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Recent Advances in MOF—Based Dual—Atom Catalysts for CO,

Reduction
Wen-Jie Shi'® and Tong-Bu Lu*!

In recent years, the development of efficient catalysts for
photo—/electro—catalytic CO, reduction reaction (CO,RR) has
become a major research focus due to growing environmen-
tal concerns and energy demands. Dual—atom catalysts (DACs),
composed of two metal atoms with suitable metal—metal dis-
tance integrated into the supports, have shown great promise in
enhancing catalytic performance via the dual—metal synergistic
catalysis (DMSC) effect. This review highlights the advance-
ments in Metal—organic framework (MOF)—based DACs, which
combine the high atomic efficiency of DACs with tunable and

1. Introduction

The world is facing a critical point in energy development due
to the heavy reliance on fossil fuels, rising energy consumption,
and increasing environmental concerns."™! As a result, the devel-
opment of efficient energy conversion technologies has become
an active research area. Many of these technologies rely on
effective catalysis, which is crucial for enabling the large—scale
adoption of sustainable energy, reducing energy consumption,
and lowering costs.®®! Among these technologies, photocat-
alytic and electrocatalytic CO, reduction has attracted significant
attention.”'®) However, to achieve efficient photocatalytic and
electrocatalytic CO, reduction, there is an urgent need for
advanced catalysts that can provide both high performance and
long—term stability.

Dual—atom catalysts (DACs) with two metal atoms precisely
incorporated into support materials, offer a unique advantage in
enhancing catalytic performance through dual metal synergis-
tic catalysis (DMSC) effect.™ Unlike single—atom catalysts (SACs)
127141 or traditional metal nanoparticles catalysts,™%! DACs dis-
play unique features such as dual atom synergy facilitating the
reactant activation, accelerating charge transfer, reducing acti-
vation energy, etc, which induce the dual—atom sites with
excellent activity and stability in catalysis.”"! The combina-
tion of high atomic efficiency and cooperative metal interac-
tions has driven significant research interest. However, despite
their promising catalytic activity, the complexity of optimizing
dual—metal sites for specific reactions can present challenges in
their design and scalability.
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defined structures and high metal loadings. In this review, we
summarized the recent developments on the synthesis strategies
of MOF—based DACs and their applications in CO,RR, focusing
on the role of DMSC effect in improving catalytic activity, sta-
bility, and selectivity. Additionally, we also discuss the influence
of the local electronic structure, coordination environment, and
metal atom interactions on catalytic performance. This review
aims to provide a comprehensive understanding of MOF—based
DACs and offers insights into their future potential in sustainable
energy conversion.

Metal—organic frameworks (MOFs),2°-21 which are crystalline

porous materials made up of metal nodes and organic linkers,
have emerged as a promising support for DACs. The ordered
arrangement of metal nodes and ligands in MOFs offers several
advantages, including high metal loadings, tunable porous struc-
tures, and customizable catalytic sites. Recent advancements
have demonstrated that MOF—based DACs can significantly
enhance reaction activity, selectivity, and stability in various
energy conversion reactions.”*?”! However, the specific applica-
tions of MOF—based DACs in photocatalytic and electrocatalytic
CO,RR have not been thoroughly explored in recent literature.
This review aims to fill this gap by comprehensively summarizing
recent progress in the synthesis and application of MOF—based
DACs, with a particular focus on their critical role in photo-
catalytic and electrocatalytic CO,RR. Additionally, the review
delves into the DMSC effect, examining its influence on catalytic
performance through local electronic structure, coordination
environment, and metal atom interactions. This discussion pro-
vides essential insights for the development of next—generation
catalysts and paves the way for the practical implementation of
MOF—based DACs in sustainable energy technologies.

2. Synthesis Strategies

Several strategies for design and synthesis of MOF—based DACs
have been developed in recent years, including: 1) using metal
nodes in MOFs, 2) employing surface modification to introduce
metal sites, and 3) coordinating dual metals with ligands in
MOFs. This review systematically summarizes recent progress in
using MOF precursors and templates to create well—dispersed
DACs. Additionally, the synthesis mechanisms and typical exam-
ples of each strategy are discussed.

