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ABSTRACT Porous crystalline metal-organic frameworks (MOFs) and covalent organic frame-
works (COFs) are promising platforms for electrocatalytic reduction of CO, (CO,RR) due to their
large CO, adsorption uptakes and periodically arranged single active sites. However, the appli-
cations in CO,RR of the traditional MOFs and COFs are greatly limited by their low electron
conductivity. In recent years, numerous types of MOFs and COFs with high intrinsic conductivity
have been rationally designed and successfully constructed, and some of them have been ap-
plied in CO;RR. In this review, the applications of conductive MOFs and COFs in CO,RR have
been summarized. The conductive MOFs and COFs can be categorized according to the me-
thods, in which the conductivity is enhanced, such as constructing fully Tr-conjugated backbones,
donor-acceptor heterojunction, enhancing the -1 stacking interactions between organic moie-
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ties and/or the introduction of guest molecules.
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n INTRODUCTION

The excessive utilization of fossil fuels has resulted in high
emission of carbon dioxide (CO,), thus various environmental
problems including the rising of sea level, global warning, ocean
storms, and increased desertification area. During the past dec-
ades, many countries have devoted to finding new green energy
sources and renewable sources to replace fossil fuels.*3l Al-
though some success has been achieved, there is still a long way
to go before conventional fossil fuels are completely replaced
due to cost and technological constraints.[! Therefore, the im-
mediate priority is to decrease the carbon dioxide concentration
in the atmosphere, which might simultaneously mitigate the green-
house effect or energy crisis.

To date, various CO, reduction approaches, including electro-
chemical, biochemical, photochemical, and thermochemical
methods, have been proposed and explored.) Among them, the
CO; electroreduction reaction (CO;RR) has several advantages
including controllable processes by adjusting potentials, mini-
mized chemical consumption and feasibility to scale up. Due to
its advantages of high environmental compatibility, simple de-
vices, and low energy consumption,l®1% the electrocatalytic re-
duction of CO; to valued-added products, such as formic acid
(HCOOH), carbon monoxide (CO), methanol (CH;OH), methane
(CH,), ethylene (CzH,) and ethanol (CH3;CH,OH), is a promising
strategy of turning waste into treasure. However, the transfor-
mation from the stable linear CO, molecule to the bent CO,—
radical anion requires large reorganization energy, resulting in
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the high thermodynamic stability.*Y Therefore, it is difficult to
activate CO,, which usually needs large overpotentials. Besides,
the thermodynamic redox potentials of these products are close,
giving rise to a poor selectivity for a specific product. Thus, if
CO2RR is expected to be a viable option for storing renewable
energy, significant hurdles concerning the high energy efficiency
and selectivity must be overcome.

Although various physical and chemical processes might be
involved, the reaction process of CO;RR (Figure 1) mainly in-
volves three steps: (1) the adsorption and activation of CO,
molecules on the surface of electrocatalyst; (2) the breaking of
C-O bonds and/or the forming of C-H bonds; (3) the desorption
and configuration rearrangement of products. Besides, the as-
sociated competing hydrogen evolution reaction (HER) in aque-
ous medium also should be inhibited in CO,RR.[1215] Therefore,
exploring appropriate electrocatalysts is of critical importance for
COzRR.

Nowadays, the electrocatalysts for CO,RR can be divided into
two groups: homogeneous molecular catalysts and heteroge-
neous catalysts. Compared with heterogeneous catalyst, homo-
geneous catalyst usually suffers from drawbacks including
product isolation, catalyst recovery, and poor stability. Meanwhile,
only molecules close to the electrode in the diffusion layer could
take part in the reaction process, lowering the utilization of mole-
cules. Therefore, the homogeneous molecular catalysts could
not be regarded as an ideal candidate for CO,RR. On the con-
trary, the excellent stability of heterogeneous catalysts in water
makes them have great potential for CO,RR, which no longer
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Figure 1. The major reaction process of electrochemical CO2 reduction.

depends on the diffusion of catalyst and is not limited by the
solubility of catalyst.l*624 Thus, immobilizing homogeneous mo-
lecular catalysts into heterogeneous matrixes seems to be a
promising way to tackle the above issues. Fortunately, metal-
organic frameworks (MOFs) and covalent organic frameworks
(COFs) can bridge the gap between homogeneous and hetero-
geneous catalysis, by integrating active metal complexes into the
porous stable organic frameworks, which retains the same highly
efficient and accessible active sites of homogeneous catalysts
and the recyclable characteristics of heterogeneous catalysts.

In the past decades, porous crystalline MOFs and COFs have
been attractive materials in CO2RR, which are mostly attributed
to the adjustable porosity, accessible active sites, large CO,
adsorption uptakes, periodic metal arrangement and well-defined
periodic structure.???9 |n addition, functional ligands, metal
nodes, and active specie can be incorporated in MOFs and
COFs for CO2RR. However, the electrocatalytic activities of most
traditional MOFs and COFs are greatly limited by their poor
electron conductivity. Therefore, it is very important to improve
the intrinsic conductivity of MOFs and COFs to enhance their
activity towards CO,RR. Recently, several types of conductive
MOFs and COFs with high intrinsic conductivity have been ra-
tionally designed and applied in CO,RR. Compared with tradi-
tional MOFs and COFs, these conductive porous frameworks
with better electron conductivity could improve the charge carrier
mobility in periodic structures and transfer electrons to active
sites and substrate faster, thus showing higher current densities.

There is no doubt that the design and construction of conduc-
tive porous crystalline materials are a promising strategy to im-
prove the catalytic performance in CO;RR. In order to have a
better understanding of the superiority of conductive MOFs and
COFs, the main body of this review will analyze the catalytic
performance of conductive frameworks compared with the tradi-
tional MOFs and COFs catalysts. Besides, the synthetic strategy
of conductive framework materials will also be summarized.
Finally, we will discuss the opportunities and challenges of con-
ductive MOFs and COFs materials as CO;RR catalysts in the
future.

n POOR CONDUCTIVITY MOFS AND COFS CATA-
LYSTS FOR CO2RR

Compared to traditional solid metal electrodes, the ordered and
porous networks in MOFs and COFs allow the ions and dis-
solved CO; to penetrate inside the film. Meantime, the inherent
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pore confinement properties can induce local CO, concentration
enhancement, which may allow CO,RR to catalyze in a diluted
CO; environment. However, the inherent porosity of MOFs and
COF also precludes close intermolecular contacts in many
structural types, resulting in low conductivity for these materials.
In this section, the MOFs and COFs with poor conductivity re-
garded as electrocatalysts for CO,RR are included, aiming to
show the differences from conductive MOFs and COFs.

