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Abstract: The electrochemical reduction of carbon dioxide (CO,RR) utilizing intermit-
tent electricity from renewable energy sources represents an emerging and promising
approach to achieve carbon neutrality and mitigate the greenhouse effect. This review
comprehensively summarizes recent advances in Cu-based metal-organic framework
(MOF) electrocatalysts for CO;RR, focusing on their applications in producing C; and
C,, products. This paper highlights key strategies such as nanostructure manipulation,
multi-component tandem catalysis, single-atom alloying, and ligand functionalization
to optimize the binding energies of intermediate species and promote selective CO,RR
pathways. Numerous examples are presented, showcasing remarkable Faradaic efficiencies
and product selectivities achieved through rational catalyst design. Furthermore, the use
of MOF-derived materials and composites with other materials, like carbon nanotubes,
graphene, and metal oxides, is discussed to enhance conductivity, stability, and selectivity.
Despite the significant progress, challenges remain in achieving stable and scalable catalysts
with high activity and selectivity towards specific Cy, products. This review underscores
the importance of precise control of catalyst composition, structure, and surface properties
to tackle these challenges and provides valuable insights for future research directions
in developing advanced Cu-based MOF electrocatalysts for practical applications in CO,
conversion technologies.

Keywords: CO; electrochemical reduction; Cu-based MOFs; electrocatalysts; electrochemi-
cal reduction reaction

1. Introduction

Energy plays a crucial role in the development of human society, and fossil fuels have
been the dominant global energy source. However, the combustion of fossil fuels results in
the emission of a significant amount of carbon dioxide, leading to various environmental
problems like the greenhouse effect [1,2]. These issues ultimately affect the sustainable
development of human beings. As renewable energy generation becomes more widespread
and cheaper, there is a growing interest in using electrocatalytic CO;RR [3]. This method
offers multiple benefits such as an easy design, gentle reaction conditions, and simple
scalability [4,5]. Additionally, it produces various chemical substances of high economic
value (such as methanol, ethanol, and ethylene), while significantly reducing carbon dioxide
emissions [6—8]. Hence, the electrochemical reduction of carbon dioxide (CO,RR) shows
great promise for extensive application in the future.
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The process of CO,;RR involves three stages: adsorption, activation, and desorption
on the catalyst’s surface [9]. A general mechanism of CO;RR involves a complex series of
electrochemical reactions that transform carbon dioxide into valuable chemicals and fuels.
The process typically commences with the adsorption of CO, molecules onto the active sites
of the catalyst surface, where they are activated and reduced. The key intermediates formed
during this process include adsorbed CO,, CO, OCHO, and CHO. For the generation of
Cy, products, a crucial step is the coupling of two *CO intermediates to form a *COCO or
*OCCO intermediate. This C-C coupling process is facilitated by the appropriate distance
and coordination environment of the metal active sites, with Cu-based catalysts exhibiting
moderate binding energy for *CO, making them particularly effective for this reaction. The
reaction pathways for Cp, product formation can vary, including the *CO dimerization
pathway, which involves the direct coupling of two *CO molecules, and the *CO-CHO
coupling pathway, which occurs at higher overpotentials. The formation of ethylene, for
instance, typically involves the coupling of two *CO molecules to form *OCCO, followed
by subsequent hydrogenation steps. Other Cy, products such as ethanol can be formed
through different intermediate species and reaction pathways. In addition to the C-C
coupling reaction, competitive hydrogen evolution reaction (HER) is also a significant
process that needs to be considered during CO,RR. The selectivity towards Cy, products
is heavily influenced by the ability of the catalyst to suppress HER and promote C-C
coupling. Moreover, the reaction mechanism is highly dependent on the catalyst structure
and properties, which can be tailored to optimize the adsorption and activation of CO,
molecules, as well as the stabilization of key intermediates, thereby enhancing the selectivity
and activity towards C,, products.

Although recent progress has been made in the design of catalysts and the understand-
ing of catalytic mechanisms in CO;RR, the following three major problems still exist [10-14].
Firstly, the C = O bond in linear carbon dioxide molecules is very stable, which means
that high overpotentials are required to trigger the reaction and it is inefficient [15]. Sec-
ondly, CO;RR is usually performed in an aqueous solution, which means that the HER
competes with it [16]. Thirdly, the multiple proton coupling and electron transfer steps in
the C-C coupling process lead to slow reaction kinetics and low product selectivity [17,18].
Therefore, it is essential to optimize the activity, selectivity, and stability of the catalysts to
promote the development of CO,RR.

Cu is the only metal that has been reported to effectively reduce carbon dioxide to
multi-carbon products, which can be attributed to the fact that copper crystals have negative
*CO adsorption energy, which promotes CO adsorption and C-C coupling [19,20]. However,
Cu produces a series of reduction products during the electrocatalytic reduction of CO,,
resulting in low selectivity for the target products [21]. In addition, the potential required
for the HER and the reduction potential of the target product are similar, resulting in a low
overall catalytic activity of CO, [22]. In order to improve the performance of Cu-based
catalysts in CO,RR, nanostructure manipulation, multi-component tandem strategy, and
single-atom alloying can be adopted [9,23,24].

Omar M. Yaghi’s research group first proposed the concept of the metal-organic
framework (MOF). MOFs are networked, porous crystalline material composed of organic
ligands linked to inorganic metal-containing secondary building units (SBUs), which are
highly tunable, have high surface area, and are versatile [25-28]. MOFs can be used either
directly as the electrocatalyst-or as the catalyst precursor in CO,RR [22,29]. However, MOF
materials also have shortcomings such as limited electrical conductivity and insufficient
structural stability [30]. Strategies such as manipulating inorganic metal units, changing
organic ligands, constructing MOF-based hybrids, and preparing MOF-derived materials
have been proven to be effective in improving the gas adsorption capacity, catalytic capacity,
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and conductivity of MOFs and their derivative materials [31-34]. Among many metals, the
Cu species has the ability to generate organic compounds such as hydrocarbons, carboxylic
acids, and alcohols, and its introduction into the MOF framework can show excellent cat-
alytic performance in CO;RR via synergistic effects [35]. Cu-MOF is a crystalline structure
material formed by linking copper ions (Cu?*) to organic ligands. The material has a
high surface area and pore structure regulation, providing a large number of active sites
and good conditions for chemical reactions. In the process of participating in CO;RR, the
coordinated copper ions interact with small molecules, such as CO, and Ny, and can be
converted into multiple valence states, such as Cu*, Cu® or Cu®*, Cu** [22]. In addition,
Cu-MOF has a tunable pore structure, which can realize molecular screening and catalysis
of specific reactants through selective adsorption and separation. The high activity and
high selectivity of catalytic characteristics make Cu-MOF and its derivative materials have
a wide range of application potentials in organic synthesis, gas separation, gas storage,
catalytic conversion, and other fields [36,37].

To this end, the present work aims to offer comprehensive review of the latest ad-
vancements in Cu-based MOF electrocatalysts for CO,RR. By highlighting key strategies
employed to optimize the catalytic performance, we endeavor to offer valuable insights
into the design principles and mechanisms underlying these catalysts. By doing so, we
hope to contribute to the ongoing efforts in developing the advanced Cu-based MOF
and its derivative electrocatalysts that can pave the way for practical applications in CO,
conversion technologies.

2. Recent Advances in Cu-Based MOF Electrocatalysts

2.1. Overview of CO,RR C; Products
2.1.1. Carbon Monoxide

Carbon monoxide is a significant industrial raw material and serves as an inter-
mediate in the synthesis of numerous valuable chemicals such as acetic acid, methanol,
formaldehyde, and synthetic fuels. The electrocatalytic reduction of carbon dioxide to
carbon monoxide offers a sustainable and environmentally friendly pathway for producing
these chemicals.

A key factor in modulating the selectivity and activity of catalytic products in the
electrochemical carbon dioxide reduction reaction is the optimization of the binding en-
ergy between the intermediate and the active site. One effective strategy to achieve this
optimization is through the incorporation of transition metals into MOFs. An ion exchange
strategy was reported to incorporate Pd into the Cu-based MOF, HKUST-1 [Cu3(BTC);]
(BTC =benzentricarboxylate), resulting in the formation of Cu-Pd paddle-wheel dimers [38].
This modification significantly improved the Faradaic efficiency (FE) for CO production
from 28.7% to 84.8% at —0.77 V versus (vs.) the reversible hydrogen electrode (RHE) in
COs-saturated 0.5 M KHCOj (Figure 1). Specifically, at an applied potential of —0.77 V vs.
RHE, the bimetallic catalyst exhibited a maximum FE for CO production, which decreased
as the potential became more negative. In contrast, the FE for Hy production increased
significantly when the applied potential was below —0.77 V vs. RHE.

Systematic doping of transition metal ions into MOFs has been explored to further
enhance catalytic properties. For example, transition metal ions including nickel (Ni?*),
iron (Fe?*), and copper (Cu?*) were systematically doped into the zeolite-imidazolate-
framework-8 (ZIF-8) at varying compositional ratios. Notably, Cu doping exhibited re-
markable effects on the catalytic properties, with Cug5Zn 5/ZIF-8 achieving a high partial
current density of 11.57 mA/cm? and a maximum FE of 88.5% for CO production at —1.0 V
vs. RHE. Density functional theory (DFT) calculations revealed that Cu doping altered
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the electronic structures of the sp2 carbon sites in the 2-methylimidazolate organic ligand,
facilitating COOH* intermediate formation and subsequent CO production [39].