As the main component, metal ions in the secondary build-
ing units (SBUs) of MOFs are periodically dispersed within the
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MOF structure, enabling the precise positioning of dual—atom
sites, and facilitating enhanced catalytic activity. This arrange-
ment allows for optimal interactions between the metal atoms,
which is crucial for improving reaction efficiency and stability
in various catalytic processes. Lu et al. successfully synthe-
sized two types of Ni—based MOF DACs with rich exposure of
(100) and (010) crystal facets by adding NaOH solution during
the solvothermal synthesis process (Figure 1a).1®! Selected—area
electron diffraction and high—resolution transmission electron
microscopy images confirmed the presence of the main crys-
tal facets, (100) and (010). The Ni—based MOF DACs with (100)
crystal facets demonstrated powerful catalytic behavior for pho-
tocatalytic CO,—to—CO conversion. This enhanced performance
is attributed to the synergistic catalysis between two neighbor-
ing Ni sites, which are separated by a close distance of 3.50 A on
the surface of the Ni—based MOF DACs with (100) crystal facets.
This close separation significantly lowered the rate—determining
free—energy change (AG), enhancing the overall reaction effi-
ciency. Moreover, An et al. reported the synthesis of Fe/Co DACs
using the solvothermal method to prepare MIL—101(Fe, Co).l*’
This involved adding Co(NOs),-6H,0 to a mixed solution of FeCl;
and H,BDC. Due to the higher electronegativity of Co (1.88) com-
pared to Fe (1.83), the introduction of Co atoms into MIL—101(Fe)
decreased the valence electron density around Fe from 4.56
e-A=3 to 445 e A3, This change facilitated electron transfer from
Fe to Co centers through Fe—O—Co bonds, resulting in the
Co atoms in MIL—101(Fe, Co) having the highest valence elec-
tron density of 535 e-A=3. As a result, MIL—101(Fe, Co) exhibited
enhanced catalytic performance.

Surface modification of MOFs also plays a crucial role in
constructing these dual—atom sites, further enhancing the mul-
tifunctionality and catalytic properties of MOF—based materi-
als. For instance, Zhong et al. used flexible ethylene diamine
tetraacetic acid (EDTA) as a modifier on the SBUs of MOF—808
and then treated the functionalized MOF—808 with Cu and Ni
metal salts 3! (Figure 1b). The Cu and Ni dual—metal sites were
successfully incorporated into the robust MOF—808, resulting in
a bioinspired MOF—808—CuNi photocatalyst for CO,—to—CH,
conversion. X—ray absorption near—edge structure analysis con-
firmed that both Cu and Ni species were in their single—site
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forms and four—coordinated with two N and two O atoms from
EDTA. The Cu/Ni DACs showed higher CH, production than the
corresponding single—metal MOF—808—Cu and MOF—808—Ni
catalysts. Density functional theory (DFT) calculations revealed
that the synergistic effect and self—adaptive behavior between
Cu and Ni sites stabilized various C1 intermediates and sup-
pressed the formation of undesired byproducts, leading to
high CH, selectivity. These results pave the way for designing
dual—metal species as precisely defined catalytically active sites
above the SBUs of MOFs.

DACs can be synthesized through the modification of SBUs.
However, the range of metals that can be used is limited due to
restrictions in the metal nodes during MOF preparation, which
hinders the development of MOF—based DACs. Fortunately,
functional organic ligands offer significant advantages in coor-
dinating with various metal ions, providing a strong anchoring
effect that helps stabilize the dual—metal sites in MOF—based
DACGs. Our group synthesized an indium—based MOF (H,L—In)
by metallizing the macrocyclic ligand in H,L—In with one or
two metal ions in an ethanol solution " (Figure 2a). This pro-
cess yielded three mononuclear metallic MOFs, three dinuclear
homometallic MOFs, and three dinuclear heterometallic MOFs.
In addition, Chen et al. employed postsynthetic modification
(PSM) to fine—tune catalytic activity and precisely tailor the
material properties and functions.®? They first synthesized a
conductive 2D m —conjugated MOF, Cu—HAB (HAB = hexaimi-
nobenzene), which boasts an impressive electrical conductivity
of 13 S ecm™". This structure is constructed through the tripodal
bridging of HAB ligands and planar Cu—N, nodes. Notably, the
ligands in Cu—HAB remain protonated, indicating their ability to
coordinate with additional metal ions. In this work, by applying
PSM to Cu—HAB, they prepared a novel CuSn—HAB featuring
unprecedented asymmetric or heterometallic Sn--Cu dual sites
(Figure 2b), specifically SnN,O, and CuN, sites bridged by u—N
atoms. The CuSn—HAB catalyst demonstrates excellent perfor-
mance in the electrochemical CO,RR for the selective production
of ethanol.

