,. By analyzing linear sweep voltammetry
(LSV) curves of Cuy(CuTCPP), a significant amount of hydrogen was generated as a
byproduct of the electrocatalytic process, and the changing trend of current density
over time indicates the possibility of chemical restructuring of Cu,(CuTCPP)
occurring after the first hour. Thus, the pre-electrolyzed Cuy(CuTCPP) nanosheets
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was further used to eliminate the side reactions during the initial process and,futthets narcor s
confirm the activity of the final cathodized catalyst. At the appropriate working
potential (-1.55V), the total FC of for formate and acetate formation reaches 85.2%

(Fig. 15b-e). The excellent performance is mainly attributed to synergy between
Cuy(CuTCPP) nanosheets and CuO, Cu,O and Cu,0;. In addition, the energy-states

change after 5 h reaction for Cu species is reflected through XPS spectra, the peaks at

569.5 eV and 572.5 eV, which are ascribed to the kinetic energy of Cu* and Cu?",
respectively (Fig. 151, g). The results indicate the instability of catalyst Cu,(CuTCPP)

in the electrocatalytic CO,RR process. However, the substitution of the catalyst

resulted in an unforeseen impact on the catalytic process.
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Fig. 15. (a) Crystal structure of Cuy(CuTCPP) nanosheets along the c¢ axis. Red is O, blue is N,
grey is C and cyan is Cu and CO, electrochemical reduction system with Cu,(CuTCPP)

nanosheets as the catalyst. (b) Faradaic efficiencies of Cuy(CuTCPP) nanosheets. (¢) Faradaic

efficiencies of Cuy(CuTCPP) nanosheets at different times. (d) Faradaic efficiencies of pre-
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electrolyzed Cu,(CuTCPP) nanosheets. (e) Total and partial current densities for CO,RR prodiictso/nacc01748)

on pre-electrolyzed Cuy(CuTCPP). (f) Cu 2p XPS spectra and g. O 1s XPS spectra of
Cuy(CuTCPP) on FTO before and after 5 h reaction. All potentials were set at -1.55 V vs. Ag/Ag™.
Reproduced from ref.!43. Copyright 2022 RSC.

The manipulation and alteration of linkers in porphyrin-based metal-organic
frameworks (MOFs) represent a strategic approach to tuning their electrical
conductivity, thereby enhancing their electrochemical performance.3® °!- 126 This is
achieved through the introduction or substitution of functional linkers that facilitate
charge transport while maintaining the inherent porphyrin topology.!4¢ Huang and his
team integrated viologen groups into cobalt porphyrin (Por(Co))-based MOFs by self-
assembly method for the first time to act as electron-transfer mediators (ETMs) to
enhance the electron-transfer capacity and thus improve the activity of the CO,RR (as
Fig. 16a).'%” interestingly, the groups both Vg and Por(Co) possess the similar length
(19.65 A and 19.62 A, respectively) and the same end functional group, which is
benefit to form coordination bonds with the Hf¢Og (ZrsOg) cluster. And more positive
onset potential and higher current densities in the CO,-saturated 0.5 M KHCO;
solution demonstrate outstanding reaction activity and feasibility of the CO;RR,
according to the LSV curves (Fig. 16b, ¢). Then, Vg-Por(Co)-MOF (n: 1) (n =1, 3,
5, 9) show lower potential under the current density of 10 mA g! indicated the more
electron transfer efficiency than pure Vg-MOF and Por(Co)-MOF. And compared
with other components, the Vg-Por(Co)-MOF (9 : 1) exhibited the best activity in the
CO,RR with jco of 24.3 mA cm™ at -1.0 V and a high FEcq of 93.7% at -0.6 V (Fig.
16d). Finally, a long term electrocatalytic test at a fixed potential of -0.6 V indicate
that Vg-Por(Co)-MOF (9 : 1) owns a electrochemical stability for CO,RR (Fig. 16e).
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Fig. 16. (a) Schematic synthesis diagram for Vg-MOF, Por(Co)-MOF, and Vg-Por(Co)-MOF by
solvothermal method. (b) LSV curves of Vg-Por(Co)-MOF (9 : 1) in CO,- and Ar-saturated 0.5 M
KHCO:;. (¢) LSV curves of Vg-MOF, Por(Co)-MOF and Vg-Por(Co)-MOF (n: 1) (n=1,2,5,9)

in 0.5 M KHCO; electrolyte under CO,. (d) Faradaic efficiencies of CO for Vg-MOF, Por(Co)-