E (V vs.RHE)

E (V vs.RHE) E (V vs.RHE) E (V vs.RHE)

Figure 1. (a) Synthesis scheme of the Pd/HKUST-1. CO,RR activities of samples: (b) FE for CO, (c) FE
for Hy, (d) partial current density for CO production, (e) partial current density for H, production,
and (f) Pd mass activity for CO for the prepared catalysts as a function of applied electrochemical
potential. (g) FE for CO of HP-2 and its derivatives, obtained by pyrolysis in the air (HP-2-Air) and
Ar (HP-2-Ar) atmospheres, as a function of applied electrochemical potential. Reproduced with
permission from ref. [38]. Copyright Wiley-VCH GmbH, 2024.

Another example is that an ultrathin 2D triptycene-based MOEF, denoted as Cu-HHTT,
was designed and synthesized for highly selective CO;RR to CO [40]. The Cu-HHTT
nanosheets, featuring CuOy units, exhibited remarkable performance with an FE of 96.6%
towards CO production at a potential of —0.6 V vs. RHE, accompanied by a current
density of 18 mA /cm?, which was attributed to the lower energy barrier for CO desorption
compared to *CO intermediate hydrogenation, as revealed by DFT calculations. The
stability of Cu-HHTT was also confirmed through long-term durability tests, with only a
slight decrease in FE(CO) after continuous operation for at least 4 h.

Moreover, the porous nanofibers embedded with Cu clusters through the carboniza-
tion of electrospun MOF-545-Cu/PAN (MCP) nanofibers, as presented by Xin et al. [41],
exhibited excellent CO,RR performance. The obtained Cu cluster-doped porous nanofibers
exhibit high porosity, conductivity, and uniformly dispersed Cu clusters, making them
promising catalysts for CO,RR. Among them, MCP-500 demonstrates the best performance
with an FE of CO reaching 98% at —0.8 V vs. RHE and maintaining above 95% after 10 h of
continuous electrocatalysis. As the voltage varied from —0.6 to —1.0 V vs. RHE, the FE for
CO remained consistently high, ranging from over 80% to 98%. The high performance is
attributed to the synergistic effect of the layered graphene skeleton and uniformly dispersed
Cu clusters, which enhance electron conductivity, mass transfer, and catalytic activity.

2.1.2. Methane

Methane is a clean-burning fuel with a high energy density, making it an attractive
product from the electrocatalytic reduction of carbon dioxide, which offers a promising
solution for storing renewable energy in the form of chemical bonds. Nevertheless, the
HER often competes with methane formation, reducing the overall efficiency of the process.
Moreover, designing efficient catalysts that selectively promote methane formation while
suppressing the HER remains a substantial challenge.
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The higher value of deeply reduced products has led to increased focus on electro-
catalytic CO,RR to multi-electron-transfer products, with a promising approach being the
design of multi-component tandem catalysts to decouple the complex pathway steps. For
instance, the enhancement of CO, electroreduction to hydrocarbons via tandem electro-
catalysis using a Cu@BIF-144(Zn) (BIF = boron imidazolate framework) composite was
reported [42]. The Cu nanoparticles (NPs) were incorporated into the boron imidazolate
framework BIF-144(Zn) through in situ electrochemical transformation. The functional
BH(im);~ ligands on the pore surfaces of BIF-144(Zn) modulate the microenvironment,
enabling a synergistic effect between the host and the Cu NPs. Electrochemical results
show that as the voltage increased, the FE of CO for the Cu@BIF-144(Zn) tandem catalyst
decreased sharply, becoming negligible at higher potentials. Conversely, the FE of CHy4
and CyHj significantly increased with increasing voltage, achieving maximum values of
41.8% for CHy at —1.6 V vs. RHE and 12.9% for C;Hy at —1.5 V vs. RHE, respectively. The
tandem catalyst leverages the CO-rich microenvironment generated by the Zn catalytic
center in BIF-144(Zn) to enhance the deep reduction of CO, on the Cu NPs. The composite
exhibits higher current density, lower Tafel slope, and smaller charge transfer resistance
compared to BIF-144(Zn) alone, demonstrating the effectiveness of the tandem catalyst
design in boosting CO,RR performance.

Another tandem catalyst example highlights the role of carbon nanotubes (CNTs)
in accelerating electron transfer. A tandem catalyst composed of CNTs and R-Cu-Ty;
with high CO; capture capability was reported for enhanced CO,-to-CHjy electrochemical
conversion [43]. The Cu-based MOFs precursor, Cu-T 4;, maintains its stable frameworks
after electrochemical activation, ensuring high CO, adsorption capacity of 134 cm3/g. The
incorporation of CNTs accelerates electron transfer and facilitates proton-coupled electron
transfer (PCET) reactions during CH, formation. At —1.56 V vs. RHE, the tandem catalyst
R-Cu-Tp-CNTs; exhibited an FE of 54% for CHy, which was nearly twice that of R-Cu-T;
without CNTs (30%). Furthermore, as the voltage varied from —0.96 to —1.76 V vs. RHE,
the FE of CHy4/CyHy ratio reaches 9.5, about 12 times higher than R-Cu-T,;, demonstrating
the effectiveness of CNTs in promoting CHy selectivity. In situ Fourier transform infrared
spectroscopy reveals that *CHO and *OCHj3 are key intermediates for CHy formation, while
*OCCOH is crucial for C;Hy generation.

Constructing metal and MOF heterogeneous interfaces enhances catalytic properties.
A notable example is the work by Sun et al. [44], who reported a Cu@ZIF-8 nanowire (NW)
catalyst with a highly exposed Cu and ZIF-8 interface. This unique core—shell structured
catalyst exhibited remarkable stability and a high FE of 57.5% towards hydrocarbon pro-
duction (CH4 and CyHy) at a potential of —0.7 V vs. RHE. The study revealed that the
formation of the Cu and ZIF-8 interface optimized the adsorption of reaction intermediates,
particularly stabilizing the formation of *CHO, thereby facilitating the efficient preference
for hydrocarbons.

The interfacial interactions between MOF-derived catalysts and support materials can
also boost CO,RR performance. Notably, Liu et al. [45] demonstrated a highly selective and
stable Cu/C catalyst derived from the decomposition/redeposition of a Cu-based MOF
for the electrochemical reduction of CO, to CHy. Their study highlights the crucial role of
the electronic metal-support interaction in enhancing the catalytic activity and selectivity.
The Cu/C catalyst exhibited a remarkable FE of approximately 55% for CH4 production
at —1.4 V vs. RHE for 12.5 h, outperforming many state-of-the-art Cu-based catalysts.
DFT calculations elucidated the underlying mechanism, revealing that the interfacial sites
between Cu NPs and amorphous carbon support stabilize key intermediates (e.g., COOH*
and CHO) more effectively than Cu(111) surfaces, thereby facilitating the formation of CHy.
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Structural innovation in MOFs, particularly dimensionality control, has further ex-
panded catalytic possibilities. Building on the success of 2D MOFs for CO,-to-CO conver-
sion, researchers have further explored their potential for multi-carbon product synthesis.
An example is the design and synthesis of a triptycene-based two-dimensional vertically
conductive MOF (2D-vc-MOF(Cu)) for enhancing the electrocatalytic performance of CO,
reduction to methane [46]. The vertically extended structure of 2D-vc-MOF(Cu) facilitated
easy exfoliation and exposure of active sites, leading to a 100% increase in turnover number
and a twofold increase in selectivity compared to traditional 2D-c-MOFs. Density functional
theory calculations revealed that the vertically extended structure lowers energy barriers,
improving reaction kinetics. The results indicated that as the potential shifted from —1.2 to
—1.4 V vs. RHE, the FE(CHy) of 2D-ve-MOF(Cu) significantly increased from 20% to 65%,
demonstrating a voltage-dependent enhancement in methane selectivity. However, further
increasing the potential to —1.6 V vs. RHE led to a decrease in FE(CHy) to 33%, suggesting
an optimal voltage range for maximizing methane production.

In addition, encapsulating active sites within carbon layers has proven effective in
preventing aggregation and enhancing charge transfer. In order to enhance the perfor-
mance of catalysts, the in situ carbon-encapsulated Cu/CeO,@C catalyst, reported by
Zhang et al. [47], introduced a carbon-encapsulated copper-doped cerium oxide composite
(Cu/Ce02@C) derived from MOFs for boosting CO,-to-CHy electro-conversion (Figure 2).
This innovative catalyst achieved a remarkable methane FE of 80.3% and a high partial cur-
rent density of 138.6 mA /cm? at —1.5 V vs. RHE. The superior performance of Cu/CeO,@C
was attributed to the synergistic effect between the Cu/CeO; active component and the
in situ-formed carbon layer, which not only prevented the agglomeration of metal NPs
but also provided robust channels to facilitate charge transfer. Additionally, the carbon
encapsulation strengthened the adsorption of CO; and reaction intermediates on the active
sites, ultimately accelerating the reaction kinetics and improving the selectivity towards
methane production.

To systematically investigate the ligand field effect, three isostructural metal-
azolate frameworks (MAFs), namely, Cu-BTP, Cu-BTTri, and Cu-BTT, using pyrazolate-,
triazolate-, and tetrazolate-based ligands, were synthesized respectively to tailor the
ligand fields of MAFs for achieving highly selective electroreduction of CO, to hydrocar-
bons at industrial current densities [48]. Their results revealed that the pyrazolate-based
Cu-BTP exhibited remarkable electrocatalytic performance, achieving a current density
of 1.25 A/cm? with an FE of 82% for hydrocarbons (CHy, 60%; CoHy, 22%) in a flow cell.
Notably, Cu-BTP demonstrated excellent stability with no obvious degradation over 60 h
of continuous operation.

