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Carbon dioxide reduction through electrochemical energy is an emerging and appealing approach towards
CO, mitigation, and it is a potential technique in which the current and faradaic efficiencies can be
optimized for the efficient/effective conversion of CO, to solar fuel (storable high-density chemical
energy). However, a challenge associated with the current state-of-the-art electrocatalytic systems is
developing efficient, selective, and cost-effective heterogeneous catalysts. In this case, materials derived
from metal-organic frameworks (MOFs) are promising electrocatalysts that not only possess porous
structures similar to their parent MOFs but are also endowed with improved stability and conductivity,
which are required in the CO, reduction reaction (CO,RR). This review surveys the updated strategies to
rationally design efficient MOF-based electrocatalysts and MOF-derived materials for CO, reduction.
Various MOF-derived materials are comprehensively discussed, together with the strategies aimed at
improving product selectivity. Furthermore, active sites and detailed underlying mechanisms of CO,
reduction are discussed to gain better insights into the future development of electrocatalysts. This
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1. Introduction

Despite the development of various types of renewable energy
sources, fossil fuels remain one of the widely used energy
sources, resulting in the emission of a massive amount of CO,
into the atmosphere annually."” One of the leading causes of
climate change is CO, emissions, resulting in a record high CO,
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concentration of 420.2 ppm in the atmosphere in 2023. It is
known that this increase in atmospheric CO, has led to an
enhancement in Earth's average temperature, which is associ-
ated with various forms of environmental disasters, including
severe hurricanes and ecosystem destruction. There are two
main approaches to decrease the levels of atmospheric CO,: (1)
restricting the combustion of fossil resources while curbing the
energy demand and using cleaner energy sources, including
solar and wind energy (however, their storage is a severe
concern in this approach) and (2) capturing and utilizing CO, to
produce other valuable chemicals. The latter approach has
drawn the attention of numerous researchers for applying
several techniques to fix CO, into fine chemicals, including
photochemical reduction,** biological transformation,” chem-
ical reduction,®**° and electrochemical reduction.***?

In this regard, the electrochemical CO, reduction reaction
(CO,RR) is among the potential techniques in which renewable
energy is converted CO, into valuable chemicals and fuels such
as methanol, methane, formic acid, CO, and ethanol.***® It is
worth mentioning that many different catalysts, including
homogeneous**** and heterogeneous® catalysts, have been
developed to achieve this goal, and undeniably, heterogeneous
catalysts are prominent over homogeneous catalysts due to
their easy recycling, high stability, and low toxicity. The prod-
ucts of the CO,RR depend on the electrolyte medium, applied
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potential, and, remarkably, the type of applied electrocatalyst.
For instance, it has been proven that Ag and Au are suitable
electrocatalysts to produce CO, while the formation of hydro-
carbons and oxygenate products (ethanol, methanol, and
methane) is achieved over Cu catalysts.”> Furthermore,
numerous metal-free catalysts composed of carbon materials
(graphene, carbon nanotubes, nanoporous carbon, and gra-
phene dots) have been shown to be active in the CO,RR.>*?* In
the last two decades, porous frameworks, covalent organic
frameworks (COFs),??® metal-organic frameworks (MOFs),>*
and materials derived from them?® have been highlighted as
highly promising catalysts for CO,RR.

Metal-organic frameworks (MOFs) are a class of porous
polymers that coordinate metal nodes with organic ligands to
form a 1D-3D structure. Owing to their large surface area,
tunable porosity, and large pore volume by adjusting their metal
species or organic linkers, MOFs are recognized as promising
materials for many applications, including gas storage/
separation, adsorption, water treatment, solar cells, sensing,
energy storage (batteries and supercapacitors), catalysis,*°
and in particular, (electro)catalysis.?”****-** However, although
several MOFs have been applied in electrochemical CO,RR,
issues such as their low conductivity**** and their poor chemical
stability in water***” hinder their application for this purpose.
In contrast, MOF-derived materials can remarkably overcome
these issues, and thus considered more promising candidates.
MOF-derived materials have attracted attention due to the dual
roles of their metal nodes, which on the one hand, can create
metal-active sites, and organic linkers, on the other hand,
creating heteroatom (N, S, P, B)-doped carbonaceous materials
after pyrolysis. Here, the MOF structure plays an essential role
as a self-template for the homogeneous dispersion of hetero-
atoms and metals through the carbon matrix, the formation of
single-atom sites, and also the emergence of porosity inherited
from the pristine MOF.**">>