MOF and Vg-Por(Co)-MOF (n: 1) (n=1, 3, 5, 9). (e) Stability of Vg-Por(Co)-MOF (9 : 1) at a
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potential of -0.6 V versus RHE for 10 h. Reproduced from ref. 147. Copyright 2022 RSC. 15, 10 1056/t 017487

Selectivity i1s indeed a critical challenge in the electrocatalytic reduction of
carbon dioxide (CO,RR) as it determines the efficiency of converting CO, into
valuable chemical feedstocks and fuels.?!> 4> 44 49 A novel strategy to enhance the
selectivity of porphyrin-based MOFs for CO,RR involves the careful modification of
cationic groups within the MOF structure to stabilize specific reaction intermediates.
This approach capitalizes on the intrinsic properties of porphyrin MOFs and tailors
their electrochemical environment to favor desired product formation.*> Hod et al.
prepared Fe-porphyrin (Hemin)-modified Zrg-oxo based 2D-MOF (Zr-BTB@Hemin)
for electrocatalytic CO,RR, owing to the porous, robust structure and mass
transport’®. However, Unsatisfied catalytic activity and product selectivity are the
drawbacks for Zr-BTB@Hemin to be applied in CO,RR. In this case, authors tethered
a cationic functional group, (3-carboxypropyl)trimeth-ylammonium (TMA) proximal
to the Fe-porphyrin active site via post-synthesis (Zr-BTB@Hemin-TMA). The
details of synthesis processes and catalyst’s structure can be found in Fig. 17a. As
shown in Fig. 17¢, d, Zr-BTB@Hemin-TMA exhibit higher electrochemical activity
under CO, atmosphere and more outstanding CO product selectivity (about 92 %, at
the potential of 1.2 V vs. NHE) than that without TMA group, which is mainly
attributed to electrostatic stabilization of a weakly-bound CO intermediate, which
accelerated its release as a catalytic product. In order to obtain the detail insights on
the mechanisms governing the improved electrocatalytic CO,-to-CO performance of
Zr-BTB@Hemin -TMA compared to Zr-BTB@Hemin, Raman spectroscopy test was
carried out reveal the possible electronic communication between MOF-installed
Hemin and TMA ligands. The peaks of Zr-BTB@Hemin at 1367 cm™! and 1562 cm’!
shift to 1369 cm™! and 1568 cm™! after being modified by TMA, which means the
conversion of low-spin Fe**-Hemin into a high-spin species (Fig. 17g, h). Then, in-
situ Raman measurements were performed at a set of applied potentials (1.1 to 1.6 V
vs. NHE) under CO, reduction conditions. Compared to Zr-BTB@Hemin, the
intensity of 2060 cm™! peak of Zr-BTB@Hemin-TMA is larger than that of the one at
1840 cm!, which means a stabilizes intermediate CO with weak bonds, allowing for
swift release of the CO product (Fig. 17e, f). The conclusion is reinforced by the
bonding mode illustrated at the peak of 2060 cm™!' and 1840 cm! in Fig. 17b. Thus,
electrostatic secondary-sphere functionalities enable substantial improvement of CO,-
to-CO conversion activity and selectivity.
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Fig. 17. (a) Schematic illustration of Zr-BTB@Hemin-TMA synthesis. Step 1, showing the
preparation of Zr-BTB nanosheet. Step 2, post-synthetic modification with Hemin (molecular
catalyst). Step 3, post-synthetic modification with TMA (electrostatic secondary-sphere ligand).
(b) Schematic illustration showing the different C-O and Fe-C bond orders for the 2 Hemin-bound
CO intermediates detected using in-situ Raman spectroscopy. (¢) Cyclic voltammetry
measurements comparing Zr-BTB@Hemin (blue), and Zr-BTB@Hemin-TMA (red) in both Ar
(dashed line) and CO, environment (solid line). (d) Comparison of catalytic selectivity towards
CO (solid line) and H,(dashed line) for Zr-BTB@Hemin (blue) Zr-BTB@Hemin-TMA (red). (e-f)
In-situ Raman spectroscopy measurements conducted under working electrocatalytic conditions;
The Raman spectra of Zr-BTB@Hemin (black) and Zr-BTB@Hemin TMA (red). (g) Expansion
of the region showing the v4 peak of the pyrrole half-ring stretching. (h) Expansion of the region
showing the v2 peak region of the pyrrole half-ring stretching. Reproduced from ref. 78. Copyright
2022 WILEY.