The choice of solvent plays a critical role in the synthesis of monometallic copper-
based MOFs and can significantly affect their structure and catalytic performance. Lu
et al. reported the synthesis of Cu(I)-5-mercapto-1-methyltetrazole framework (Cu-MMT)
nanostructures with different facets through solvent modulation and revealed that the
different CO,RR selectivities of these MAF nanostructures arise from their different exposed
facets [49]. The use of water as the solvent led to the formation of Cu-MMT nanoribbons
with dominant (100) facets, while the use of isopropanol produced Cu-MMT intercrossing
nanosheets with (001) facets. These nanostructures exhibited distinct CO,RR selectivities,
emphasizing the importance of solvent choice in the synthesis of MOF catalysts. Specifically,
Cu-MMT nanoribbons dominantly exposing (100) facets, synthesized using water as the
solvent, exhibited a high FE of 55.22% for methane production, indicative of a preference for
C; products. In contrast, Cu-MMT intercrossed nanosheets exposing (001) facets, obtained
by using isopropanol, demonstrated a remarkable FE of 73.75% for Cy, products, especially
ethylene, with a Cp, /C; product ratio of 3.93.
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Figure 2. (a) Schematic illustration for the synthesis of Cu/CeO,@C. (b) SEM micrograph of
Cu/CeO,@C. (c) TEM images of Cu/CeO,@C. CO,;RR performance for different samples in the
flow cell. (d) FEs of all the products for Cu/CeO,@C at varied applied potentials. The comparison
of (e) CHy selectivity and (f) CH, partial current density of different samples. (g) Comparison of
CHy selectivity and partial current density of Cu/CeO,@C with those of reported electrocatalysts.
(h) Long-term stability test of Cu/CeO,@C at —1.5 V vs. RHE for 9 h. Reproduced with permission
from ref. [47]. Copyright American Chemical Society, 2023.

In addition to structural and solvent-based strategies, doping and alloying provide
another avenue to fine-tune catalytic properties. For instance, the incorporation of Ce,
which has a large ionic radius, into the Cu lattice, significantly enhanced the electrocatalytic
performance and selectivity towards CHy4 production, as demonstrated by Chen et al. in
their work on atomic cerium-doped CuOy catalysts [50]. Atomic Ce doping induced lattice
stretching strain and modulated the local electron densities of surrounding Cu atoms,
enhancing the generation of key intermediate *CO and lowering the energy barrier for the
conversion of *CO to *CHO. As a result, within a broad potential window ranging from
—1.4 to —1.75V vs. RHE, the FE of CHy remained above 62%, peaking at 67.4% with a
partial current density of 293 mA/cm? at —1.6 V vs. RHE.

Apart from Ce, atomically doping 3D transition metals such as Co onto Cu can also
steer the CO,RR pathway. Sun et al. [51] reported a useful strategy for fabricating atomically
dispersed Co-Cu alloy through the electrochemical reconstruction of a trace-Co-doped
Cu MOEF, which exhibited remarkable CO,RR activity and CHjy selectivity. The Co-Cu
alloy catalyst achieved an FE of 60 & 1% for methane with a corresponding partial current
density of 303 4 5 mA/cm?, outperforming many previously reported Cu-based catalysts.
Operando X-ray absorption spectroscopy and attenuated-total-reflection surface-enhanced
infrared spectroscopy unveiled that the dispersed Co atoms favored CO protonation via
enhancing surface water activation and suppressed C-C coupling by reducing CO coverage,
thereby leading to high CHj selectivity.

The valence state of copper ions has also been identified as a critical factor in
CO,RR performance. For example, a novel c-MOF, copper-pyromellitic dianhydride-
2-methylbenzimidazole (Cu-PD-2-MBI) was developed by incorporation of electron-
withdrawing 2-methylbenzimidazole (2-MBI) into the copper-pyromellitic dianhydride
(Cu-PD) interlayer for efficient CO, reduction to methane [52]. Specifically, the methane
FE of Cu-PD-2-MBI reached 73.7% at —1.3 V vs. RHE, accompanied by a partial current
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density of —428.3 mA/cm?. As the potential shifted from —1.1 to —1.3 V vs. RHE, the
FE(CHj4) gradually increased, while the FE(H;) decreased, indicating that Cu-PD-2-MBI
effectively suppressed the HER at more negative potentials. Conversely, at potentials more
negative than —1.3 V vs. RHE, the FE(CH,) decreased due to increased hydrogen liberation,
highlighting the optimal voltage range for methane production.

Precise control of electronic states through ligand functionalization enables tailored
product selectivity. A strategy to modulate the electronic states of Cu incorporated in
MOFs was reported for controllable CH4/CyHy selectivity in CO; electroreduction [53]. By
functionalizing UiO-66 MOFs with different ligands and metal nodes, the electronic states
of Cu sites are tuned, leading to varied product selectivity. Specifically, Cu/UiO-66-H(Ce)
achieves a high FE of 58% for methane, while Cu/UiO-66-F(Ce) favors C;H4 production
with an FE of 44%. In situ Raman and X-ray absorption spectroscopy revealed that the se-
lectivity switch is attributed to the modulation of Cu’s surface electronic structure by ligand
functionalization, which alters the adsorption and activation of CO,RR intermediates.

2.1.3. Formic Acid/Formates

Formic acid and its salts (formates) are versatile chemicals with applications in various
industries such as agriculture and leather tanning and as hydrogen storage materials. The
electrocatalytic reduction of carbon dioxide to formic acid provides a sustainable route for
its production.

Zou et al. introduced a novel BiCu bimetallic organic framework composite catalyst,
SU-101-Cu@2.5C, for efficient electrochemical CO; reduction to formate [54]. The catalyst
was synthesized via in situ modification with multi-walled carbon CNTs (MWCNTs) at
room temperature, utilizing ellagic acid as the linker. SU-101-Cu@2.5C exhibited remark-
able performance, with a small onset potential of —0.46 V vs. RHE, partial current densities
exceeding 100 mA/cm?, and a significantly improved FE close to 100% for formate at
—0.86 V vs. RHE, as the voltage increased from —0.76 to —0.96 V vs. RHE. Notably, the
FE remained above 80% within a wide potential window of —0.86 to —1.06 V vs. RHE,
indicating a robust selectivity for formate production over a range of voltages. Density
functional theory calculations revealed that Bi served as the active center for CO, reduction,
while the introduction of Cu optimized the overall electronic structure, enhancing catalytic
efficiency. The incorporation of MWCNTs significantly facilitated rapid electron transfer,
contributing to the excellent electrocatalytic performance. After 30 h of continuous catalysis,
SU-101-Cu@2.5C maintained good efficiency and stability, demonstrating its potential for
large-scale applications (Figure 3).

Similarly, Huang et al. reported an MIL-68(In)/CuO heterostructure catalyst that
exhibited remarkable CO,RR performance towards formate production [55]. By introducing
enriched microcrystalline CuO(111) onto the surface of MIL-68(In), the catalyst achieved
a high FE of 89.7% for formate at a low potential of —0.7 V vs. RHE in a flow cell. This
exceptional performance was attributed to the formation of In-Cu dual catalytic active
sites, which facilitated the formation of the key intermediate *HCOO™ for 180 hat 2.7 V
vs. RHE in a membrane electrode assembly (MEA) cell. Electrochemical investigations,
both ex situ and in situ, indicated that the incorporation of CuO enhances the generation
rate of the *HCOO™ intermediate during carbon dioxide reduction and suppresses the
competing HER.
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Figure 3. (a) Schematic diagram of the synthesis process of SU-101-Cu@xC. (b) FEs of formate, CO,
and H for SU-101-Cu@2.5C. (c) FE¢omate and (d) current density at different applied potentials for
SU-101, SU-101-Cu, and SU-101-Cu@xC. (e) Long-term durability of SU-101-Cu@2.5C at —0.96 V vs.
RHE for 20 h. Reproduced with permission from ref. [54]. Copyright Elsevier B.V., 2023.

In addition to compositional modifications, the structural design of bimetallic copper-
based MOFs also plays a crucial role in determining their catalytic performance. Liu et al.
demonstrated a controlled one-step synthesis of Cu@Bi; /, catalyst through a solvothermal
method, achieving a high FE of 89.2% for formic acid production during CO,RR [56].
The one-step synthesis of Cu@Bi /, resulted in a more uniform distribution of MOFs on
the copper foam, providing more active sites compared to the step-by-step synthesis of
Cu@Bi. The improved catalytic performance was attributed to the optimized structure and
enhanced CO, adsorption capacity of Cu@Bij /5.

Addressing the persistent challenge of HER competition, Lee et al. drew inspiration
from enzymatic systems to develop PPF-100, a 2D porphyrinic MOF with saddle-distorted
ligands and Cu paddle-wheel nodes, which aimed to mimic the active centers and tunable
second coordination spheres of natural enzymes [57]. This work successfully imparted
hydrophobicity and remarkable water/chemical stability to PPF-100, leading to the prepa-
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ration of the PPF-100 nanozyme. Notably, the nanozyme exhibited complete suppression
of HER, achieving high FEs for CO and HCOOH production. The study thus addresses the
critical issue of undesirable competing hydrogen evolution, enhancing the selectivity of CO,
reduction through an innovative material design that mimics natural enzymatic functions.