This review addresses the recent reported developments on
MOF-derived materials employed for electrochemical CO,
reduction. Electrochemical CO, reduction and the applications
of MOF materials are topics of significant interest in recent
chemical and material research worldwide. Thus, the record of
publications on CO,RR over MOFs and MOF-derived materials
is astonishing. Therefore, several excellent reviews were recently
published, offering diverse perspectives on this matter.>*>*
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However, to present a thorough study of the design and
synthesis of MOF-derived materials for enhanced electro-
chemical CO, reduction performance, a comprehensive inves-
tigation is still required. This review will also discuss the role of
active sites and involved mechanisms to gain a better under-
standing into the design of new electrocatalysts in CO,RR based
on MOF materials. This review selectively presents some of the
recent advances and pertinent challenges in this field, focusing
on MOF-derived materials applied for electrochemical CO,
reduction. Initially, we present an overview of the electro-
chemical reduction of CO,. In the second section, the pristine
MOFs used in CO,RR are briefly discussed, focusing on their
role in tuning the micro-environment during CO,RR and their
stability. In Section 3, the MOF-based composites employed in
electrochemical CO,RR are explored. Finally, in Section 4, the
active sites and mechanisms of MOF-derived materials in
CO,RR are discussed in detail.

1.1 Electrochemical CO,RR

1.1.1 General proposed mechanisms for electrochemical
CO,RR. CO,RR is a multistep reaction that includes two, four,
six, eight, or twelve electron transfer/pathways, as listed in Table
1. During CO, electroreduction, various reduction products may
be generated depending on the characteristics of the catalyst,
the applied potential, and the reaction medium. Usually, the
CO,RR involves three general steps, as follows: (1) adsorption of
CO, on the electrocatalyst surface (cathode) and the formation
of *CO,’” species, (2) cleavage of the C-O bond by electron
transfer and/or proton coupling, followed by C-H and C-C bond
formation, and (3) product desorption from the surface of the
catalyst, which subsequently distributes in the electrolyte.

Understanding the mechanism of CO, electroreduction has
been proven to be challenging due to the need for advanced
methods to characterize the intermediates formed during the
CO,RR. Moreover, given that CO,RR is a multiple electron/
proton transfer reaction, controlling the reaction pathways
and product selectivity is difficult. According to the applied
potential, various C; and C, compounds are formed during this
reaction process (Table 1). Owing to the high chemical stability
of the CO, molecule, cleaving the C=0 bonds and altering the
orientation of the linear CO, to a bent *CO,’~ molecular
structure, which has a lower LUMO energy level, requires
a significant energy input of about 750 k] mol™". According to

Table 1 The different possible reactions happening at the cathode in the electroreduction of CO,

The type of reaction

The number of electrons

The applied potential® (E° (V)) The possible product

2H" +2e” — H,
CO, +2H" +2¢”
CO, +2H" +2¢”
CO, +4H" + 4~ — HCHO + H,O
CO, + 6H" + 6e” — CH;O0H + H,0O
CO, +8H" + 8¢~ — CH, + 2H,0

2CO, + 12H' + 12~ — C,H, + 4H,0 12
2CO, + 12H" + 12¢” — C,H;0H + 3H,0 12

HCOOH
CO + H,0

N
N
N
-

0 O N NN

“ vs. Standard hydrogen electrode (SHE) at PH 7 at 25 °C.
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—0.41 Hydrogen