MOF Catalyst with Poor Conductivity. For MOF materials
based on active inorganic secondary building units as catalytic
centers for CO, reduction,%¢lone copper metal organic frame-
work MOF (CR-MOF) was firstly employed as electrode for
CO3RR in 2012.B% When tested in 0.5 M KHCO3 aqueous me-
dium, the CR-MOF exhibits a high selectivity over 90% towards
formic acid at -1.6 V. vs. reversible hydrogen electrode (RHE).
The reason for such high selectivity was ascribed to a decreased
electron density of coordinated copper sites in CR-MOF, which
may result in a weak interaction of CO,, thus leading to selective
formation of formic acid. Additionally, the onset potential of CR-
MOF for CO; is also higher than that of metal copper.

And, metalloporphyrins with 2D square geometry have been
demonstrated as feasible building blocks for many supramole-
cular architectures, which possess high thermal stability. There-
fore, Hupp and coworkersl® used the Fe-porphyrin-based MOF
(MOF-525) as a platform to anchor a large number of electro-
active Fe-porphyrin sites on a conductive electrode for CO;RR.
The approach yields a high effective surface coverage of electro-
chemically addressable catalytic sites (~1015 sites cm). How-
ever, when tested in acetonitrile/tetrabutylammonium hexafluoro-
phosphate (TBAPFs) solutions (CO,-saturated), the current den-
sities of Fe-MOF-525 can only reach 2.3 mA cm™. Besides,
these values correspond to a CO turnover number (TON) of 272
and an average turnover frequency (TOF) of 64 hr.

Furthermore, to improve the CO;RR activity of traditional
MOFs, Yang and coworkers®? demonstrated an atomic layer
deposition (ALD)-assisted strategy to fabricate Co-porphyrin
based MOF thin films for CO;RR, in which MOFs grew in situ on
the conductive substrate (Figure 2). The ALD-based MOF con-
version technique allowed precise control on catalyst loading,
enabling the optimization to balance the active-site density with
mass/charge transfer. Therefore, they began with 50 ALD cycles
of alumina thin films (thickness of 5 nm) deposited onto conduc-
tive carbon disk electrodes, and converted the alumina film to
porphyrin-containing MOF [Al,(OH),TCPP-M’] structures with
free-base porphyrin as well as porphyrin centers metalated with
M’ = Zn, Cu, and Co. Detailed examination of a cobalt-porphyrin
MOF revealed a selectivity for CO production in excess of 76%

Figure 2. (a) Co-metalated TCPP units. (b) lllustration of the 3D MOF
assembly. (c) Functional principles of CO2RR in the integrated system.
Reproduced with permission from Ref.[32

Chin. J. Struct. Chem. 2022, 41, 2205001-2205014
DOI: 10.14102/j.cnki.0254-5861.2022-0075




SChinese Journal of
tructural Chemistry

COF-366-M M=Co  COF-366-Co

COF-367-M M=Co
M= Co/Cu (10/90)
M= ColCu (1/99)

COF-367-Co
COF-367-Co(10%)
COF-367-Co(1%)

Figure 3. The synthesis of metalloporphyrin-based 2D covalent organic
frameworks. Reproduced with permission from Ref.[37]

and stability over 7 h with a per-site TON of 1400. When tested in
CO,-saturated solutions, the current densities of Al,(OH),TCPP-
Co can reach 5.9 mAcm™@.

COF Catalyst with Poor Conductivity. Compared with MOFs,
COFs with imine or amine bonds have more stable structures.
Besides, most COF materials are two-dimensional, resulting in
many active sites not exposed within the layers, thus mostly
exfoliating them ultrasonically into nanosheets to enhance the
activity of the catalysts.’-#4l In 2015, Yaghi and coworkers[®]
synthesized a 2D COF (COF-366-Co) (Figure 3), in which the
cobalt porphyrin sites can catalyze CO,RR for the conversion of
CO, to CO. When tested in aqueous solutions, the COF-366-Co
showed a high faraday efficiency of CO (FEco) of 90%, which is
10% higher than the molecular cobalt porphyrin catalyst. At -0.67
V vs. RHE, in accordance with the Co(ll)/Co(l) redox potential,
the catalyst displayed optimal performances, consistent with
former reports that the reduced Co(l)-porphyrins are the active
sites for CO,-to-CO reduction. After continuous controlled poten-
tial electrolysis (CPE) for 24 h, TON and an initial TOF of
COF-366-Co can reach 34,000 and 2500 h™, respectively. Al-
though the COF-366-Co resulting from co-facial stacks of por-
phyrins could act as conduits for the delivery of electrons from
the underlying electrode to the many exposed Co sites, the nar-
row channels inside might hinder the adsorption of carbon dioxide,
and thus, there are only few active sites that can be in direct
contact with reactants. Fortunately, COFs can introduce topo-
logically identical and functionally modified building blocks to
precisely tune their properties. Subsequently, they prepared the
expanded COF-367-Co by replacing the 1,4-benzene-dicarboxal-
dehyde (BDA) strut with biphenyl-4,4'-dicarboxaldehyde (BPDA)
(Figure 3). A larger pore size would allow a higher CO, adsorp-
tion capacity within the framework, leading to an enhancement of
the catalytic efficiency. As expected, both smaller overpotential
and higher catalytic current density of COF-367 in the CO,RR
were achieved. Compared to COF-366-Co, COF-367-Co exhibits
a TON up to 48,000 with a high FEco of 91%.

In addition to metalloporphyrins, metallopyridine has also been
employed as an active building block to introduce into COFs for
CO2RR. In 2018, Marinescu and coworkers*! integrated Re(2,2'-
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Figure 4. Design and synthesis of Rhenium bipyridine derived covalent
organic frameworks. Reproduced with permission from Ref.[41]

bpy) (CO); fragments into a COF through post-metallation syn-
thetic (Figure 4). Although, Re(2,2’-bpy) (CO); reduced CO; to
CO at-2.57 V vs. ferrocene/ferrocenium with a faradaic efficiency
of 99% during 1 hour of electrolysis, the highest FEco of
COF-2,2'-bpy-Re only can reach 81%. The poor electrocatalytic
activity of the composite was attributed to poor conductivity and
charge transfer.