2.2. Overview of CO2RR Cy,. Products

The importance of Cy, products, such as ethanol, ethylene, and other higher carbon
chain compounds, derived from carbon dioxide reduction lies in their versatile applications
and higher energy densities compared to C; products like methane. Ethanol, for instance,
is a widely used biofuel that can be blended with gasoline, reducing dependence on fossil
fuels and lowering greenhouse gas emissions. Ethylene, on the other hand, is a fundamental
building block in the petrochemical industry, used to produce a range of plastics, fibers, and
other chemicals. However, the production of Cy, products from carbon dioxide reduction
faces several difficulties and challenges. Firstly, the formation of Cy, products typically
requires more complex catalytic pathways involving multiple electron and proton transfers,
which makes the process kinetically slower and thermodynamically less favorable than the
formation of C; products. This necessitates the development of highly active and selective
catalysts that can efficiently promote the coupling of carbon dioxide molecules to form
higher carbon chains. Secondly, the selectivity towards specific Cyp, products is often low,
with a mixture of different carbon chain lengths and functional groups being produced.
This complicates the downstream separation and purification processes, increasing the
overall cost and complexity of the production process. Lastly, the stability and durability
of catalysts for Cy, production remain a significant challenge. The harsh electrochemical
environment and the reactive nature of the intermediates involved can lead to catalyst
deactivation and loss of activity over time. Therefore, ongoing research is needed to develop
more robust and stable catalysts that can withstand the demanding conditions of carbon
dioxide reduction to Cy,, products. To overcome the aforementioned challenges, extensive
research has been conducted for Cy, products, such as ethylene and ethanol, leading to
significant progress.

2.2.1. Ethylene

He et al. reported a highly selective CO;RR to C;Hy using a dual-site Cu(II) porphyrin
framework coupled with CupyO NPs via a synergetic-tandem strategy [58]. This innovative
catalyst, denoted as CuPOF-Bpy/Cu,O@CNT, exhibited remarkable performance with the
FE of CoHy increased dramatically from —1.0 to —1.4 V vs. RHE, reaching a peak FE of 71.0%
at —1.1 V vs. RHE. Notably, the FE of C;H4 exceeded 40% across the entire potential range
(Figure 4). The key to this outstanding performance lies in the synergistic effect between the
dual active sites (CuPor and CuBpy) in the Cu(Il) porphyrin framework and the Cu,O NPs.
The CuPor and CuBpy sites facilitated the reduction of CO; to *CO intermediates, which
were subsequently transferred to the neighboring Cu,O sites for C-C coupling to form
C,Hj. This tandem mechanism significantly lowered the energy barrier for C-C coupling,
thus enhancing the selectivity and productivity of CoHy. Furthermore, the incorporation of
Cuy0 NPs on the carbon CNT scaffold improved the electronic conductivity and stability
of the catalyst, contributing to its long-term durability during CO,RR.



Catalysts 2025, 15, 328 11 of 28

a o - ¢ Cucl, € 100+ M
1 TFA, NBZ, HOAc "
@ E1-- B ——H, —*—C,H, CuPOF-Bpy/Cu,0@CNT
Fywole Lt 804 —<— CO ——C,H;OH
+ \\f’/ \\W .
7N Nz 0 Polymerization Coordination CH4 Total
S e W > > .
Bpy 80°C, 24h 160°C, 6h & 60+
CuPOF-Bpy@CNT L2
D
SfF 40
CNT 8 cu,0 nanoparticles $
\ { Jcocon 204
4
*%e
“co
b i i o o T T e e i e 0- T T T T T T
& N -5 -14 -13 -12 -11 -10 -09
(oot \. .
! —— 1 Potential (V vs RHE)
® © Coordination 1 f
: Q Q : [ CuPOF-Bpy/Cu,0@CNT
| R oo " Cucl, ! 8011 CuPOF-Bpda/Cu,0@CNT
! 1 [J CuPOF-Bpy@CNT
} POF-Bpda CuPOF-Bpda '
T e [ . 604
s
=z
&) -
o 40
=
20 4
0 T T T T H T T T
-1.5 -14 -13 -12 -1.1 -1 -0.9
Potential (V vs RHE)

Figure 4. (a) Schematic representation of the preparation of CuPOF-Bpy/Cuy;O@CNT and the path-
way for locally producing high concentration of *CO to facilitate the C;Hy production. (b) Molecule
structure of CuPOF-Bpda. (c¢) HR-TEM image of CuPOF-Bpy@CNT. (d) TEM image of CuPOF-
Bpy/CuyO@CNT. (e) FE of CuPOF-Bpy/CuyO@CNT. (f) FEcops of CuPOF-Bpy/Cu,O@CNT. Repro-
duced with permission from ref. [58]. Copyright Wiley-VCH GmbH, 2024.

Moreover, oxide-derived copper has garnered considerable interest due to its remark-
able selectivity towards Cy, products in CO,RR. To delve deeper into the impact of metal
dopants, there is a pressing need for CuOx precursors incorporating novel dopants. Jang
et al. [59] demonstrated that aluminum doping induced the reconstruction of CuO into
nanoflake structures during the CO,RR process. This reconstruction significantly improved
the hydrophobicity and electrochemically active surface area (ECSA) of the catalyst, leading
to remarkable enhancements in both activity and selectivity towards C,, products. Specifi-
cally, the CuO_Al catalyst exhibited a high FE of 68.4% and a large partial current density
of 478.7 mA /cm? towards Co, products at —1.08 V vs. RHE in a neutral 1 M KHCO3
electrolyte. These outstanding performances were attributed to the increased local CO,
concentration facilitated by the high hydrophobicity and the abundant active sites provided
by the high ECSA. Furthermore, the presence of partially oxidized Cu species (Cu®*) in the
reconstructed CuO_Al catalyst was found to promote the C-C coupling process, contribut-
ing to the enhanced selectivity towards C,, products. The stability of the CuO_Al catalyst
was also confirmed through long-term electrolysis experiments, showing no decay in FE
for ethylene over 5 h.

A surface modification strategy for Cu,O octahedrons using an MOF of CuBTC was
presented to enhance the efficiency and stability of CO; electroreduction to Cyp, chemi-
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cals [60]. The CupO@CuBTC heterostructure was synthesized via an in situ transformation
method, where CuBTC acts as a protective layer to maintain the active Cu* species under
reductive conditions. The CuBTC shell prevented the reduction of Cu* to Cu’, thereby
maintaining the active sites for C-C coupling. Additionally, the CuBTC shell enhanced the
hydrophobicity and ECSA of the catalyst, contributing to its high performance and stability.

Similarly, the electrocatalytic performance of 2D MOFs can be further tuned through
post-synthetic structural modifications. As shown Zheng et al., the electrocatalytic selec-
tivity can be inverted by bending the local structure of 2D coordination polymers [61].
Post-synthetic modification was utilized to introduce an amino group onto the triazolate lig-
and in Cu(I)-based coordination networks, transforming the shape of the two-dimensional
layer from planar to wavy. This structural modulation inversed the electrocatalytic selectiv-
ity from the HER (selectivity 80%) to CO,RR (selectivity 76%), with a significant increase in
CyHy selectivity up to 52%. Computational simulations revealed that the wavy structure
facilitated attractive hydrogen-bonding interactions between the amino groups and the
key reaction intermediates of CO;RR, lowering the energy barrier for ethylene formation.
Concurrently, steric hindrance between the amino groups and the HER intermediates
inhibited the competing HER process.

The recent research by Yan et al. [62] has demonstrated the remarkable potential
of combining a single-site MOF with copper foil to create a tandem catalyst for highly
selective CORR to C;Hy. The Cu-MOF-CF (CF = Cu foil) catalyst, comprising a porous
Cu-MOF anchored on Cu foil, exhibited enhanced electrochemical performance due to
several key factors. Firstly, the single-site Cu-MOF supplied abundant CO intermediates to
the Cu foil surface, facilitating the carbon—carbon coupling process and thus boosting the
selectivity towards C,;Hy. Notably, the Cu-MOF-CF catalyst achieved an FE of 48.6% for
C,H4 production at —1.11 V vs. RHE, significantly surpassing that of bare Cu foil (22.4%
at —1.16 V vs. RHE). Furthermore, the partial current density of C,H, for Cu-MOE-CF
was over four times higher than that of Cu foil. This exceptional performance is attributed
to the improved surface microenvironment of the Cu foil, enriched active sites, and the
enlarged active surface area contributed by the porous Cu-MOF. The in situ hydrothermal
synthesis method employed ensured close cooperation between the Cu-MOF and Cu foil,
further enhancing the electrocatalytic activity and stability. Additionally, DFT calculations
revealed that the Cu(200) facets of Cu foil, favored for C;H, formation, were enriched on
the Cu-MOE-CF surface, while the Cu(111) facets, conducive to methane production, were
almost completely suppressed.

Notably, well-defined copper-based tandem catalysts with an optimal Cu coordina-
tion environment are highly sought after for the electrochemical CO,RR, as their unique
geometric and electronic properties are instrumental in elucidating structure—property
relationships. For instance, a tandem catalyst, Ag@BIF-104NSs(Cu), where Ag NPs are
anchored in atomic proximity to Cu sites via coordination with abundant carboxylic func-
tional ligands on the ultrathin BIF nanosheets was synthesized [18]. This unique design
exhibited remarkable CO, electroreduction performance, achieving an FE of 21.43% for
ethylene production, which is almost sixfold higher than that of the pristine BIF-104NSs(Cu)
catalyst (3.82%). The improved performance was attributed to the synergistic effect be-
tween Ag and Cu sites, where Ag efficiently reduced CO, to *CO intermediates, which
subsequently migrated to Cu sites for C-C coupling and further formation of CoHy. DFT
calculations further confirmed that the Ag sites lowered the free energy of *COOH and
*CO intermediates, facilitating the generation of abundant *CO near the Cu sites, thereby
promoting the C-C coupling step.