—0.61 Formic acid
—0.52 Carbon monoxide
—0.51 Formaldehyde
—0.38 Methanol

—0.24 Methane

—0.34 Ethylene

—0.33 Ethanol

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Suggested mechanism of CO, electrochemical reduction on copper. Reproduced with permission from ref. 56 Copyright 2011, the Royal

Society of Chemistry.

the proposed mechanism of electrochemical reduction of CO,
on the Cu electrode surface (Fig. 1),°® a high energy barrier is
involved in initial adsorption and transferring one electron to
CO, to generate the *CO,"~ intermediate; this step is identified
as the rate-determining step (RDS). Although the exact geometry
of the chemisorbed *CO,’~ species on the catalyst surface is still
unknown, the three possible orientations are illustrated in
Fig. 2.7 The reactivity of the *CO,’~ intermediate on the metal
surface plays a significant role in the arrangement of the final
products. It was shown that the behavior of the *CO, ™ inter-
mediate on the surface of various metals is different, prompting
the formation of different products. For example, on the surface
of Sn or In, the *CO," "~ intermediate is bound to the metal via an
oxygen atom, which upon further conversion, will lead to the
formation of formate (HCOO™). In contrast, the *CO,'~ inter-
mediate is bound via the C atom on the surface of Ag and Au. In
this case, *COOH will be formed, which can be reduced to CO.>®
Among the metals studied by Hori et al.,*® Cu was found to be

(A)a. P v Ox_0
A o

Oxygen coordination
©)

Carbon coordination

Mixed coordination

Fig. 2 Illustration of the possible orientation of CO, on the surface of
the electrocatalyst. (@) Oxygen coordination, (b) carbon coordination,
(c) mixed coordination. Reproduced with permission.’” Copyright
2016, the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024

the only metal that can still catalyze CO, conversion to HCOOH,
CO, CH,4, and C,H,. It has been discovered that the main
limiting step for hydrocarbon generation is the protonation of
CO* to CHO*.*®

Considering the structure and pH effects on the reduction
products as well as density functional theory (DFT) results,
Kortlever et al.*® proposed the mechanism for CO, reduction on
Cu (Fig. 3). The C, pathway exhibits methane production, where
formyl (*CHO) or *COH species is formed as the reduction
product of the CO intermediate, which is subsequently reduced
to methane. It has been reported that at high overpotentials,
intermediate dimerization may lead to ethylene production in
the C; pathway. The dimerization of CO occurs at low over-
potentials, which is the C, pathway and is the rate-determining
step for CO reduction by generating a *C,0, intermediate
through the transfer of an electron, explaining the preference
for an alkaline medium for reducing CO.

1.1.2 Electrochemical cell design/components for CO,
reduction. Generally, an electrocatalytic CO, reduction reaction
takes place in an H-type cell with two compartments separated
by either a membrane (e.g., Nafion) or a glass frit under aqueous
or non-aqueous conditions, respectively. In the cathodic
compartment, which includes the working electrode (where the
catalyst is loaded) and the reference electrode (Ag/AgCl), CO,
reduction occurs. Meanwhile, the oxidation reaction, typically
oxygen evolution reaction (OER), takes place at the anode
surface, i.e., the counter electrode (Pt), when the process is
carried out under aqueous conditions.®*** Generally, the
hydrogen evolution reaction (HER) competes with CO,RR in the
cathodic compartment, resulting in a lower faradaic efficiency
(FE) for the CO,R products. An H-type cell for CO,RR is sche-
matically presented in Fig. 4. In the H-type cell, the liquid
electrolyte facilitates the ionic transport of protons and the
reaction environment. Various types of electrolytes, including
aqueous®*® and non-aqueous electrolytes,** have been used in
most CO,RR studies. The electrolyte pH value, cations, and