The porphyrin moiety in porphyrin-based MOFs is characterized by a highly
stable, planar, aromatic ring structure adorned with 18 electron m-bonds.4!> 36 60, 148
Despite the inherent stability and unique electronic properties of porphyrins, the
majority of research efforts have focused on utilizing composite catalyst systems to
enhance the electrical conductivity and cyclic stability of these MOFs'4. This is often
achieved by introducing additional components that can establish weak =n-n
interactions with the porphyrin rings.”® While such interactions can marginally
improve the electrical performance of the hybrid material, they fall short of fully
exploiting the potential electrical conductivity offered by the porphyrin-based MOF.
To truly unlock the full photoelectric potential of these complexes, direct coordination
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of the porphyrin core with suitable ligands or dopants becomes essential. Muandhets,nicro1745
team created a porphyrin-based Cu MOFs (Cu-(Co + Cu)PMOF/CNT-COOH hybrid)
by integrating a two-dimensional bimetallic porphyrin-based Cu-MOF with carboxyl-
modified carbon nanotubes (Fig. 18a, b).!>° (Co + Cu)PMOF/CNT without carboxyl-
modified, which is formed through weak n-m interaction between (Co + Cu)PMOF
and carbon nanotube (CNT). However, In sharp contrast, Cu-(Co + Cu)PMOF/CNT-
COOH shows superior stability, additional exposed active sites, and a higher electron
transfer rate from CNT-COOH to Cu-(Co + Cu)PMOF (Fig. 18¢) and achieves a CO
faradic efficiency of 95.98% with an impressive current density of -3.48 mA cm™ at
an overpotential of -0.9 V vs. RHE. Then, a stability test of 40000 s further
demonstrate a super stability of Cu-(Co + Cu)PMOF/CNT-COOH (Fig. 18d-f). As we
know, C,. products, derived predominantly from petroleum, are fundamental
chemicals widely used in industries such as plastics, synthetic fibers, and solvents.!3!
However, their production via electrocatalytic CO, reduction is hampered by kinetic
barriers and inefficiencies in proton/electron transfer, particularly concerning the
challenging C-C coupling reactions.'>> Porphyrin-based Cu MOFs have garnered
significant attention in the field of electrocatalytic CO,-to-C,. products, primarily due
to the unique advantage that the Cu coordination environment can be finely tuned
through adjusting Cu-N interactions. This precise modulation of the electronic
properties of Cu active site enables porphyrin-based Cu MOFs to exhibit enhanced
selectivity towards C,. products. Nonetheless, sluggish kinetics and inefficient mass
transport remain as formidable challenges impeding the full realization of their
potential in this application'>3. Yang and his team successfully synthesized Porphyrin-
based Cu MOFs comprising metalloporphyrin Cu centers and impregnated Au
nanoneedles by exploiting the ligand carboxylates as the reducing agent
(AUNN@PCN-222(Cu)).’*  AuNN@PCN-222(Cu) demonstrated significantly
improved ethylene production up to an FE of 52.5%. the satisfied FE was mainly
attributed to the Cu-N4 motif undergoes an out-of-plane displacement toward the Au
plane, freeing the Cu center to accept another Au-generated CO in affording the co-
adsorption of *CO and *CHO with an exothermic energy difference of -0.08 eV.
Subsequently, C-C coupling occurs by bridging the two intermediates to form *CO-
CHO with a surmountable energy of 0.44 eV. The presence of co-adsorption sites has
been demonstrated to lower the energy barrier for C-C coupling while concurrently
enhancing mass transfer efficiency, thereby capitalizing on copper's versatile valence
properties. This strategic approach holds instructive value for future investigations
into electrocatalytic CO,-to-C,; products, guiding the design of more efficient and
selective catalyst systems.
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RHE). (e) Nyquist plots of Cu-CuPMOF/CNT-COOH, Cu-CoPMOF/CNT-COOH, Cu-(Co +
Cu)PMOF/CNT-COOH and Cu-(Co + Cu). (f) Long-term stability test of Cu-(Co +
Cu)PMOF/CNT-COOH at -0.9 V for 12 h. Reproduced from ref. 3%, Copyright 2022 ELSEVIER.