The coordination mode of Cu sites has been identified as a critical factor in CO,RR
selectivity. For instance, isomeric Cu(l) triazolate frameworks (MAF-2Fa and MAF-2Fb)
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with similar thermal/chemical stabilities and different coordination modes have been
researched [63]. MAF-2Fa, featuring a monotypic planar dinuclear Cu(I) coordination mode,
achieved remarkably high selectivity for C;Hy (53%) and Cy,. products (70%), maintaining
stable performance over a wide potential window (—1.1 to —1.5 V vs. RHE), which was
attributed to the favorable coordination environment of the dinuclear Cu(l) sites, facilitating
C-C coupling and suppressed competing HER. In contrast, MAF-2Fb, with multiple Cu(I)
coordination modes, displayed lower C,, /C; product selectivity and decomposed during
CO;RR, leading to deteriorated performance (Figure 5).
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Figure 5. (a) Crystal structures of MAF-2Fa. (b) Crystal structures of MAF-2Fb. (c) FEs of MAF-2Fa
and MAF-2Fb. (d) Comparison of typical performances at —1.2 V vs. RHE. (e) ATR-FTIR spectra of
MAF-2Fa. (f) ATR-FTIR spectra of MAF-2Fb. Reproduced with permission from ref. [63]. Copyright
Wiley-VCH GmbH, 2024.

The core—shell structure exhibits significant advantages in the CO,RR process by
providing enhanced stability, improved electron transfer efficiency, and increased selec-
tivity towards desirable products through synergistic effects between the core and shell
materials. For example, a core—shell structured catalyst, Cu,O@Cu-TCPP(M) (M = Co, Fe,
Ni, TCPP = tetrakis(4-carboxyphenyl)porphyrin), was introduced for boosting ethylene
production in neutral electrolyte during CO; electroreduction [64]. The Cu,O nanocubes
were encapsulated with a thin layer of metalloporphyrin frameworks, which act as a CO
generator, protective sheath, and porous platform to enrich reactive species. It was ob-
served that as the voltage decreased from —0.2 to —1.6 V vs. RHE, the FEs of C;Hy and Cy.,
products progressively increased, reaching maxima of 54 & 2% and 69 + 4% at 500 mA /cm?
in 1 M KCl, respectively. Comprehensive characterizations revealed that the high CO,
adsorption capacity, high CO concentration yielded by metalloporphyrins, high local pH,
and highly dispersed Cu crystallites exposed (200) facets contribute to the enhanced C-C
coupling process. In situ infrared spectroscopy and Raman measurements confirmed the
role of tandem mechanism and local microenvironment in promoting C,, production. The
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core—shell structure also preserved the CuyO crystalline state and valence, resulting in
prolonged stability (Figure 6).
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Figure 6. (a) Synthesis scheme for Cu,O@Cu-TCPP(M) (M = Fe, Co, and Ni). (b) HR-TEM images
and TEM-EDX elemental mapping images of Cu,O@Cu-TCPP (Co). (c) FE of different reduction
products under various current densities for CuO@Cu-TCPP(Co). (d) In situ ATR-SEIRAS spectra
taken on Cu,O@Cu-TCPP(Co). (e) Operando Raman spectra recorded for measuring local pH on
Cup;O@Cu-TCPP(Co). (f) Schematic illustration of the Cu-TCPP(M) (M = Co, Fe) overlayer on Cu,O
to boost local CO and OH™ concentrations at the interface. Reproduced with permission from ref. [64].
Copyright Wiley-VCH GmbH, 2024.
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Moreover, a core—shell structured HKUST-1@Cu,O nanocomposite decorated with
polytetrafluoroethylene (PTFE) was synthesized to achieve highly efficient and selective
CO;RR towards ethylene [65]. The HKUST-1 MOF provided a high specific surface area
and abundant active sites, contributing to enhanced CO, adsorption and catalytic activity.
Notably, the hydrophobic interface constructed by PTFE effectively inhibited the occurrence
of competing HER, leading to a significant improvement in the FE for hydrocarbon fuels,
especially CoHjy. Specifically, the HKUST-1@Cu,O/PTFE-1 catalyst exhibited a remarkable
FE of 67.41% for hydrocarbon fuels and 46.08% for ethylene at —1.0 V vs. RHE, surpassing
many previously reported Cu-based catalysts. Furthermore, the stability of the catalyst was
verified by long-term durability tests, showing negligible current decay and maintained
ethylene FE over 12 h.

It was reported that there was a remarkable enhancement in the selectivity and sta-
bility of CO,RR to C;Hy using Cu nanocubes coated with a nitrogen-doped carbon shell
(Cu-cube/CN) [66]. This catalyst, derived in situ from a Cu-based MOF through electro-
chemical reduction, exhibited a high FE of 49.6% for ethylene production at —1.15 V vs.
RHE, significantly surpassing that of the pristine Cu foil electrode. Specially, at a voltage
of —0.7 V vs. RHE, the main products from the MOF/Cu foil electrode are CO and H,.
As the voltage increases, the selectivity for CoHy gradually rises, reaching a peak FE of
49.6% at —1.15 V vs. RHE. Beyond this optimal voltage, the selectivity for CoHy4 begins to
decline, indicating that a moderate voltage is crucial for promoting the dimerization of *CO
intermediates and enhancing ethylene generation. Utilizing in situ ATR-SEIRAS along with
DFT calculations, the CN coating, owing to its electron-donating capacity, strengthens the
adsorption of *CO. This led to an increase in *CO coverage and a reduction in the reaction
free energy for *CO dimerization and subsequently promoted C-C coupling and the gen-
eration of ethylene. Moreover, with a nitrogen-doped carbon (CN) coating, a CuxOy/CN
electrocatalyst derived from a nitrogen-containing Cu-based MOF was presented for en-
hanced CO, reduction to C;Hy [67]. The CuxOy /CN catalyst exhibited excellent ethylene
selectivity with an FE of 44% at 500 mA / cm? and a partial current density of 220 mA/ cm?,
significantly outperforming commercial CuO catalysts. The CN coating stabilized Cu*
species and *CO intermediates, promoting C-C coupling and enhancing ethylene selectivity
and stability. Operando Raman spectroscopy confirmed the stabilizing effect of the CN
coating on Cu* species. In situ ATR-SEIRAS and DFT calculations revealed that the CN
coating increases *CO adsorption energy and coverage, facilitating CO-CO coupling. The
CuxOy /CN catalyst also demonstrated robust stability, running for at least 20 h without
significant performance degradation.

The confinement effect plays a pivotal role in CO,RR processes by localizing reactants
and intermediates within the pores of Cu-based MOFs, thereby promoting efficient mass
transfer and enhancing the interaction between the catalyst and the reactants, leading to
improved catalytic activity and selectivity for the desired products. As demonstrated by
Heng et al. [68], confinement effects enhanced the loading and dispersion of active sites. In
the research, the nanocage confinement of MOFs effectively prevented the aggregation of
copper dual-atom sites during high-temperature carbonization, leading to a record copper
loading of 21.2 wt% in nitrogen-doped porous carbons (Figure 7). Increasing the voltage
from —1.6 to —1.4 V vs. RHE led to a gradual enhancement in the partial current density
for C;Hy production. This high loading, in turn, facilitated the C-C coupling process and
promoted the formation of C;Hy with an FE of 52% and a current density of 180 mA /cm?
at —1.4 V vs. RHE in neutral electrolyte. Similarly, the confinement of Cu! sites within a
partially electro-reduced 2D conductive Cu-MOF film has been demonstrated to boost the
COzRR performance towards Cp, products [69]. The FE of C,, products first increased and
then decreased within the potential range from —0.77 to —1.77 V vs. RHE. At —1.17 V vs.
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RHE, the maximum FE of 72.6% (CoHy: 42.3%, CoHsOH: 30.3%) with a high current density
of over 300 mA /cm? was achieved, demonstrating the optimal voltage for Cy, production.
This enhanced performance was attributed to the stable Cu' sites promoting C-C coupling,
leading to enhanced C,, product formation. The increase in voltage initially promoted the
*OCCOH coupling, favoring C,, product formation, while further increasing the voltage
shifted the selectivity towards Hj production, indicating that the voltage plays a crucial
role in tuning the reduction pathways and enhancing the selectivity of desired products.
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Figure 7. (a) Schematic illustration of the synthesis of NPCyar.4-Cuy. (b) STEM and elemental
mapping images of NPCyjap.4-Cup-21 showing the homogenous distribution of all four elements
of Cu, C, and N. (c) FEs of different reduced products by NPCpap4-Cup-21 as catalyst at different
potentials. (d) Durability test of NPCygap.4-Cup-21 at —1.4 V vs. RHE. Reproduced with permission
from ref. [68]. Copyright Wiley-VCH GmbH, 2024.

The reconstruction of many MOF materials is an inevitable process under reduction
conditions, underscoring the importance of leveraging this restructuring for the rational
design of high-performance catalysts tailored for the production of Cy; products. The a-
HKUST-1 catalyst was prepared via a solvent process and exhibited a pill-like morphology.
During CO;RR, the a-HKUST-1 was electrochemically reconstructed into a Cu catalyst
(aHD-Cu) with low-coordinated sites. The aHD-Cu catalyst demonstrated high CO,-to-
C,Hy4 conversion performance, achieving an FE of 56% for C;Hy and 80% for Cp, products
at —150 mA /cm? in alkaline electrolyte. In situ Raman spectroscopy revealed that the
aHD-Cu surface had a higher coverage of *CO intermediates, facilitating the C-C coupling
step and hydrocarbon production. The aHD-Cu catalyst also showed long-term stability
and a higher ECSA compared to commercial Cu NPs [70].