CONDUCTIVE MOFS AND COFS CATALYSTS
FOR COz2RR

As mentioned above, MOFs and COFs with poor electrical con-
ductivity and electron-donating capability are the major con-
straints for being as efficient electrocatalysts for CO,RR.[*3
Among them, the intrinsic porosity of MOFs and COFs, which
makes the intermolecular intimate contact, is the main reason for
the low electrical conductivity. Additionally, the majority of MOFs
are formed with carboxylate linkers, which usually form relatively
ionic bonds with the metals, leading to large energy gaps and
trapped valences/confined electronic states. In general, CO,RR
involves three main steps, the chemical adsorption of CO, on
active sites of electrocatalysts, the multiple protons coupled
electron transfer (PCET) to cleave C-O bonds and/or form C-H
bonds, and desorption of products from the electrode surface.
Notably, the fast electronic transport from electrode to active site
and reactants is favorable for achieving high electrocatalytic
performance. Thus, the intrinsic conductivity of electrocatalyst is
the key parameter for good electrode material. However, majority
of MOFs/COFs with poor electrical conductivity usually afford
very low current densities and limited energy conversion effi-
ciency in CO,RR. Hence, it is highly desirable to prepare con-
ductive MOF/COF catalysts with fast electron transfer ability to
the integrated single active sites for CO2RR in order to generate
high current density. In this part, we will mainly focus on recent
work boosting charge diffusion rates of MOFs or COFs for en-
hancing COzRR.

CONDUCTIVE MOF CATALYSTS FOR COzRR

The design strategies for conductive MOFs are: (1) Some 2D
MOFs with 1-d conjugation allow for efficient delocalization of
charge carriers within the plane, which usually exhibit higher
conductivities than 3D MOFs; (2) The integration of electron rich
units into MOFs structures will result in the formation of small
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band gaps and high charge mobilities, both of which are favora-
ble for conductivity; (3) The porosity of MOFs can be exploited to
induce conductivity by post synthetically loading of electroactive
guest molecules into the framework, thus forming charge
transport pathways throughout the material through guest-guest
or guest-framework interactions.6-5% Therefore, we will mainly
focus on the design and application of conductive MOFs in this
section.

Designing 2D Conjugated MOF Catalysts. A large number
of active sites inside the 3D MOFs are not effectively utilized
during the catalysis due to the presence of diffusion barrier, re-
sulting in low turnover efficiency for CO,RR. The fabrication of
2D MOFs into ultrathin nanosheets not only allows the control of
types of catalytic sites and the micro-environments around it
within the thickness of one or several molecular layers, thus
maximizing the number of catalytic sites, but also accelerates the
mass transport and charge transfer processes.*% Recent
studies have found that layered 2D conjugated MOFs (2D
¢c-MOFs) with fully in-plane m-delocalization along 2D directions
and weak out-plane -1 stacking exhibited higher density of
exposed metal centers and improved electron conductivity up to
2500 S cm™ apart from the inherited features of traditional
MOFs.

Recently, Cao and coworkers*d integrated Ni-phthalocyanine
motif (NiPc) into a conductive 2D MOF NiPc-NiO, (Figure 5a)
highly efficient CO;RR, and its conductivity can reach up to 4.8 x
10° S m? due to the high d-1r orbital overlap between the nickel
node and the catechol. Besides, after making 2D MOF into
nanosheets, the NiPc-NiO4 nanosheets exhibited a very high
selectivity of 98.4% towards the production of CO and a large CO
partial current density of 34.5 mA cm (Figure 5b, ¢ and d). In
addition, the TOF of NiPc-NiO4 can also reach a maximum of
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Figure 5. (a) Schematic illustration of the synthesis of two-dimensional
NiPc-NiO4. (b) LSV curves of NiPc-NiOs and NiPc-OH in CO2- and
Ar-saturated 0.5 M KHCOs. (c) FEco at different potentials. (d) CO partial
current density, (e) TOF for NiPc-NiO4 and NiPc-OH. (f) Comparison of
the TOF and maximum CO partial current density with reported MOF
catalysts. (g) Stability of NiPc-NiO4 at a potential of -0.85 V vs. RHE for 10

h. Reproduced with permission from Ref.#?]
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Figure 6. (a) Schematic illustration of the synthesis of two-dimensional
NiPc-Ni(NH)a. (b) LSV curves in the Ar- and CO2-saturated 0.5 M KHCOs
electrolytes at a scan rate of 10 mV s, (b) FEco from -0.7 to -1.1 V of
NiPc-Ni(NH)4 and Nis(HITP)2. Reproduced with permission from Ref.[*3]

2603 h't at -1.2 V, attributed to its high specific surface area and
high conductivity. Such high TOF and CO partial current density
are better than many reported MOF catalysts (Figure 5e and f).
Besides, a long-term stability test for 10 h at -0.85 V vs. RHE
shows that the current density of NiPc-NiO4 only decreases 0.8
mA cm?2, suggesting good stability of the NiPc-NiO4 catalyst
(Figure 5g).

Besides, Huang and coworkers!*d reported a new conductive
2D COF NiPc-Ni(NH)4, in which the planar NiPc motifs were
linked by the Ni(NH)4 nodes (Figure 6a). When tested in aqueous
solution, NiPc-Ni(NH), exhibited large partial current density of
24.8 mA cm™ for CO2RR, and the maximum FEco can reach up
t0 96.4% at -0.7 V vs. RHE (Figure 6b and c). Overall, this ex-
cellent catalytic ability of NiPc-Ni(NH)4 in CO2RR is attributed to
highly electrical conductivity of 2.39 x 10 S m™ due to the high
overlap of d-1r conjugation orbitals between the nickel node and
the planar Ni-phthalocyanine substituted o-phenylenediamine.
Furthermore, the porous NiPc-Ni(NH)4 has a large CO, adsorp-
tion capacity of 41 cm® g at 298 K, which suggests a strong CO,
affinity by the NiPc-Ni(NH), with a nitrogen-rich structure for
enhancing its electrocatalytic activity in CO;RR.