Electrocatalytic CO,RR holds great promise in transforming the greenhouse gas
CO, into valuable chemicals and fuels, contributing to both environmental
sustainability and resource utilization. Porphyrin-based metal-organic frameworks
(MOFs) have emerged as intriguing candidates for this purpose, given their unique
structural versatility, tunable porosity, and rich redox chemistry.+ ¢1. 148 Nevertheless,
the practical implementation of porphyrin MOFs as efficient electrocatalysts for
CO,RR necessitates improvements in several critical aspects, including product
selectivity, cycle stability, conductivity, and catalytic activity. Recognizing the
potential of these materials, substantial research efforts have been dedicated to
optimizing porphyrin MOFs for the high-value conversion of CO,. This section
elucidates how the stability, selectivity, and conductivity of porphyrin-based
electrocatalysts can be meticulously tailored through judicious manipulation of the
surrounding groups, porphyrin metal centers, and diverse porphyrin linkers. Finally,
efforts the recent works about applying porphyrin-based MOFs to the electrocatalytic
CO; reduction (Table 2). Notably, MOF-NS-Co demonstrates remarkable activity in
electrocatalytic CO, reduction, with the CO Faradaic efficiency of MOF-NS-Co
surpassing 90% across a broad potential range of -0.5 to -1.0 V, peaking at 98.7%
with a mere 100 mV increment. This outstanding performance can be attributed to the
unique a Kagome-type layer pillared structure of the porphyrin-based MOFs, which
exposes a high density of active metal sites and lowers the energy barrier for the
generation and conversion of intermediates in the CO, reaction.
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Table. 2. The recent works of porphyrin-based MOFs applied in electrocatalytic CO,RR. 5. 14 1030/D4EE01748]

Samples Porphyrins Products Electrolyte FE and E, o Refs.
(V vs. RHE)
Cu-porphyrin MOF CuTCPP C,HsOH/C,Hy/ 0.1M 11.9% to 153
CH,/CO KHCO; 41.1%at-1.4V
2-CsNy,@Co- (Co + TCPP CcO 0.1 M 97.8% at-14V 156
Cu)PMOF-50% KHCO;
MOF-525 CoTCPP CH,/CO 0.1M 87% at -0.89 V 150
KHCO;3
MOF-NS-Co TCPP Cco 0.1M 98.7% at-0.6 V 157
KHCO;
Al,(OH),TCPP-Co CoTCPP Cco 0.5M 76% at -0.7 V 158
KHCO;3
TCPP(Co)/Zr-BTB- CoTCPP CcO 0.5M 85.1% at -0.77 87
PSABA KHCO; v
2D Cu-MOF CuTCPP CH3;COOH/ 1 M H,O 16.8% and 159
HCOOH/ and0.5M  68.4% at -1.55
CO/CH, EMIMBF, Vagaer
PPy@MOF-545-Co CoTCPP Cco 0.5M 98% at -0.8 V %
KHCO;
PPy@MOF-545-Fe FeTCPP CcoO 0.5M 89.2% at-0.7 V 96
KHCO;3
PPy@MOF-545-Ni NiTCPP CcoO 0.5M 87.8% at-09V %
KHCO;
Fe-Porphyrin Hemin Co 0.5M 92 %at-12V 8
(Hemin)-based KHCO;3
MOF
PCN-222(Fe)/C FeTCPP Cco 0.5M 80.4% at-0.6 V 4
KHCO;3
Vg-Por(Co)-MOF(9 : DPDBP Cco 0.5M 93.8%at2.3V a4
1) KHCO;4

6. Conclusions and outlook

Published on 28 1403. Downloaded on 10/04/1403 11:07:40 ..

Porphyrin-based MOFs have recently emerged as promising candidates for
photo(electro)catalytic CO, conversion reactions due to their straightforward
synthesis, high chemical stability, abundant metallic active sites, tunable crystalline
structure, and high specific surface area. This review comprehensively discusses the
fundamentals of porphyrin-based MOFs and their derivative catalysts for valuable
CO, conversion, covering topics such as synthesis, catalytic mechanisms, and
strategies for enhancing photo(electro)catalytic CO, reduction. The potential of
porphyrin-based MOFs in this field is clearly demonstrated. Despite significant
progress in recent years, further research is needed to fully explore the capabilities of
porphyrin-based MOFs in photo(electro)catalytic CO, reduction. Several challenges
and bottlenecks remain to be addressed.

(1) One major obstacle in photocatalytic and electrocatalytic reduction of CO; is
the low selectivity towards desired products, as HER also occur simultaneously.
While the Fischer-Tropsch process can potentially convert CO, and H, into
hydrocarbons, it does not address the selectivity problem and adds an energy-
intensive conversion step. Thus, improving the direct selectivity of CO, reduction
processes is essential for their practical implementation.
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(i1) The pursuit of a cost-effective and efficient porphyrin-based MOFs gatalyst paccoi745)

as an alternative to noble metal catalysts in CO, reduction encounters various
challenges. Additionally, the practical application of photo(electro)catalytic CO,RR is
impeded by the intricate processes involved in their synthesis, processing, and less
than ideal photo(electro)chemical properties. These obstacles necessitate extensive
research and development endeavors in this field, which are both technically complex
and financially taxing.