Morphology and grain boundary engineering has also been found to be effective in
improving CO,RR performance [71,72]. For instance, Kim et al. [73] reported the synthesis
of grain boundary-rich copper nanocatalysts derived from MOF NPs. These catalysts
exhibited remarkable performance in terms of both activity and selectivity towards Cy,
products. Specifically, the copper oxide nanocrystals catalyst prepared by calcining Cu-
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MOF NPs at an optimal temperature (n-MDC-250) demonstrated a high FE of 63.1%
towards ethylene and 80.9% towards total Cy,; products at —1.01 V vs. RHE in neutral
electrolytes. As the applied voltage increased, the FE for C;H, and Cy, products gradually
decreased, while the FE for H, production increased significantly. Specifically, at higher
voltages, the partial current density towards C,,. products was limited due to mass transport
issues, highlighting the optimal voltage range for maximizing C,Hy and Cy, selectivity.
Moreover, the catalyst showed prolonged stability for up to 10 h and achieved a high partial
current density of —255 mA/cm? towards C,, products in an alkaline flow cell system.
The enhanced performance was attributed to the high density of grain boundaries in the
copper oxide NPs, which facilitated the adsorption of CO intermediates and promoted C-C
coupling, leading to improved ethylene and Cy, product selectivity.

Wang et al. demonstrated that the synthesis of CuTrz (HTrz = 1H,1,2,4-triazole) MOF
nanostructures with different sizes could be achieved by modulating the solvent conditions,
leading to variations in their catalytic performance towards CO,RR [74]. Their findings
revealed that smaller CuTrz nanostructures, enriched with grain boundaries and defects,
exhibited superior CO,RR performance compared to larger counterparts. As demonstrated
in the study, the FE of C;H4 and Cy, products significantly varies with the voltage. At
lower voltages (e.g., —0.9 V vs. RHE), the CuTrz nanostructures, especially CuTrz-109nm,
exhibit enhanced FE towards liquid alcohols such as ethanol (C,H50H) and n-propanol
(n-C3Hy;OH). As the voltage is increased to —1.15 V vs. RHE, CuTrz-109nm achieves the
highest FE for CoH, at 55.4% and for Cp, products at 81.8%. This enhanced performance
was attributed to the increased surface area, improved CO, adsorption, and facilitated C-C
coupling process enabled by the small size and abundant defects.

An innovative pyrazolate-stabilized asymmetric Ni-Cu hybrid site MOF catalyst,
designated as CujNi-BDP(BDP = 1,4-benzenedipyrazolate), demonstrated remarkable
enhancements in CO,RR performance [75]. This catalyst exhibited a high FE of 52.7%
for ethylene with a total current density of 0.53 A/cm? at —1.3 V vs. RHE in 1.0 M
KOH aqueous solution, surpassing the majority of prevailing Cu-based catalysts. The
exceptional stability of Cu;Ni-BDP was highlighted by its minimal reduction in FE of only
4.5% for ethylene after 25 h of continuous CO; electrolysis at a constant current density
of 500 mA /cm?. The underlying mechanism was elucidated through operando infrared
spectroscopy and DFT calculations, revealing that the asymmetric Ni/Cu sites in Cu;Ni-
BDP effectively lowered the energy barrier for the rate-limiting step in the transition from
CO;, to CoHy, thereby enhancing C-C coupling and promoting ethylene selectivity.

Deng et al. reported a strategy to synthesize a Cu(I)-BTC framework enriched with
free carboxyl groups via a novel “reduction-cleavage-recrystallization” method [76]. This
Cu(I)-BTC catalyst exhibited superior catalytic activity and ethylene selectivity compared
to its Cu(Il)-BTC counterpart. Specifically, at a voltage of —1.6 V vs. RHE, the optimized
Cu(I)-BTC catalyst (HC-HKUST-3) exhibits a remarkable FE(C,H4) of 57%, outperforming
the Cu(Il)-BTC catalyst (HKUST-1) with an FE of only 22%. As the voltage is varied, the
FE for C;Hy consistently surpasses that of methane, with a peak FE(C;Hy4) of 49% and
a minimum FE(CHy) of 6.5% observed within the potential window of —1.4 to —1.8 V
vs. RHE for HC-HKUST-1. This trend underscores the voltage-dependent modulation
of product selectivity, where lower hydrogen evolution and enhanced C-C coupling are
favored at optimal voltages, leading to improved C,Hy production. The stability of the
optimized Cu(I)-BTC catalyst was also remarkable, maintaining nearly unchanged FE for
ethylene about 38 h of continuous operation.

Addressing the challenge of acidic CO,RR environments, Yu et al. developed a Cu-
btca (btca = benzotriazole-5-carboxylic acid) MOF catalyst acting as a stable catalyst for the
CO5RR in an acidic environment [77]. The resultant Cu-btca MOF network achieves FEs of



Catalysts 2025, 15, 328

18 of 28

51.2% and 81.9% for ethylene and multicarbon products, respectively, at a current density
of 300 mA /cm? in a strong acidic electrolyte. The porous network structure of the Cu-btca
MOF enables efficient mass transport and limits the reduction of protons, thus suppressing
the competing HER.

Modulating the spin density of active sites is an effective approach to improve the
selectivity of CO; electroreduction catalysts. For example, a novel strategy for enhancing
CO,-to-CyHy conversion by regulating the spin density of active sites using TEMPOL
molecules in HKUST-1-derived electrocatalysts was presented [78]. TEMPOL molecules
were adsorbed onto the Cu(Il) sites of HKUST-1, inducing spin—spin interactions and
forming asymmetric spin-ordered/disordered sites. The resultant TEMPOL@HKUST-1
catalyst exhibited a twofold increase in ethylene selectivity compared to pristine HKUST-1
in CO; electroreduction. In situ ATR-SEIRAS spectra revealed that the asymmetric spin
configuration significantly reduced the kinetic barrier for *CO intermediate dimerization.
Furthermore, applying a magnetic field further enhanced the ethylene selectivity to over
50% by polarizing the electron spins.

Defect engineering plays a crucial role in enhancing the performance of CO,RR pro-
cesses by optimizing the electronic structure, increasing active site density, and promoting
efficient charge transfer, thereby improving the catalytic activity and selectivity towards
valuable products. Bohan et al. constructed defect-engineered Cu-based MOFs with miss-
ing linkers (UC-Cu-BTEC, where BTEC = 1,2,4,5-benzenetetracarboxylic) through a facile
solvothermal method followed by thermal annealing [79]. The FE for C,, generation on
UC-Cu-BTEC attained 77.2%, with the FE for C,Hy4 being 50.1% and the FE for C,HsOH
being 27.1% and remaining over 70% across a broad potential range of 400 mV vs. RHE,
markedly surpassing that of pristine MOFs. In a flow cell under neutral conditions, the Cp,
partial current density measured —153.5 mA /cm?.

2.2.2. Ethanol

The incorporation of Pd into copper-based MOFs has been shown to stabilize key
intermediates and promote subsequent PCET, enhancing the selectivity towards alcohol
products. Xie et al. successfully synthesized Pd-Cu@CuPz, (Pz = Pyrazole) catalysts with
Cu-Pd dual sites bridged by Cu nodes of CuPz; for the electroreduction of CO; [80]. The
work showcased a 1.4%PdACu@CuPz, catalyst comprising CuOy and PdO dual nano-
clusters embedded in a CuPz; MOF, achieving an exceptional FE of 81.9% for Cp, and a
remarkable FE of 47.5% for alcohol under optimal conditions. As the potential increases,
the FE for C,, products gradually decreases, likely due to limited CO, mass transfer and
enhanced HER competitiveness. For instance, in the flow-cell system with 1 M KOH
electrolyte at —0.69 V vs. RHE, the FE for Cy, products remains over 50% but with a higher
current density of 109.5 mA/cm?. Experimental and DFT calculations demonstrated that
the enhanced interfacial electron transfer on the Cu-Pd dual sites facilitated the adsorption
of *CO intermediate and CO-CO dimerization. The oxophilicity of Pd can protect the C-O
bond, stabilizing the key intermediate *CH,CHO and promoting subsequent PCET, thus
enhancing the selectivity towards ethanol and accelerating the reductive conversion of CO,
to C2+.

A bimetallic tandem catalytic system is an efficient approach for promoting CO,RR
to ethanol, yet achieving high selectivity for ethanol remains challenging due to the in-
sufficiency of biphasic boundaries in most bimetallic catalysts. Su et al. [81] reported
the synthesis of CuAg bimetallic catalysts derived from an Ag-anchored Cu-based MOF
(NH,-Cu-BDC, where BDC = 1,4-benzenedicarboxylic acid). These CuAg,@NC catalysts
exhibited superior selectivity towards Cy, products, particularly ethanol, during CO,RR.
Specifically, the CuAgs@NC catalyst exhibited a volcano-like trend, where the FE for
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ethanol production peaked at 51.8% at —1.0 V vs. RHE, while the total FE for C;; products
reached a maximum of 82.6% at —1.2 V vs. RHE. Conversely, the FE for byproduct Hp
decreased as the potential became more negative, reaching a minimum of 12.1% at —1.2 V
vs. RHE. The high performance of CuAgs@NC can be attributed to the abundant Cu-Ag
biphasic boundaries, which facilitated the migration of CO generated at Ag sites to Cu
sites, enhancing CO coverage and promoting C-C coupling. Moreover, in situ Raman
spectroscopy and DFT calculations revealed that the introduction of Ag reduced the en-
ergy barrier for C-C coupling and increased the thermodynamic advantage of the ethanol
generation pathway.