In summary, the above strategies enable accurate control
over metal site dispersion and coordination environments, sig-
nificantly enhancing catalytic performance in CO, reduction
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Figure 1. (@) Schematic illustration showing the synthesis of bulky Ni—MOF, Ni—MOL—010, and Ni—MOL—100. Reproduced from ref. 28 with permission
from Wiley—VCH, Copyright 2021. (b) Schematic illustration of the implantation and self—adaption of flexible Cu/Ni dual—metal—site pairs in MOF—808 for
highly selective CO, catalysis. Reproduced from ref. 30 with permission from Springer Nature, Copyright 2021.
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Figure 2. (a) Schematic diagram showing the construction of isostructural In—MOFs with mononuclear metal catalytic site (M—In), dinuclear homometallic
catalytic site (MM—In), and dinuclear heterometallic catalytic site (MM'—In, M/M" = Co(ll), Ni(ll), Zn(ll)). Reproduced from ref. 31 with permission from
Springer Nature, Copyright 2024, (b) Illustration of the synthetic process for preparing CuSn—HAB. Reproduced from ref. 32 with permission from American
Chemical Society, Copyright 2023.
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Table 1. Photocatalytic CO,RR to high—value products of MOF—based DACs.?
Material Light Solution PSElgSAL! Production rates Ref.
Ni—MOL—-100 Xe lamp (300 mW, > CH5CN/H,O Ru(phen)s;(PFg), & CO: 11.89 + 0.65 mmol/g [28]
420 nm) (viv = 41) TEOAI H,: 0.47 & 0.10 mmol/g
Ni—MOL—-010 Xe lamp (300 mW, > CH3CN/H,0 Ru(phen)s;(PFg), & CO: 4.55 + 0.13 mmol/g [28]
420 nm) (viv = 41) TEOA
Co,—MOF(- Xe lamp (300 mW, > CH3CN/H,0 BIH!] CO: 2.44 mmol gc, ™' h™' [33]
NHy) 420 nm) (viv = 4)
Xe lamp (300 mW, CH3CN/TEOA/H,0 Ru(bpy)sCly-6H,0 & CHy: 1587 umol g7 h™! [30]
MOF—808—CuNi 760 nm > 1 > 420 nm) (vivevy = 3:1:0) TEOA CO: 23 umol g~' h™!
HCOOH: 0 umol g~ h™!
Hz: 1.7 umol g~' h™!
CoZn—In Xe lamp (300 mW, > CH3CN/H,0 Ru(phen)s;(PFs), & CO: 12 700 umol g~' h™! [31]
420 nm) (viv = 3:2) TEOAL! BIH! H,: 2020 umol g~' h™!
CoNi—In Xe lamp (300 mW, > CH5CN/H,O Ru(phen)s;(PFg), & CO: 9219 umol g~' h™! [31]
420 nm) (viv = 3:2) TEOAL! BIH H,: 819 umol g~ h™!
NiZn—In Xe lamp (300 mW, > CH3CN/H,0 Ru(phen)s(PFs), & CO: 4616 umol g~' h™! [31]
420 nm) (viv = 32) TEOAIC BIHI]
lal pS: Photosensitizer.
b} SA: Sacrificial agent.
I TEOA: triethanolamine.
[dl BIH: 1,3—dimethyl—2—phenyl—2,3—dihydro—1H—benzoimidazole.

reactions. Notably, close distance of dual—metal atoms (e.g.,
350 A in Ni—MOL—100) and precise control over coordination
sites (e.g., Cu/Ni in MOF—808) are critical for catalytic selectivity
and efficiency. Despite substantial advances, challenges such as
limited metal compatibility still remain. Future research are sug-
gested to focus on expanding applicable metals and developing
novel ligand modifications to improve the practical applicabil-
ity of MOF—based DACs for photocatalytic and electrocatalytic
CO,RR.