J. Mater. Chem. A, 2024,12, 27825-27854 | 27827
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Fig. 3 Plausible CO, electrocatalytic reduction reaction pathways
using transition metals and molecular catalysts: (a) blue arrows show
the pathways from CO, to CO and CHy, black arrows to CHzOH, and
orange arrows to HCOO™; (b) grey arrows display the pathways from
CO, to ethylene and green arrows to ethanol; and (c) purple arrows
demonstrate the pathway of CO, insertion into a metal-H bond
resulting formate. Adsorbates species are in black, while reactants and
products in the solution are in red. Potentials are determined vs. RHE.
RDS stands for the rate-determining steps and the steps in which
either coordinated or separated proton—electron occurs is indicated
by H*, e. Reproduced with permission.* Copyright 2015, the Amer-
ican Chemical Society.
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Fig. 4 Schematic of the cell applied in the electrochemical reduction
of CO,.

anions are three parameters of aqueous electrolytes that have
a great impact on the products of the CO,RR.

Practically, there are two values of pH in an H-type cell, the
bulk electrolyte pH and the local pH at the surface of the
working electrode. The selectivity and overpotentials in CO,RR
are affected by the electrolyte pH. For instance, unlike C,H,
formation, the production of CH, is pH-dependent.®® Therefore,
enhanced selectivity for C,H, in an alkaline solution and
a reduced overpotential could be achieved.®”*® It has been
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realized that larger cations such as Cs' and K' prompt an
increment in the total current density and selectivity towards H,
and C,H, production.®*** However, the effects of anions have
not been studied as much as cations. It was discovered that
strongly solvated anions such as OH™ stabilize the rate-limiting
CO,  intermediate, leading to higher selectivity and lower
overpotentials for CO production in comparison with anions
such as Cl™ that are less solvated.®® Alternatively, non-aqueous
electrolytes, such as N,N-dimethylformamide (DMF) and
acetonitrile, can also be used for CO,RR, offering the advan-
tages of higher CO, solubility compared to aqueous conditions
and low hydrogen concentration to enhance CO,RR and mini-
mize the competitive HER, respectively.”®”* However, these
electrolytes may interact with the CO,RR pathways differently.®
In non-aqueous electrolytes, the reaction pathways and reduc-
tion products will vary from aprotic to protic solvents, where
HER can still be achieved in protic electrolytes, and the elec-
trodes can achieve the formation of hydrocarbon products.
Therefore, the choice of electrolyte significantly impacts the
product selectivity depending on the capability of the electrolyte
to act as a proton source.”"”?

In real electrolyzers, CO,RR takes place within a gas-liquid-
solid triple-phase boundary. However, achieving economic
viability is challenging due to the limited mass transfer, product
selectivity issues, and high cell voltages at high current densi-
ties, which result in significant ohmic losses and electrode
overpotentials.” Thus, ensuring an adequate supply of gas
reactants to the catalyst surface is crucial at higher current
densities to sustain high reaction rates.”*”* Nevertheless, most
of the current research emphasizes catalyst materials rather
than mass transfer or the microenvironment. Often, the solu-
bility and diffusion of CO, in the electrolyte limit the rate of CO,
mass transfer, and consequently the overall reaction rate.
Increasing the solubility of CO, can be achieved by operation at
high pressure or using a more costly, and often more toxic or
corrosive solvent as the electrolyte. Alternatively, a more
promising approach to overcoming both the CO, solubility and
diffusion limitations is the use of gas diffusion electrodes
(GDESs), which are porous electrodes with a high surface area. By
using GDEs in CO,RR, researchers have achieved high current
densities exceeding 100 mA cm? which are an order of
magnitude greater than that obtained with traditional aqueous
systems under similar conditions.”””

In recent advancements in CO,RR technologies, GDEs and
membrane electrode assemblies (MEAs) have been pivotal in
achieving higher performances.””® GDEs are assembled into
MEAs by first depositing a catalyst layer onto a porous gas
diffusion layer (GDL), and then hot-pressing this assembly onto
a pre-treated proton exchange membrane (PEM) to ensure
proper adhesion and optimal contact. Subsequently, this inte-
grated structure is incorporated into the electrochemical cell,
facilitating efficient gas transport, catalyst utilization, ion
conductivity for enhanced CO, reduction performance, and
efficient removal of products. This design is beneficial to
maintain an optimal chemical environment at the catalyst
surface, which is crucial for enhancing the CO,RR rate and
selectivity. The use of GDEs is particularly effective in