Moreover, an innovative approach in designing an MOF with heterodimetal dual sites,
specifically CuSn-HAB (HAB = hexaiminobenzene), was introduced for the highly efficient
electroreduction of CO, to CoH5OH [82]. At a voltage of —0.57 V vs. RHE, the CuSn-HAB
catalyst, featuring heterometallic Sn-Cu dual sites, exhibited an impressive FE of 56(2)% for
ethanol production, accompanied by a high current density of 68 mA /cm?. Notably, as the
voltage became more negative, the FE for ethanol gradually decreased, with a concurrent
increase in the formation of formate, suggesting that the competition between ethanol
and formate pathways is voltage-dependent. This voltage-driven selectivity modulation
underscores the crucial role of applied potential in dictating the product distribution
during CO,RR processes. In addition, no significant degradation was observed over a
continuous 35 h operation at the specified current density. This remarkable performance can
be attributed to the unique Sn-Cu heterodimetal dual sites within the MOEF, which facilitate
the asymmetric C-C coupling reaction, a key step in the ethanol formation pathway. The
heterometallic dual sites were proved to be more thermodynamically favorable for the
asymmetric C-C coupling between *CO and *OCHjy, leading to the formation of the key
intermediate CO-OCH,, which is favorable for yielding ethanol product.

By electrochemically reducing a 3D microporous Cu-based MOF, the catalyst achieved
an FE of 82.5% for ethanol at —1.0 V vs. RHE, with an effective current density of
8.66 mA /cm?. The multi-site synergism of Cu LNCCs (low-nuclearity cluster catalysts)
enhanced the C-C coupling effect, leading to the high selectivity [83]. However, as the
voltage deviated from this optimum value, the FE for ethanol decreased, accompanied by
increases in the formation of byproducts such as formate and methanol. For instance, at a
lower potential of —0.8 V vs. RHE, the FE for ethanol dropped to 7.2%, while the FE for
formate surged to 38.9%. Density functional theory calculations and operando ATR-SEIRAS
confirmed the reaction path and mechanism. The LNCCs originated from unstable metal
coordination centers and were uniformly dispersed on the MOF support, benefiting from
the MOF’s pore space limitation. The high selectivity for ethanol was attributed to Cu
LNCCs rather than Cu SACs or open metal sites, indicating the crucial role of catalytic sites
in the reaction pathway.

Another example is that Zhang et al. demonstrated a self-polarization triggered
multiple polar unit strategy for electrochemical reduction of CO, to ethanol with high
selectivity [84]. The catalyst composed of Cu,O NPs encapsulated with bimetallic NiCu-
based MOF nanorod arrays grown on Cu foam (Cup,O@MOF/CF) exhibited remarkable
FEcthanol Of 44.3% with an energy efficiency of 27% at a low working potential. This
outstanding performance was attributed to the intense internal electric field derived from
the asymmetric electron distribution at the Cu,O-MOF interface, which facilitated the
C-C coupling and stabilized the reaction intermediates. The doping of Ni into Cu,O
not only modulated the electronic structure but also promoted the adsorption of *CO,
thereby assisting in the formation of ethanol. Furthermore, the porous structure of the
MOF provided abundant active sites and facilitated mass transport, contributing to the
high catalytic activity and selectivity.
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Asymmetric coordination environments in 2D MOFs have also emerged as a powerful
strategy to enhance CO,RR performance. Another research study by Wang et al. [85] has
shed light on the remarkable performance of asymmetric Cu-N;Oj sites in a novel 2D MOF,
termed BIT-119, for electrocatalytic CO;RR. BIT-119, constructed via a bottom-up assembly
approach, exhibited asymmetric N/O mixed coordination around the Cu centers, leading to
a redistribution of the local electron structure. This structural feature profoundly impacted
the adsorption strength of key intermediates during CO,RR. Specifically, the FE for CoHy
is ~33.0%, and the FE for C;H50H is ~42.0%. The asymmetric Cu-N;Oj3 sites in BIT-119
were capable of coupling atop-type on Cu sites and bridge-type on Cu-N sites for adsorbed
*Cy species, as evidenced by in situ spectroscopic analyses. This unique adsorption mode
facilitated the PCET process and subsequent C-C coupling, resulting in the formation of
C; products.

2.2.3. Other C,, Products

Lewis acid—base pairs enhance the catalytic performance during CO,RR by facili-
tating the targeted chemisorption and activation of CO, molecules. The integration of
Lewis acid —base pairs into MOFs represents another innovative strategy. Liu et al. [86]
reported a significant advancement by employing an electron-beam irradiation strategy
to rapidly synthesize a Cu-based MOF, Cu(PTC)(PTC = pyridine-2,4,6-tricarboxylic acid),
with well-defined Lewis pairs (Cu-Npyridinic) (Figure 8). This material exhibited remarkable
performance in CO;RR, achieving a total FE of 70.0% for C,, at —0.88 V vs. RHE. Beyond
this voltage, ethylene becomes the predominant Cy, product. In contrast, the Cu(BTC)
catalyst displays a higher hydrogen evolution rate across the voltage range, leading to
increased methane production and lower Cy, selectivity, with a maximum FE for Cy, of
41.4% at —0.88 V vs. RHE. The superior catalytic performance of Cu(PTC) can be attributed
to its Lewis acid—base pairs, which facilitate the targeted chemisorption and activation of
CO; molecules, leading to enhanced C-C coupling and subsequent formation of high-value
Cy4 products such as ethylene and ethanol.
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Figure 8. (a) A schematic illustration of the synthesis process of MOFs. (b) FE of Cu(PTC). (c) FE
of Cu(BTC). (d) The FE of Cu(PTC) under different irradiation doses. (e) In situ ATR-FTIR spectra
of Cu(BTC). (f) In situ ATR-FTIR spectra of Cu(PTC). (g) In situ Raman spectra of Cu(BTC). (h) In
situ Raman spectra of Cu(PTC). Reproduced with permission from ref. [86]. Copyright Wiley-VCH
GmbH, 2024.
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Liu et al. [87] reported a notable example by decorating Cu,O NPs on two-dimensional
(2D) Cu-BDC MOFs, resulting in a heterostructured catalyst with abundant heterogeneous
interfaces. The Cu;O@Cu-BDC catalyst exhibited exceptional performance, achieving
a high FE of 72.1% for C,, products in an H-type cell and 58.2% in a flow cell. The
remarkable performance of CuyO@Cu-BDC can be attributed to several factors. Firstly, the
2D Cu-MOFs served as an effective support to stabilize Cu™ sites, which are known to be
highly active for CO;RR but prone to reduction under reaction conditions. Secondly, the
heterogeneous interfaces formed between Cu,O and Cu-BDC optimized the adsorption of
key intermediates (*CHO, *COH, and *CO), facilitating C-C coupling and thus promoting
the formation of C,, products. This was evidenced by the in situ ATR-FTIRS analysis,
which revealed the stabilization of these intermediates on Cu,O@Cu-BDC during the
CO,RR process. Furthermore, the catalyst demonstrated exceptional stability, maintaining
high FE of around 70% for C,, over a 6 h stability test in the H-type cell. This stability is
likely due to the strong interaction between Cu;O NPs and Cu-BDC nanosheets, which
prevents the aggregation and deactivation of active sites.

Zou et al. [88] developed nitrogen-doped carbon confined Cu-Ag bimetallic catalysts
(Cu-Ag/NC) via an MOF-mediated synthesis method. The unique structure of Cu-Ag NPs
encapsulated within a porous nitrogen-doped carbon octahedral shell exhibits remarkable
activity and selectivity towards high-order products. As demonstrated in their work, the
Cu-Ag/NC catalyst achieved a total FE of 55.3% for CH,, CoHy4, CoH50OH, and CH3;COOH
at a relatively low overpotential of —1.2 V vs. RHE, accompanied by a high current
density of 5.3 mA /cm?. This superior performance surpasses that of monometallic Cu/NC
and non-confined Cu-Ag catalysts, underscoring the importance of the synergistic effect
between the bimetallic active sites and the nitrogen-doped carbon support. The theoretical
investigations further revealed that the Cu-Ag interface facilitates the migration of *CO
intermediates, promoting C-C coupling through an interesting CHO-CO pathway with
a significantly lower energy barrier. Moreover, the porous nitrogen-doped carbon shell
enhanced the adsorption of CO, and enriches the local concentration of intermediates,
thereby boosting the mass transport and overall efficiency of the CO,RR process.

Further refining the coordination environment of Cu sites, Yang et al. recently demon-
strated a novel approach to synthesize Cu-based MOFs with less-coordinated atomic copper
dimers via a liquid-phase strategy [89]. The Cu-TDC (TDC = 2,5-thiophenedicarboxylic
acid) MOF synthesized exhibited a high current density of 0.9 A/cm? and an FE of 71%
towards Cp, products, surpassing many previously reported copper-based catalysts. The
presence of atomic copper dimers in Cu-TDC, characterized by a coordination number
of 2.8 & 0.1, facilitated the stable adsorption of two *CO intermediates on each site, pro-
moting C-C coupling and subsequently leading to the formation of Cy,; products such as
ethylene and ethanol. Furthermore, in situ spectroscopic techniques and DFT calculations
revealed that the less-coordinated copper dimers in Cu-TDC possessed a stronger binding
energy for *CO compared to traditional copper monomers, thereby enhancing the Cy,
product selectivity.

Ligand functionalization has proven effective in optimizing catalytic sites. Mao et al.
synthesized an artificial enzyme MIL-53(Cu) with an optimal Cu-Cu distance for CO,
conversion by using a density functional theory method [90]. By substituting the ligands
in MIL-53(Cu) with functional groups ranging from electron-donating NHj to electron-
withdrawing NO,, they could significantly alter the Cu-Cu distance and charge of Cu atoms,
thereby modulating the adsorption strength of CO,. Notably, the COOH-ligand-decorated
MIL-53(Cu) exhibited an optimal Cu-Cu distance that facilitated C-C coupling, leading
to remarkable catalytic activity and selectivity for the reduction of CO, to Co;H50H. The
DFT calculations predicted a limiting potential of only 0.47 eV for this process, significantly
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lower than that of benchmark Cu catalysts. Experimentally, the synthesized COOH-ligand-
decorated MIL-53(Cu) catalyst achieved an FE of 55.5% for C;, products at —1.19 V vs. RHE.