In addition to the conductivity of MOFs, Mirica and cowork-
ersi* found that the catalytic performance of MOFs, including
the activity and selectivity, is governed by two important struc-
tural factors: the metal within the MPc (M = Co vs. Ni) catalytic
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subunit and the identity of the heteroatomic cross-linkers be-
tween these subunits (X = O vs. NH). They focus on the use of
four systematic isoreticular structural analogs of 2D conductive
MOFs, including CoPc-Cu-NH, CoPc-Cu-O, NiPc-Cu-NH, and
NiPc-Cu-O, as electrocatalysts in the electrochemical reduction
of CO, that permits the modulation of efficiency, activity, and
selectivity. These four MOFs share the same lattice with square
pore apertures of 1.8 nm with Iarge surface to-volume ratios and
BET surface areas of 349-628 m? g, good CO, adsorption abili-
ties of 1.48-2.03 mmol g (900 Torr, 298 K), and good electrical
conductivities in the range of 2.73 x 10° to 1.04 x 10* S cm™.
Density functional theory (DFT) calculations suggested that,
compared with the NiPc-based and NH-linked MOFs, CoPc-
based and O-linked MOFs can lower the activation energies in
the formation of carboxyl intermediate, thus giving higher activity
and selectivity.

In 2020, Feng et.al.*9 developed a layer-stacked, bimetallic
2D ¢-MOF (PcCu-0Og-Zn) with copper-phthalocyanine as ligand
(CuN,) and zinc-bis(dihydroxy) complex (ZnQO,) as linkage. The
PcCu-0sg-Zn exhibits high CO selectivity of 88%, TOF of 0.39 s
and long-term durability (>10 h). What is more, the spectroscopic
studies combined with contrast experiments and DFT calculation
reveal that ZnO, complexes in the linkages of PcCu-Os-Zn ex-
hibit high catalytic activity for CO,-to-CO conversion, while CuN,4
complexes in the Pc macrocycles act as the synergetic compo-
nent to promote the protonation process and hydrogen genera-
tion along with the CO,RR. For multicarbon products, C-C di-
merization is an important step, and optimizing its energy barrier
is beneficial for yielding CoHa. During CO2RR, *CHO is believed
to be the key intermediate generated. However, the formation of
*CHO intermediate needs high adsorption enthalpy, which goes
against the desorption of CO, resulting in a high C-C dimerization
energy barrier. Therefore, Liao and coworekerst¢! reported a 2D
MOF PcCu-Cu-O as the electrocatalyst for CO, to C,H4, by
combining the CO- and C;H,-producing sites, which can reduce
the energy barrier in the C-C dimerization. Meanwhile, the con-
ductivity of PcCu-Cu-O can reach 5 S m™. This is beneficial for
efficient electron transfer in electrocatalysis and yielding hydro-
carbons with a high current density.

Furthermore, conductive MOFs also can serve as substrates
to anchor active sites in CO,RR. Recently, Huang and cowork-
erst’l have designed a 2D conductive Cu-based MOF (MOF-
CuHHTP), in which Cu ions in CUHHTP were partially reduced to
single-type Cu.,O sites by electrochemical method, giving rise to
a highly active electrocatalyst Cu,O@CuHHTP (Figure 7a). More
importantly, the reduction of Cu centers to Cu,O releases abun-
dant uncoordinated hydroxyl groups near the active sites, which
can form hydrogen bonds with intermediates and lower the en-
ergy barrier towards the formation of CH4. When tested in CO-
saturated electrolyte, the Cu,O@CuHHTP exhibited outstanding
CO2RR performance with 73% FE of the conversion from CO; to
CH, with partial current density of 10.8 mA cm? at-1.4 V vs. RHE
in CO2,RR (Figure 7b). However, the pristine CuHHTP shows
poor CH,4 selectivity, strongly indicating that the CO,RR activities
were originated from Cu,O quantum dots but not CUHHTP. The
electrical conductivity of CUHHTP can reach high value of 5.1 x
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Figure 7. (a) Design and synthesis of Cu2O@CuHHTP. (b) LSV curves of
CuHHTP and Cu20@CuHHTP in 0.1 M KCI/0.1 M KHCOs electrolyte
under Ar and CO:z. (c) The free energy diagrams of CO2 reduction to CHa
for Cu20(111)@HHTP (red line) and pristine Cu20(111) crystal plane
(black line). (d) Proposed mechanism of Cu20@CuHHTP for the for-
mation of CHa. Reproduced with permission from Ref.[*”]

10° S m™ due to the periodically distributed Cu-O, nodes in the
Cu-based MOF, where the nodes form d-1r orbital overlap be-
tween the nickel node and the catechol. In addition, the electrical
conductivity of Cu;O@CUHHTP can also reach 4.3 x 10® S m™.,
Therefore, the electrons could be easily transferred to the Cu,O
single-type sites through the conductive CuHHTP substrate,
which would be beneficial to expedite the electron transfer during
the CO,RR. Besides, the reduction of Cu centers to Cu,O re-
leases abundant uncoordinated hydroxyl groups neighboring the
active sites, thus forming hydrogen bonds with intermediates and
lower the energy barrier towards the formation of CH,.

Notably, the CO, reduction pathway to produce CH, involves
eight electron-transfer steps resulting in the generation of at least
seven possible intermediates.[*! Based on the operando ATR-
FTIR spectra analysis (Figure 7b and c), CO, molecules are
firstly adsorbed and activated on the (111) crystalline plane of
Cu20 quantum dots, which are quickly transformed into *COOH
through a PCET process. The intermediate *COOH could form
two hydrogen bonds with the hydroxyl groups of the HHTP ligand.
Subsequently, *CO intermediate is generated via a PECT pro-
cess from the hydrogen bonds-stabilized *COOH intermediate,
and simultaneously an equivalent water releases (Figure 7d). A
hydrogen bond is also formed between the *CO intermediate and
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Table 1. Comparison of the Highest Current Density, and Faraday Efficiency of Different Conductive MOFs for CO2RR

Catalysts The highest Jco (MAcm™?)  Electrolyte The highest FE (%) Conductivity (S m) Ref.
NiPc-NiO4 34.5(-1.2 V) 0.5 M KHCO3 98.4 CO (-0.6 V) 4.8 x 10° [42]
NiPc-Ni(NH)4 248 (-1.1V) 0.5 M KHCOs 96.4 CO (-0.7 V) 2.39 x 104 [43]
Co-PMOF 28.5(-1.1V) 0.5 M KHCOs 99 CO (-0.8 V) N.A. [52]
MCp2@MOF-545 25.63 (-0.9V) 0.5 M KHCOs 97 CO (-0.7 V) 1.01 x 10 [55]
CoPc-Cu-O 17.3 (-0.63 V) 0.5 M KHCOs 85 CO (-0.63 V) 1.04 x 101 [44]
PcCu-Og-Zn 8(-1.0V) 0.5 M KHCOs 88 CO (-0.7 V) N.A. [45]
PcCu-Cu-O 7.3(-1.2V) 0.1 M KHCOs 50 C2H4 (-1.2V) 5 [46]
Cu,O@CUHHTP  10.8(-1.4V) 0.1 M KCI/0.1 M KHCOs 77 CH4 (-1.4 V) 5.1 x 10 [47]