This journal is © The Royal Society of Chemistry 2024
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suppressing HER by ensuring a higher local concentration of
CO, and reducing the CO, diffusion distance.**®** MEA cells
incorporating GDEs have demonstrated significant potential in
scaling up CO,RR for industrial applications.* For instance, the
highest reported current densities and faradaic efficiencies (FE)
in CO,RR to date have been achieved in flow cells utilizing
GDEs.**¥

2. MOFs for electrochemical CO,
reduction

One of the first examples of the application of MOF in CO,RR
was reported by Kumar et al.®® in 2012, where they studied the
catalytic performance of Cuz(BTC), immobilized on glassy
carbon (GC) in a non-aqueous medium (DMF, comprising tet-
rabutylammonium tetrafluoroborate, as the supporting elec-
trolyte, saturated with CO,). Oxalic acid (the product) was
detected with a faradaic efficiency (FE) of 51%. The highly
reproducible reversible redox reactions of Cu(u)/Cu(i) and Cu(1)/
Cu(0) were revealed by cyclic voltammetry (CV) measurements
in a KCI solution of 0.1 M, indicating the mechanical and
electrochemical stability of MOF film@GCE under the experi-
mental conditions. These redox peaks were not observed in
copper foil or electrochemically deposited copper metal. In the
same year, Hinogami et al.® described a copper rubeanate
metal-organic framework (CR-MOF) coated on carbon paper
(CP) as the working electrode for CO,RR in 0.5 M KHCO;
aqueous solution. Cyclic voltammetry revealed that this CR-
MOF was more active compared to the Cu electrode, with
a selectivity of more than 98% towards the formation of
HCOOH. The remaining was attributed to hydrogen selectivity.
However, the Cu electrode produced a range of products,
including HCOOH, CO, and hydrocarbons. This variation in
product selectivity obtained by CR-MOF and metallic Cu was
assigned to the different electronic environments of Cu in the
two structures, where in CR-MOF, Cu is coordinated to organic
ligands, and thus it is ionic and the density of electrons is lower
than that in metallic Cu. The decreased electron density resul-
ted in weak CO, adsorption on the reaction site on CR-MOF,
leading to the preferential formation of HCOOH. Achieving
different products in these two studies over Cu-based MOFs as
electrocatalysts can be explained as follows: Kumar et al.®
applied 1,3,5-benzenetricarboxylic acid (BTC) as the ligand,
which contains oxygen atoms (hard donors) coordinated to Cu,
while in CR-MOF, the ligand contains N and S donor atoms (soft
donors), resulting in the formation of a different electronic
environment of metal ions, and accordingly different catalytic
activity. Furthermore, the reaction medium in these two studies
was different, where in the research performed by Kumar et al.,
the electrolyte was organic (less protons) compared to the work
carried out by Hinogami et al,* where an aqueous solution
(abundant protons) was employed. Alternatively, Kang et al.*
investigated the effect of different types of ionic liquids (IL) as
electrolytes on the product of electrochemical reduction of CO,
over Zn-1,3,5-benzene tricarboxylic acid metal-organic frame-

works (Zn-BTC MOFs). The morphology of Zn-MOFs

This journal is © The Royal Society of Chemistry 2024
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significantly influenced the electrochemical reduction of CO,,
with sheet-like Zn-MOFs displaying the greatest activity due to
their expansive electroactive surface areas. The effectiveness of
the electrolytes is enhanced by using imidazolium-based ILs
with fluorine, which interact more strongly with CO,, leading to
a higher performance. This combination resulted in a CH,
selectivity exceeding 80% under the optimal conditions,
demonstrating the critical role of both the MOF structure and
composition of the ILs in the reaction efficiency.