Moreover, the CO, reduction performance of Cu-based MOF catalysts in recent years
is also summarized in Table 1.

Table 1. Performance comparison table of Cu-based metal—organic framework electrocatalysts.

Electrocatalyst Electrolyte Main Product FE (%) Potential (V vs. RHE) Ref.
Cus_Pdx(BTC), 0.5 M KHCO3 Cco 84.8 —0.77 [38]
Cug5Zng5/ZIF-8 0.5 M KHCO3 Cco 88.5 -1.0 [39]

Cu-HHTT 0.1 M KHCO3 Cco 96.6 —0.6 [40]

MCP-500 0.1 M KHCO3 Cco 98 —0.8 [41]
CH,4 41.8 -1.6

Cu@BIF-144(Zn) 0.1 M KHCO3 o, 129 s [42]

R-Cu-T-CNTs; 0.1 M KHCO3 CH,4 54 ~1.56 [43]

Cu@ZIF-8 NWs 0.1 M KHCO3 51214 57.5 —0.7 [44]

2114

Cu-MIL-derived Cu/C 0.1 M KHCO3 CH,4 55 14 [45]

2D-ve-MOF(Cu) 0.1 MKCl CH,4 65 14 [46]

Cu/Ce0,@C 0.5 M KOH CH,4 80.3 -15 [47]

CH,4 60

Cu-BTP 0.1 M KHCO3 CoH, o -1.6 [48]

Cu-MMT-H,0 CH,4 55.22 14

Cu-MMT-IPA 0-1 MKHCO, CoH, 50.98 -1.15 [49]

Ce/CuOx-NPs 1M KOH CH,4 67.4 -1.6 [50]

Co,02-CuBDC 1M KOH CH,4 60 ~1.02 [51]

Cu-PD-2-MBI 1M KOH CH,4 73.7 -1.3 [52]

. CH,4 58 ~-1.33
Cu/UiO-66-F (Ce) 1M KOH ot " 0.9 [53]
SU-101-Cu@2.5C 05MKHCO;  HCOOH/HCOO~  ~100 —0.86 [54]
MIL-68(In)/CuO 1M KOH HCOO~ 89.7 0.7 [55]
. —0.95 (V vs.
Cu@Bij , 0.5 M KHCO3 HCOOH 89.26 Ag/AgCl) [56]
0.5 M BMImBE, Cco 72.4 —3.0 (V vs.
PPE-100 +H,O/DMSO HCOOH 24.1 Ag/AgNO3) 571
CuPOF-Bpy/Cu;O@CNT 0.5 M KHCO; CoH, 71 1.1 [58]
CoHy 43.4 -1.08
CuO_Al 1M KHCO; . 603 098 [59]
CoH, 40
Cu,O@CuBTC 1M KOH C,HsOH 19 — [60]
W'AlOOHO 0.1M KHCO3 C2H4 51.8 -1.3 [61]
Cu-MOEF-CF 0.1 M KHCO3 CoH, 48.6 ~1.11 [62]
0.5 M KHCO;3 +
Ag@BIF-104NSs(Cu) 0.5 M KCl CoH, 21.43 1.2 [18]
MAF-2Fa 0.1 M KHCO3 CoH, 52.9 1.2 [63]
Cu,0@Cu-TCPP(Co) 1MKCl C2H,y > - [64]
C2+ 69
CoHy 46.08
HKUST-1@Cu,O/PTFE-1 - o 741 -1.0 [65]
Cu-cube/CN 0.1 M KHCO3 CoH, 49.6 -1.15 [66]
CuxOy/CN 0.1 M KHCO3 CoH, 44 1.1 [67]
NPCpap4-Cup-21 0.1 M KHCO3 CoH, 52 14 [68]
CH 423
I, 0 214 _
Cul-Cu'HHTP@Cu 0.5 M KHCO3 C,HsOH 303 1.17 [69]
aHD-Cu 1M KOH CoHy 56 —0.7 [70]

C2+ ~80
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Table 1. Cont.

Electrocatalyst Electrolyte Main Product FE (%) Potential (V vs. RHE) Ref.
n-MDC-250 0.1 M KHCO;, CoH, 63.1 —1.01 (73]
Cos 80.9
CuTrz-109 nm 0.1 M KHCO; CoHy 254 —1.15 [74]
Cos 81.8
Cu; Ni-BDP MOF 1M KOH C,H, 5.7 13 [75]
HC-HKUST-3 0.1 M KHCO; CoH, 57 ~16 [76]
3.0 M KCl and C,H, 512
Cu-btca-s 0.05 M H,50, C,, 81.9 —25 [771
TEMPOL@HKUST-1 0.1 M KHCO; C,H, 447 _18(Vvs. Ag/AgCl)  [78]
UC-Cu-BTEC-2 0.1 M KHCO; C2H,y 201 ~17 [79]
Cos 772
1.4%Pd-Cu@CuPz, 0.1 MKCI C2Hs0H 47.5 —1.09 [80]
Cy, 81.9
C,HsOH 51.8 ~1.0
CuAgs@NC 0.5 M KHCO; ) o 1 [81]
CuSn-HAB 1M KOH C,HsOH 56 057 82]
Cu-MOF-20 0.5 M KHCO; C,HsOH 82.5 ~1.0 83]
Cu,0@MOF,/CF 0.5 M KHCO;, C,H;OH 443 —0615 [84]
C,H;OH %)
BIT-119 0.1 M KHCO; c o _18(Vvs. Ag/AgCl)  [85]
2+
Cu(PTC) 1M KOH Cos 70 —0.88 [86]
Cu,0@Cu-BDC 0.1 M KBr Car 721 ~1.19 [87]
Cu-Ag/NC 0.1 M KHCO; Cos 55.3 12 [88]
Cu-TDC 1M KOH Cos 71 - [89]
MIL-53(Cu) 0.1 M KHCO; Cos 55.5 ~1.19 [90]

3. Conclusions and Perspectives

This paper presents a comprehensive review of recent advances in Cu-based MOF elec-
trocatalysts for CO,RR. It highlights the potential of Cu-based MOFs and their derivatives
due to their high surface area, tunable pore structures, and diverse compositions, which
facilitate enhanced catalytic performance. It encompasses the latest research findings on Cu-
based MOF electrocatalysts for producing C; and C,, products. Key strategies discussed
include nanostructure manipulation, multi-component tandem catalysis, single-atom alloy-
ing, and ligand functionalization to optimize the binding energies of intermediate species
and promote selective CO,RR pathways. This paper also delves into the use of MOF-
derived materials and composites with other materials such as carbon nanotubes, graphene,
and metal oxides to enhance conductivity, stability, and selectivity. The remarkable progress
made in developing Cu-based MOF electrocatalysts, with several examples showcasing
high FEs and product selectivities, is emphasized. However, challenges remain in achieving
stable and scalable catalysts with high activity and selectivity towards specific Cyp, prod-
ucts. This review underscores the importance of rational catalyst design through precise
control of composition, structure, and surface properties to tackle these challenges and
advance the field of CO,RR and provides valuable insights for future research directions
in developing advanced Cu-based MOF electrocatalysts for practical applications in CO,
conversion technologies.

Developing more robust MOF structures that can withstand the harsh reaction condi-
tions is essential for long-term operation. The density of active sites within Cu-MOFs plays
a pivotal role in their catalytic performance. While Cu-MOFs offer a high surface area and
tunable porosity, the actual number of active sites can be limited. Increasing the density of
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active sites through rational design or post-synthetic modifications is necessary to further
boost their activity and selectivity.

Moreover, understanding the reaction mechanism and intermediates formed during
the CO;RR on Cu-MOFs remains an ongoing challenge. Advanced in situ characterization
techniques, such as operando X-ray absorption spectroscopy and infrared spectroscopy, are
required to provide insights into the dynamic changes occurring on the catalyst surface
during the reaction. Scalability is also a critical factor for the commercialization of Cu-
MOFs. The synthesis of Cu-MOFs often involves complex and costly procedures, making
it difficult to scale up production. Developing more scalable and cost-effective synthesis
methods is essential for their widespread application.

Furthermore, the selectivity of Cu-MOFs towards specific products, such as hydrocar-
bons or alcohols, needs to be further improved. While some Cu-MOFs have demonstrated
high selectivity for certain products, optimizing their structures and composition to target
specific products remains a challenge. Looking ahead, the integration of computational
modeling with experimental studies holds promise for the rational design of Cu-MOEF-
based catalysts. By understanding the structure—property relationships and predicting the
catalytic performance of different MOF architectures, researchers can design more efficient
and selective catalysts.

Additionally, the exploration of bimetallic and multi-metallic MOFs offers exciting
opportunities to enhance the catalytic properties through synergistic effects. Combining Cu
with other metals can lead to the formation of unique active sites with optimized binding
energies for CO; and intermediates, thereby improving the activity and selectivity.

In conclusion, while Cu-based MOFs and their derivatives have shown promising re-
sults in electrochemical CO,RR, addressing the challenges related to conductivity, stability,
active site density, reaction mechanism, scalability, selectivity, and integrating computa-
tional modeling will be crucial for their widespread application and commercialization.
Future research efforts should focus on developing more robust, conductive, and selective
Cu-MOF-based catalysts through innovative design strategies and advanced characteriza-
tion techniques.
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