Note: N.A. means not mentioned in the corresponding literature. All potentials are with reference to the RHE.

the neighboring hydroxyl group of HHTP, therefore hindering the
desorption of *CO from the active site to form CO molecule.
Besides, the hydrogen bonding interactions between other in-
termediates and the hydroxyl groups of HHTP could also form
and hinder the formation of byproducts like HCHO or CH3OH,
leading to the outstanding selectivity of CH, for Cu,O@CuHHTP.
In the following PCET steps, *CHO, *CH,0 and *OCHjs interme-
diates generate in turn and are finally reduced to CH4 and *O,
which is reduced to H;O.

Overall, constructing copper-based electrocatalyst with single
type of active site can achieve high selectivity of CH,.[*>-54 Be-
sides, introducing intermolecular interaction with hydrogen bonds
in reaction system could stabilize specific intermediate and make
the reaction proceed to the expected pathway. Finally, the
CuHHTP support accelerates the electron transfer to the active
sites and substrate.

Integration of Electron Rich Units. The integration of elec-
tron rich units, electron mobility, and active components associ-
ated with specific electrocatalytic CO, reduction products into
MOFs is an effective way to improve the selectivity and efficiency
of COzRR. In addition, the integration of multifunctional units
within MOFs is another promising approach to achieve highly
efficient MOFs based strategies due to their easy processing,
versatile material selection, and potential to generate highly
selective products.

Recently, Lan and coworkers®? have assembled reductive
polyoxometalates (POMs) and metalloporphyrin to construct two-
fold interpenetrated mog topology MOFs, which might endow

these structures with high chemical, thermal, or catalysis stability.

In such PMOFs, Zn-g-Keggin and metalloporphyrin can serve as
the role of gathering electron donating and electron migration in
CO2RR, respectively. Notably, the oriented electron transporta-
tion pathway can be created through the connection of POM and
metalloporphyrin, when excited by electric field, which might be
beneficial for efficient charge transfer. In these PMOFs, Co-
PMOF exhibits remarkable faradaic efficiency (> 94%) over a
wide potential range (-0.8 to -1.0 V), which is better than other
M-PMOFs. To elucidate the dynamic activity of Co-PMOF for
electrochemical CO2RR, the Tafel slope for Co-PMOF is 98 mV
dec?, which is much smaller than that of others. This indicates
the favorable kinetics of Co-PMOF for the formation of CO, which
might be ascribed to the more efficient charge transfer and larger
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active surface in the catalytic process. Additionally, the Nyquist
plots also indicate Co-PMOF can provide faster electron transfer
from the catalyst surface to the reactant (i.e., COy) in intermedi-
ate (HCOO* and CO*) generation, eventually resulting in largely
enhanced activity and selectivity. As a result, its best faradaic
efficiency can reach up to 99% and it exhibits a high TOF of 1656
ht (-0.8 V) and excellent catalysis stability (> 36 h).

To further support the catalytic mechanism of M-PMOF,
MOF-525 (Co) was prepared by Hupp and coworkers®! as rele-
vant comparison which has a similar ligand to the Co-PMOF but
without POM. When tested in the same testing methods, the
electrochemical CO,RR of MOF-525(Co) shows lower FEco
(47.9%) than Co-PMOF (98.7) at -0.8V vs. RHE, which might be
attributed to the poorer proton and electron transfer efficiency.
This indicates POM actually acts as electron-rich aggregates in
the catalytic mechanism of M-PMOF. The integration of electron
rich units into MOFs greatly enhances the selectivity of CO,RR.
However, it remains challenging to select suitable ligands and
electron rich units to construct novel MOFs with high selectivity
and efficiency.

Embedding Guest Molecules into MOFs. By leveraging the
intrinsic microporosity of MOFs, high loadings of electroactive
molecules can be introduced into the pores to increase electrical
conductivity. Therefore, Lan and coworkers® implant metallo-
cene in MOFs and the thus-obtained catalysts present excellent
CO2RR electrocatalysis performances. Metallocene (MCp., Cp
stands for cyclopentadienyl) is an electron-rich system with high
stability and aromaticity. The introduction of metallocene can act
as electron donators and carriers, leading to form continuous
electron transfer channels and providing strong binding to met-
alloporphyrin in the CO,RR process, thereby enhancing CO:RR
activity resulting from the participation of d-orbits in MCp; elec-
tron orbitals that enlarge the t-electron system of cyclopentadi-
ene rings. Additionally, MOF-545 imparting with high porosity,
large pore size (3.6 nm) and excellent chemical and thermal
stability can serve as ideal platform to interact with MCp,. When
metallocene is implanted into the structure of MOFs, MCp, can
serve as potential electron donator and carrier to enrich the
electron density of MOF structure. Therefore, the FEco can get
up to 97% at -0.7 V vs. RHE in the obtained MCp,@MOF-545
composites (Figure 8), due to that the m-electron system of cy-
clopentadienyl ring might overlap with 1r-electron system of por-
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Figure 8. (a) The schematic presentation for MCp2@MOF in electrocata-
Iytic. (b) LSV curves of MCp2@MOF in CO2- and Ar-saturated 0.5 M
KHCO:s. (c) FEco at different potentials. Reproduced with permission from
Ref.[54
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phyrin. Besides, the strategy of embedding guest molecules into
MOFs also would endow MOF-545 with higher CO, adsorption
capability, larger amount of active sites and more favorable
electron transfer property to largely enhance the electrocatalytic
CO2RR activity. The CO2RR performance of conductive MOFs is
compared in Table 1.

n CONDUCTIVE COFS CATALYSTS FOR CO2RR

As mentioned above, most pristine COFs have relatively lower
electrocatalytic activity due to their low electrical conductivity. In
this part, we will introduce two mainly strategies: designing donor-
acceptor heterojunction and fully Tr-conjugated COFs.