2.1 Selectivity

At this stage, the low selectivity for CO,RR has been a challenge
that is worth considering. When an aqueous electrolyte is
employed in CO,RR, HER is a competitive process due to its
lower kinetic barrier in comparison to CO,RR. In addition,
unlike HER, which is a single-product reaction, in CO,RR,
different carbon-based products, including CO, formate, alco-
hols, and hydrocarbons may be produced. In this case, multiple
MOFs have been created with different metal centers and
organic linkers to be applied in CO,RR to produce CO, alcohols,
hydrocarbons, or formate with high selectivity. Electrochemical
CO,RR is a sustainable pathway to produce syngas, where
a stream of CO can be generated from CO,, H,0, and electricity
at a high yield under near ambient conditions. Given that CO is
a more valuable syngas product,” efforts have been devoted to
driving the CO,RR to the highest possible selectivity for CO.** In
this aspect, several MOFs have been applied in CO,RR to
produce CO as the significant product, including ZIF-based
catalysts,”*®* 1,10-phenanthroline-doped ZIF-8,°® porphyrin-
based MOFs,*>*7?71% nanoparticles embedded in porphyrin-
based MOFs,'* and phthalocyanine-based MOFs.**1%

In an interesting example, Hod et al.®” developed a catalyst
with an FE of almost 100% via the deposition of MOF-525,
which contained meso-tetra(4-carboxyphenyl)porphyrin
(H4TCPP) as a linker and Zr as the metal node on glass
substrates doped with tin oxide fluoride (FTO), followed by post-
treatment of the MOF thin film with iron chloride to metalate
H,TCPP by iron (Fig. 5a). Three distinct redox waves attributed
to Fe(w/u) (Ef = —0.32 V vs. NHE), Fe(u/1) (Ef = —0.87 Vvs. NHE),
and Fe(1/0) (Ef = —1.4 V vs. NHE) were observed in the CV
measurements, signifying the charge transfer by redox hopping
between the Fe-TCPP adjacent sites enabled by the Fe-MOF-525
film (Fig. 5b). CO (15.3 pmol cm™?) and H, (14.9 pmol cm ?)
were determined to be the main products. It was demonstrated
that the addition of 1 M 2,2,2-trifluoroethanol (TFE) to the
catalytic reaction as a weak Bregnsted acid resulted in an
increase in current density to 5.9 mA ecm 2 (Fig. 5¢), and also
higher catalyst stability, which is in accordance with the results
obtained for the homogeneous catalyst (Fe-TPP) by adding
TFE.' Achieving high selectivity toward formate in the elec-
trolysis process is energetically inefficient and is attainable at
high cathodic potentials. Interestingly, among the various
materials applied in the production of formate via CO, elec-
trolysis, MOF-based catalysts show potential as excellent plat-
forms for determining the design characteristics of
electrocatalysts'® and bimetallic catalysts.”” This can be

J. Mater. Chem. A, 2024, 12, 27825-27854 | 27829
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ascribed to the molecular nature of MOFs and their well-defined
tunable structure, enabling detailed studies of the reaction
mechanism and reactive intermediates. CO,-derived methane
could be effectively utilized in energy infrastructure. To realize
the production of potential solar fuel,>'*® MOFs can be prom-
ising candidates to convert CO, to hydrocarbons in electro-
catalysis reactions.'®'* In the research carried out by Weng
et al.,'** the electrocatalytic activity of the HKUST-1 MOF
(comprised of copper(n) and benzene-1,3,5-tricarboxylate (BTC))
together with copper(u) 1,4,8,11-tetraazacyclotetradecane chlo-
ride ([Cu(cyclam)]Cl,) and copper(u) phthalocyanine (CuPc)
towards CH, production was investigated, in which Cu(u) was
located in a different electronic structure (Fig. 5d). The CuPc
catalyst exhibited the highest activity (FE of 66%) and selectivity
to produce CH, compared to [Cu(cyclam)]Cl, and HKUST-1
(Fig. 5e and f, respectively). Alcohols, including methanol and
ethanol, are other targets that can be produced via the electro-
chemical reduction of CO,. Thus, methanol will be directly
produced without applying fossil fuels, and interestingly the
synthesized methanol can be converted to gasoline." In the
discussion of applied materials in CO,RR to produce alcohols,
Cu is one of the most promising transition metals applied in
CO, reduction to obtain alcohol and hydrocarbons; nonethe-
less, the achieved selectivity of the products is low.'™ In this
regard, several Cu-based MOFs have been successfully utilized
in CO,RR to produce alcohols.>™* In a study performed by
Perfecto-Irigaray et al.,'** a faradaic efficiency of 47.2% associ-
ated with methanol and ethanol was achieved over a Cu-based
MOF. They applied doped metals, including Ru(m), Zn(u), and
Pd(u), to partially replace the Cu(u) atoms in the structure of
HKUST-1. It was demonstrated that the Ru-doped samples had
a noticeable positive impact on the alcohol yield, while Pd(u)
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—1.06 V vs. RHE. Adopted with permission.*®* Copyright 2018, Nature Publishing Group.