(i11)) Long-term stable operation is a crucial requirement for any practical
catalyst. Porphyrin-based MOFs are susceptible to structural degradation, loss of
active components, pore blockage, and other issues during actual operation, which can
impact their catalytic efficiency and lifespan. It is essential to develop new MOF
materials with superior corrosion resistance and structural stability, along with
researching suitable packaging techniques and anti-aging methods, to enhance their
long-term stability in real-world applications.

(iv) Although porphyrin-based MOFs have shown promising CO,RR
performance in laboratory settings, challenges such as high production costs, limited
feedstock availability, and process complexity hinder their commercialization. To
overcome these barriers, it is crucial to focus on streamlining synthetic routes,
utilizing cost-effective feedstocks, implementing continuous production methods, and
enhancing recycling strategies. These efforts are key to reducing costs, enhancing
resource efficiency, and facilitating industrial-scale production.

Despite the development bottlenecks mentioned above, we will find appropriate
strategies to address these issues as we continue to explore them.

(1) The reaction pathway for CO, catalysis is complicated, and the catalytic
selectivity of porphyrin-based MOFs can be improved by precisely controlling the
catalytic environment. Firstly, the presence of a substantial quantity of evenly
distributed metal-active centers in porphyrin-based MOFs is a significant factor in the
absorption and stabilization of CO, intermediates, as well as the selective desorption
of products. Secondly, Porphyrin ligands are functionalized molecules. Choosing the
suitable porphyrin ligands and integrating them into MOFs can greatly enhance
selectivity. Finally, the configuration of the pore structure plays a major role in
stabilizing reaction intermediates and facilitating their specific passage.

(i1) The porphyrin organic linkers’ interaction with the metal nodes of porphyrin-
based MOFs significantly affects their electrical conductivity. In porphyrin-based
MOFs, metal nodes typically function as electron acceptors, while porphyrin ligands
act as electron donors. Therefore, introducing a guest molecule to regulate the band
gap structure formed between the electron donor and acceptor greatly impacts the
photoelectrochemical performance.

(i11) Some common noble metal industrial catalysts remain active for at least
2400 h to reduce production costs. Although most of the current porphyrin-based
MOFs catalysts demonstrate high CO, conversion efficiency, their stability studies
necessitate extensive efforts. Therefore, long-term stability test is crucial. Current
approaches to tackling the catalytic stability issues of porphyrin-based MOFs
primarily include introducing robust linkers to enhance structural integrity,
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incorporating protective groups to shield sensitive sites against degradatign, ands oiccoisms;
designing hybrid structures that synergistically merge the advantages of both organic

and inorganic components. Furthermore, the dynamic restructuring of these catalysts

during the catalytic cycle has been shown to significantly augment their longevity,

thereby holding promise for achieving industrially relevant operational lifetimes in the

future. The superb catalytic stability means that porphyrin-based MOFs will be more
cost-effective for future applications in photocatalytic CO, reduction.

(iv) The adsorption capacity of porphyrin-based MOFs can effectively enhance
the catalytic conversion efficiency of CO, within the catalytic system. For instance,
increasing the local CO, concentration in the catalytic active center can improve the
reaction yield and selectivity. Furthermore, porphyrin-based MOFs with high CO,
adsorption selectivity can exhibit high catalytic activity in mixed gas or low CO,
concentration or partial pressure environments.

In light of current research on porphyrin-based MOFs, this study suggests key
areas for future exploration in the field of porphyrin-based MOFs
photo(electro)catalytic CO, reduction. Specifically, investigating the potential
enhancement of photocatalytic CO, activity through photoelectric synergy and
understanding its underlying mechanisms are essential. The modifiable nature of
porphyrin MOFs presents an opportunity to explore how steric structures can impact
product selectivity. Furthermore, exploring various forms of metal active sites (such
as single atoms, multi-metal atoms, and central coordination) in conjunction with
steric effects could lead to the production of complex multi-carbon products. This
area of research is poised to become a significant focus in the future. In conclusion,
porphyrin-based MOFs show great potential as a photo(electro)catalytic material with
a wide range of applications in CO, reduction. Continuous research and novation in
this field will undoubtedly contribute significantly towards resolving global energy
and environmental challenges.
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