Donor-acceptor Heterojunction. By selecting linkers with
their orient metal centers in a manner that allows for charge
hopping or by incorporating redox-active linkages to construct
donor-acceptor heterojunction is a good strategy to improve the
conductivity of COFs. For instance, tetrathiafulvalene (TTF) as a
kind of electron donors with high electron mobility is able to syn-
thesize highly conductive charge-transfer crystals when con-
structed with electron acceptors.5>%¢ Therefore, a well-defined
TTF-based structure might have the potential for the particular
alignment and stacking of TTF columns as conductive path-
ways. 5]

Recently, Huang and coworkers!® construct a donor-acceptor
(D-A) heterojunction in a porphyrin-based COF by integrating
TTF strut (Figure 9a), in which highly efficient electronic trans-
mission paths could be made to enhance electrocatalytic CO.RR
performance. Incorporating TTF units into frameworks not only
can form 17-11 stacking columns, but also short S---S interactions
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Figure 9. (a) Schematic illustration of the synthesis of two-dimensional
TTF-Por(Co)-COF. (b) LSV curves in the N2- and COz-saturated 0.5 M
KHCOs electrolyte at a scan rate of 10 mV s™. (c) FEco from -0.6 to -0.9 V
vs. RHE of TTF-Por(Co)-COF and COF-366-Co. (d) CO partial current
density from -0.6 to -0.9 V vs. RHE of TTF-Por(Co)-COF and COF-366-
Co. (e) Relative energy diagrams for CO: reduction reaction on TTF-
Por(Co)-COF and COF-366-Co at 0 V vs. RHE. Reproduced with per-
mission from Ref.5¢]

Reaction coordinate

can provide efficient charge-transport pathways. Besides, met-
alloporphyrin, possessing conjugated Tr-electron system, can act
as excellent electron acceptor and electron transfer carrier.
Combining TTF with metalloporphyrin can construct intermolecu-
lar charge-transfer pathway in a structure to largely enhance the
electron transfer efficiency. Therefore, the electron conduction
nature of TTF-Por(Co)-COF can reach 1.32 x 107 S m'%, which is
greater than that of COF-366-Co (6.5 x 10° S m™). Additionally,
TTF-Por(Co)-COF has moderate CO, uptake capacities with 22
cm® gt at 298 K and 1 bar, which indicates the favorable CO,
affinity for facilitating their electrocatalytic CO.RR activity. There-
fore, the current density of TTF-Por(Co)-COF can reach 6.88 mA
cm? at the potential of -0.9 V vs. RHE, which is 3-fold to COF-
366-Co (2.17 mA cm).

As expected, TTF-Por(Co)-COF exhibits the best activity for
the conversion of CO, to CO with high FEco of 95% at -0.7 V vs.
RHE (Figure 9b, ¢, d and e). Thus, using TTF as linker unit to
construct donor-acceptor heterojunction represents an efficient
strategy to enhance its electron transfer capability of metal por-
phyrin-based COFs, which can construct efficient electron trans-
mission pathway.

Furthermore, Huang and coworkers®® continued to design a
D-A heterojunction in a porphyrin-based COF by integrating
thieno[3,2-b]thiophene-2,5-dicarbaldehyde (TT) into 2D TT-
Por(Co)-COF (Figure 10a), in which the electron conduction
value can get to 1.38 x 10® S m. Moreover, after making TT-
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Figure 10. (a) Schematic synthesis of 2D TT-Por(Co)-COF. (b) LSV
curves in COz- and Ar-saturated 0.5 M KHCO3 at a scan rate of 10 mV s,
(c) FEco and (d) Jeo from -0.6 to -0.9 V vs. RHE of TT-Por(Co)-COF and
COF-366-Co. (e) Stability test of TT-Por(Co)-COF in COz-saturated 0.5 M
KHCOs electrolyte at a potential of -0.6 V vs. RHE during 10 h. Repro-
duced with permission from Ref.[59

Por(Co)-COF into nanosheets, they showed large partial current
density of 7.28 mA cm2 at -0.7 V vs. RHE, which is higher than
COF-366-Co at the same potential, and the maximum FEco is
high up to 91.4% at -0.6 V vs. RHE (Figure 10b, c and d). Be-
sides, a long-term stability test of TT-Por(Co)-COF for 10 h
proved its activity and stability (Figure 10e).

Clearly, the synergistic combination of TTF or TT and metal-
loporphyrin in these M-TTCOFs can serve as the role of gather-
ing electron donating, electron migration, and electrocatalytic
active components together in the electrocatalytic CO2RR. And,
TTF and TT with high electron mobility can construct efficient
electron transmission pathway with metalloporphyrin. However,
the relatively low current density and stability still limit its further
application.

Fully mr-conjugated COFs. The conductivity can be realized
by using conjugated bonds to connect the catalytic sites and
using tetragonal topology to create a fully -conjugated network.
Therefore, Huang and coworkers!® synthesized a 2D conductive
Ni-phthalocyanine-based COF (NiPc-COF) (Figure 11a) by con-
structing fully conjugated structure, in which the planar NiPc
motifs were linked by the covalent pyrazine linkage. In these
materials, metal phthalocyanines with M-N, structures have been
considered as active sites for CO,RR.[®1-6% Notably, the covalent
pyrazine linkage is critical as it endows the resulting framework
with stability and conductivity. The CO, sorption isotherm mea-
surement revealed that NiPc-COF has a high CO, adsorption
capacity of 23 cm?® g* at 298 K, proving its favorable CO, affinity,
which is benefit for improving catalytic activity of CO,RR. After
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making 2D COF into nanosheets, the robust conductive 2D
NiPc-COF nanosheets exhibited large partial current density of
35 mA cm?2at-1.1V vs. RHE, and the maximum FEco can reach
up to 99.1% at -0.9 V vs. RHE (Figure 11b and c). Moreover, the
catalyst delivered a steady reduction current density for 10 h and
the corresponding FEco was over 98%, suggesting good stability
of the NiPc-COF catalyst (Figure 11d). Besides, the selectivity
and current density of NiPc-COF nanosheets for the CO, to CO
conversion compares favorably with the similar conductive COF
electrocatalyst CoPc-PDQ-COF and exceeds most of the tradi-
tional COFs and MOFs (Figure 1le) due to the full in-plane
m-delocalization for monolayers and ordered out-of-plane -1
stacking along the c axis. Overall, the excellent electrocatalytic
performance of NiPc-COF for CO;RR is attributed to a high
conductivity of 3.77 x 10 S m, which is several orders of mag-
nitude higher than those of insulating COFs.