hindered the electroreduction of CO, to liquid products. In
a recent study, Zhang et al. demonstrating that manipulating
the coordination environment of copper as the metal active site
in a copper-based metal-organic framework (Cu-MOF) with
various halogen atoms resulted in an improved selectivity for
CH, production in the CO, reduction reaction (CO,RR)."*® A list
of the MOFs employed in the CO,RR to produce a range of
products is presented in Table 2.

2.2 Role of MOFs in tuning the micro-environment during
CO,RR

Compared with conventional catalysts, MOFs are unique in that
they are comprised of three distinct sites for catalytic functions,
i.e., a metal component, organic linker, and pore space. This
structure provides ordered architectures and customizable
chemical functionalities, which are advantageous for estab-
lishing accurate structure-activity relationships for CO,RR.
This highlights the potential utility of MOFs, offering a funda-
mental understanding of how different structural features at the
molecular level contribute to selectivity and catalytic efficiency.
Recent studies have demonstrated the substantial modular
tunability of CO,RR activity and selectivity by carefully tailoring
the coordination microenvironment of the metal centres within
MOF structures.** For instance, Meng and colleagues achieved
tunable control of the catalytic performance by precisely
modulating the chemical and structural features at the atomic
level. They used four structural analogues of conductive two-
dimensional (2D) MOFs made of metallophthalocyanine
(MPc) ligands linked by Cu nodes. The catalytic performance,
including activity and selectivity, was found to be governed by
two key structural factors, i.e., the metal within the MPc (Co vs.
Ni) catalytic subunit and the identity of the heteroatomic cross-
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Table 2 Electrocatalytic reduction of CO, catalyzed by metal-organic frameworks

Electrocatalyst Applied potential Electrolyte Active site Catalytic efficiency (%) Ref.
NNU-15 —0.6 V vs. RHE” 0.5 M KHCO;3 Ligand (TIPP) FEco = 99.2 45
Co porphyrin” —0.7 Vvs. RHE 0.5 M K,CO; Ligand (Co-TCPP) FEco = 76 47
MOF(Al,(OH),TCPP-Co)
Cu-based MOF —2.5 Vvs. Ag/AgCl 0.01 M TBATFB/ Metal cluster (Cu-O) FEoxalate = 51 88
DMF¢
Copper rubeanate MOF —1.2 V vs. SHE? 0.5 M KHCO;, Metal cluster (Cu-O) FEucoou = 42 89
Zn-BTC MOFs —2.2 Vvs. Ag/Ag" *BmimClO, Metal cluster (Zn-0O) FEcy, = 88.3 90
ZIF-8 —1.8 Vvs. SCE 0.5 M NaCl Metal node (Zn-O) FEco = 65 93
ZIF-8 —1.1 Vvs. RHE 0.25 M K,S0, Metal cluster (Zn-0O) FEqo = 81 94
Ni(Im), nanosheets —0.85 Vvs. RHE 0.5 M KHCO, Metal nodes (Ni*") FEco = 78.8 95
1,10-Phenenthroline —1.1 Vvs. RHE 0.1 M KHCO; Ligand(2-methylimidazole) FEco = 90.6 96
doped ZIF and 1,10-phenanthroline
MOF-525 —1.3 Vvs. NHE $1 M TBAPF, Ligand (Fe-TCPP) FE¢o = almost 55 97
TCPP(Co)/ —0.769 V vs. RHE 0.5 M KHCO; Co FE¢o = 85.1 98
Zr-BTB-PSABA"
PCN-222(Fe) —0.6 V vs. RHE 0.5 M KHCO; Ligand (Fe-TCPP) FEco = 91 99
Co-PMOF —0.8 Vvs. RHE 0.5 M KHCO;3 Metal cluster (Zn-e-Keggin FEco = 98.7 100
cluster)
Ag@AI-PMOF —1.1 Vvs. RHE 0.1 M KHCO;, Metal (Ag) FE¢o = 55.8 101
MOF-1992 —0.52 Vvs. RHE 0.1 M KHCO;3 Ligand (CoPc) FEco = 80 102
PcCu-Og-Zn —0.7 Vvs. RHE 0.1 M KHCO; Metal cluster (ZnO,) FEqo = 88 103
GDEf-Cu(BTC) —2.3 to —2.5 Vvs. SCE 0.5 M NaHCO;3; Metal cluster (Cu-O) FEcy, = 11 109
HKUST-1doped Zn(u), CP' mA cm 2 0.5 M KHCO; Ru(m) FEcH,0H and c,n,00 = 47.2 112
Ru(ur) and Pd(u)
Cu and Bi-based MOF —0.1 to —0.7 V vs. RHE 0.5 M KHCO; (CAU-17) FEch,on = 8.6, 113
(HKUST-1/CAU-17 FEq,u.om = 28.3
blends) '
HKUST-1 —1.16 V vs. Ag/AgCl 0.5 M KHCO; Metal cluster (Cu-O) FEcy,on = 5.6, 114
FEc .0n = 10.3
Cu-MOF with Cu-Cl, - —1.08 vs. RHE 1 M KOH Cu-halogen FEcy, = 57.2 for Cu-1 116
Br, -1 coordination
Cu —0.82 Vvs. RHE 0.1 M NaClO, Metal (Cu) FEformate = 31 117
nanoparticles@NU1000
ReL™(CO),Cl —1.6 V vs. NHE" 0.1 M TBAHY/ Ligand? (ReI(CO); (dcbpy) FEco = 93 118
MeCN cl)
HKUST-1 —1.06 V vs. RHE 0.5 M KHCO; Metallic Cu nanoclusters FEcy, = 27 119
ZIF-8 doped with Fe, Ni, —1.0 vs. RHE 0.5 M KHCO; Imidazolate ligand FEco = 88.5 120
Cu

“ Reversible hydrogen electrode. ” TCPP-H, = 4,4',4",4"-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate. © Tetrabutylammonium tetrafluoroborate/
dimethylformamide. “ Standard hydrogen electrode. © 1-Butyl-3-methylimidazolium perchlorate. / Saturated calomel reference electrode.
& Tetrabutylammonium hexafluorophosphate. ” p-Sulfamidobenzoic acid. ? Polyoxometalatemetalloporphyrin organic frameworks. / Al-PMOF
[Al,(OH),(TCPP)], TCPP = tetrakis(4-carboxyphenyl)porphyrin. ¥ Gas diffusion electrode. ' Chronopotentiometry. ™ L = 2,2’-bipyridine-5,5'-
dicarboxylic acid. " Normal hydrogen electrode. ° Tetrabutylammonium hydroxide. # 4,4’-Dicarboxylic-2,2"-bipyridine.

linkers (O vs. NH) between these subunits. Among the MOFs,
CoPc-Cu-O showed the highest selectivity toward CO with an
FE of 85% and high current densities of up to —17.3 mA cm > at
a low overpotential of —0.63 V. The mechanistic studies sup-
ported by DFT calculations indicated that the CoPc-based and