Recently, Huang and coworkers®¥ also have constructed two
catalysts with two types of sites, CuPcFg-CoNPc-COF and
CuPcFg-CoPc-COF (Figure 12), which are constructed with the
dioxin linkage. Although, the two COFs do not form full in-plane
m-delocalization, the eclipsed stacking mode of metallophthalo-
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Figure 11. (a) Schematic illustration of the synthesis of two-dimensional
NiPc-COF. (b) LSV curves of NiPc-COF in CO2- and Nz-saturated 0.5 M
KHCOs electrolyte at a scan rate of 10 mV S, (c) FEco and FEH2 from
-0.6 to -1.1 V vs. RHE of NiPc-COF in COz-saturated 0.5 M KHCOs3 elec-
trolyte. (d) The comparison of the optimal FEco and CO partial current
densities among the 2D conductive NiPc-COF and the reported COF
electrocatalysts evaluated in a H-type electrochemical cell. (e) Stability
test at -0.7 V vs. RHE for 10 h. Reproduced with permission from Ref.[6%
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CuPcFs-CoPc-COF. Reproduced with permission from Ref.[64]

cyanine units also supplies a high-speed pathway for electron
transfer. However, the far apart catalytic sites and large pore
diameter might prevent the tandem reaction. And, carbon mon-
oxide is the main product for CuPcFg-CoNPc-COF and CuPcFs-
CoPc-COF in CO2RR, in which the maximum FEco can get up to
97%. Compared with CuPcFg-CoPc-COF, CuPcFs-CoNPc-COF
has larger pore diameter, specific surface area and better CO,
capacities, which is more benefit for improving catalytic activity of
CO2RR. Therefore, when tested in 0.5 M CsHCOs;, the TON
values are as high as 108000 and 248000 for CuPcFsCoPc-COF
at -0.70 V and CuPcFg-CoNPc-COF at -0.62 V in 24 h, respec-
tively. Accordingly, their TOF values were calculated to be 1.25
and 2.87 st under the same conditions.

In 2020, Jiang and coworkers!®® also constructed a catalytic
CoPc-PDQ-COF for electrochemical CO.RR (Figure 13a) in
water, by exploring the robust phenazine linkage to connect
metallophthalocyanine catalytic sites into a fully 1r-conjugated
lattice. Besides, the stacking layer structure offers the conduction
along the z direction across the 1 columns, so that electrons can
directionally transport to catalytic sites over the shortest distance.
The bulk conductivity of CoPc-PDQ-COF was calculated up to
3.68 x 10° S m? at 298 K by utilizing a four-point probe. Thus,
the catalytic activity and efficiency will be enhanced as electrons
from electrodes can be smoothly transported to the reaction
center via the shortest pathway in a highly conductive and or-
dered network. Additionally, CoPc-PDQ-COF also exhibited long-
term catalytic durability attributed to the stable fully Tr-conjugated
structure. Overall, the increased conductivity would accelerate
the electron transport efficiency during catalysis, decrease the
Tafel slope, accelerate the rate determining step, and increase
the TOF and TON. When tested at -0.66 V vs. RHE, the CoPc-
PDQ-COF showed a large 49.4 mA cm current density for ef-
fective conversion of CO, into CO with the FEco of 96%.

Additionally, Lan and coworkers!®®! synthesized a series of di-
oxin-linked crystalline metallophthalocyanine COF (MPc-TFPN
COF, M = Ni, Co, Zn) (Figure 13b), which can enhance their
FEco by coupling with light. However, NiPc-TFPN COF has lower
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Figure 13. (a) Schematic illustration of the synthesis of two-dimensional
CoPc-PDQ-COF. Reproduced with permission from Ref.[® (b) Design
and synthesis of MPc-TFPN COF. Reproduced with permission from Ref.[5¢]
(c) Synthesis of CoPc-PI-COF-1 and CoPc-PI-COF-2. Reproduced with
permission from Ref.67]

conductivity than NiPc-COF and CoPc-PDQ-COF due to the
failure to form fully conjugated lattice. Although NiPc-TFPN COF
exhibits excellent FEco, the low current density still limits its fur-
ther applications.

As mentioned above, those conductive phthalocyanine-involved
COFs have been constructed from the 2,3,9,10,16,17,23,24-octa-
(hydroxyl/amino)-substituted phthalocyanine building blocks. In
order to explore the excellent electrocatalytic CO.RR properties of
metallophthalocyanine compounds, Chen and coworkers®? re-
ported 2D conductive COFs CoPc-PI-COF-1 and CoPc-PI-COF-2
(Figure 13c) with a new kind of phthalocyanine building block,
namely, tetraanhydrides of 2,3,9,10,16,17,23,24-octacarboxyph-
thalocyanine. These COFs also achieved highly electrical conduc-
tivity of 3.7 x 10 and 1.6 x 10 S m™%, respectively, due to the full
in-plane T-delocalization. Due to the same Co(ll) electroactive
sites together with similar permanent porosity and CO, adsorp-
tion capacity for CoPc-PI-COFs, the cathodes made up of COFs
and carbon black displayed a similar FEco of 87-97% at applied
potentials between -0.60 and -0.90 V vs. RHE in 0.5 M KHCO;
solution. And, the TON of the CoPc-PI-COF-1 cathode is accumu-

Ni-TPPCN PTF(Ni)

O

PTF(Ni)/Cu  PTFICu
C.H,

CH,

/\/

The ratio of Faradaic efficiency (C,H,)

The ratio of Faradaic efficiency (CH,)
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Figure 14. (a) Fabrication of PTF(Ni)/Cu with well dispersed copper sites
from Ni-TPPCN. (b) FEs of CzHs and CHa at different potentials on
PTF(Ni)/Cu and PTF/Cu catalysts. (c) The FE ratio of PTF(Ni)/Cu to
PTF/Cu. Reproduced with permission from Ref.[6¢!
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Table 2. Comparison of the Highest Current Density, and Faraday Efficiency of Different Conductive COFs for CO2RR

Catalysts The highest Jco (MA cm?) Electrolyte The highest FE (%) Conductivity (S m?) Ref.
TTF-Por(Co)-COF 6.88 (-0.9 V) 0.5 M KHCO3 95 CO (-0.7 V) 1.32 x 107 [58]
TT-Por(Co)-COF 7.28 (-0.7 V) 0.5 M KHCO3 91.4 (-0.6 V) 1.38 x 108 [59]
NiPc-COF 35(-1.1V) 0.5 M KHCO3 99.1 (-0.9 V) 3.77 x 10°® [60]
CoPc-PDQ-COF 49.4 (-0.66 V) 0.5 M KHCO3 96 CO (-0.66 V) 3.68 x 10°° [65]
CoPc-PI-COF-1 21.2(-0.9V) 0.5 M KHCO3 99.8 CO (-0.8 V) 3.7x10% [67]
CoPc-PI-COF-2 15.3(-0.9V) 0.5 M KHCO3 97 CO (-0.8 V) 1.6 x 103 [67]
PTF(Ni)/Cu 35(-1.2V) 0.1 M KHCO3/0.1 MKCI ~ 57.3 C2H4 (-1.1V) N.A. [68]
CuPcFs-CoPc-COF 15 (-0.62 V) 0.5 M CsHCOs 91 CO (-0.7 V) 5.67 x 1072 [64]
CuPcFs-CoNPc-COF  14.6 (-0.7 V) 0.5 M CsHCOs 97 CO (-0.7 V) 2.14 x 10?1 [64]

lated to 277000 with a TOF of 2.2 s at -0.70 V after 40 h of
continuous experiment.

Besides, to further expand the use of fully conjugated systems
for CO2RR, Huang et al. constructed a tandem catalyst PTF(Ni)/
Cu by uniformly dispersing Cu NPs on PTF(Ni) containing the
atomically isolated nickel-nitrogen sites for the CO, electrore-
duction reaction to significantly enhance the production of eth-
ylene (Figure 14a).%8! The maximum FEcyns can reach up to
57.3% at -1.1 V vs. RHE, which is about 6 times higher than that
of the non-tandem contrast catalyst PTF/Cu (Figure 13b and c).

Clearly, the high conductivity of those COFs originates from
the fully 1r-conjugated yet stacked structure that allows electron
transport over the whole skeleton. In addition, the catalytic effi-
ciency will be enhanced when electrons from electrodes can be
smoothly transported to the reaction center via the shortest
pathway for electrocatalytic CO,RR. The CO;RR performance of
conductive COFs is compared in Table 2.

n CONCLUSION

Compared to traditional catalytic materials, MOFs and COFs
have emerged as a new sub-field in electrocatalysis due to their
high specific surface areas and porous structures that provide
more exposed active sites and facile mass transport pathways.
Meanwhile, specific products in the electrocatalytic CO,RR can
be generated by tuning their electronic and geometric features at
the atomic/molecular level. Especially, molecular catalysts pos-
sess well-defined structures of active sites that enable mecha-
nistic studies to address the structure-mechanism-activity rela-
tionship. Despite the enormous potential of traditional MOF and
COF materials for electrocatalysis CO,RR, the problem of poor
electrical conductivity severely limits their further applications.
Therefore, the design and construction of MOF and COF mate-
rials with excellent electrical conductivity are the key for their
further development. To give younger researchers a clearer
understanding of the differences between conductive and non-
conductive MOFs and COFs, we summarize the characteristics
of conductive MOFs and COFs as follows: (1) Metals and ligand
moieties with well-matched energy levels and good orbital over-
lap can result in small band gaps and high charge mobilities, both
of which are favorable for conductivity. Therefore, MOFs and
COFs with oxygen or nitrogen coordinating to the metals usually
have better electrical conductivity, in which the energy matching
and metal-ligand orbital overlap are improved. (2) For the majority
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of 2D MOFs and COFs, charge transport within the 1-d conju-
gated planes has been invoked to be the dominant mechanism
behind conductivity. Meanwhile, the 1-1T interlayer interactions in
the bulk structures of MOFs and COFs may also be important for
contributing to charge delocalization. (3) MOFs and COFs can be
introduced containing redox active groups and active guest
molecules to induce conductivity.

In addition to the above strategies, MOF and COF-derived
materials have also attracted numerous attention for they to
some extent inherit advantages of their parent materials and
provide enhanced conductivity and stability via facile calcination-
thermolysis strategies.!®®7® However, the pyrolysis process may
cause undesirable structural changes and even destroy finer
framework structures, resulting in the mechanism of the electro-
catalytic process uncertain. To overcome this challenge while
retaining the capabilities to atomically precisely control the
structure, well-defined MOFs and COFs also can be composited
with conductive supporting materials (e.g., CPs, graphene, and
carbon nanotubes) that provide adequate conducting channels
and more effective surface area for forming MOF/COF-based
hybrid systems. Besides, it is also a good strategy to apply MOF
and COF materials for the photocatalytic reduction of CO,.l"7-84

In this review, we mainly introduced several design strategies
for conductive MOFs and COFs for electrocatalytic CO,RR. Ad-
ditionally, we summarized the advances of conductive MOFs and
COFs catalysts in CO;RR and compared with traditional MOFs
and COFs catalysts. Conductive MOFs and COFs materials
have exhibited great potentials in catalyzing CO,RR due to their
higher current density than traditional materials. Granted, delibe-
rate design for improving conductivity of framework-based mate-
rials might pave the way for fabricating excellent CO;RR cata-
lysts in laboratories, but exploring large-scale synthetic methods
with high yields and affordable cost is required for industrial ap-
plications. For industrial application, the current density should
be higher than 300 mA cm, FE higher than 80%, cell voltage
less than 1.8 V and stability over 80000 hours to make CO eco-
nomically viable.®284 Therefore, the challenges are still in need
on the following aspects.

Firstly, although conductive MOFs and COFs have achieved
great progress in the electrocatalytic CO, reduction reactions, the
current density cannot meet the industrial requirements. There-
fore, developing conductive MOFs and COFs with better con-
ductivity will create new opportunities to design highly efficient
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electrocatalysts. Besides, most of the conductive MOFs and
COFs only produce CO, while multi-electron transfer products
such as ethylene and ethanol are much more desirable. Addi-
tionally, it still needs to improve the conductive MOFs and COFs
in strong alkalinity and acidity aqueous electrolytes. Finally, the
fabrication cost-effective of MOF and COF materials needs to
enable their application on a large scale.

In summary, as effective electrocatalysts for CO,RR, MOF and
COF materials should further improve the electrical conductivity
and stability. Looking forward, using conductive MOFs and COFs
as substrates to anchor catalytic sites and then to synergistically
electrocatalyze for CO;RR is also a good strategy to improve
current density and selectivity..
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