3. Photocatalytic CO, Reduction

Under this section, special emphasis is placed on reviewing
the recent experimental findings of MOF—based DACs for pho-
tocatalytic CO,RR. Specifically, the focus is on their ability to
convert CO, into high—value products such as CO, methane,
and formic acid. Additionally, the role of different metal com-
binations, including noble and transition metals, in enhancing
photocatalytic performance is discussed. The photocatalytic CO,
reduction performance over these catalysts is summarized in
Table 1, highlighting key metrics such as reaction condition and
production rates.

Homonuclear MOF—based DACs: Homonuclear MOF—based
DACs consist of two identical metal atoms positioned within the
MOF structure, allowing for the efficient exploitation of their syn-
ergistic effects. For example, our group synthesized Ni,—based
DACs and evaluated their photocatalytic CO, reduction perfor-
mance 8! (Figure 3a). Among the catalysts tested, Ni—MOL—100
demonstrated the highest CO yield of 11.89 £ 0.65 mmol/g with
a CO selectivity of 962 + 0.6% (Table 1). These results high-
light a significant improvement in catalytic efficiency compared
to bulky Ni—MOF and Ni—MOL—-010, which produced lower

Chem. Eur. J. 2025, 31, €202500636 (4 of 11)

CO yields of 2.62 £+ 0.10 and 4.55 + 0.13 mmol/g, respectively.
The catalytic mechanism of Ni—MOL—100 in photochemical CO,
reduction was investigated through fluorescence spectroscopy
and DFT calculations. Fluorescence measurements revealed that
during the photocatalytic CO, reduction process, the excited
state of [Ru(phen);]** was quenched by Ni—MOL—100 via an
oxidative quenching pathway, indicating rapid charge transfer
between the excited state and the catalyst. This was further
supported by the fact that Ni-MOL—100 exhibited a stronger
fluorescence quenching ability compared to Ni—MOL—-010 and
bulky Ni—MOF, highlighting its superior catalytic activity. DFT
calculations examined the reaction mechanism on both (010)
and (100) crystal facets of Ni—MOL—100 (Figure 3b). It was found
that CO, adsorption on the (100) facet is more favorable due to
a stronger interaction between the Ni centers and CO,, result-
ing in a lower free energy change (AG) for the formation of
the *COOH intermediate. The DMSC effect is facilitated by the
close proximity of two Ni sites on the (100) facet, stabilizes the
*COOH intermediate and promotes efficient CO,—to—CO con-
version. The *CO intermediate is then formed and desorbed, with
CO desorption being the rate—determining step. In compari-
son, the (010) facet exhibited a higher AG for *COOH formation,
making CO, reduction less efficient. The findings demonstrate
that the dinuclear metal sites in Ni—MOL—100 play a crucial role
in enhancing the catalytic performance for photochemical CO,
reduction. The synergistic effects of these metal sites, along with
the favorable crystal facet and DMSC effect, result in the superior
performance of Ni—MOL—100 for CO,—to—CO conversion.
Moreover, we also investigated the Co, pair as a poten-
tial catalyst within the context of homonuclear MOF—based
DACs. The dual Co atoms were anchored by a Robson—type
ligand and subsequently incorporated into the UiO—68 frame-
work, resulting in the Co,—MOF(-NH,) catalyst 33! (Figure 3c).

© 2025 Wiley-VCH GmbH
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Figure 3. (a) The photocatalytic activities of bulky Ni—MOF, Ni—MOL—010, and Ni—MOL—100. (b) Calculated free energy diagrams for the reduction of CO,
to CO on the optimized (010) and (100) crystal facets. Reproduced from ref. 28 with permission from Wiley—VCH, Copyright 2021. (c) Schematic illustration
of the framework structures and bridging ligands of Co,—MOF(-NH,). (d) Comparison of CO production rate of Co,—MOF(-NH,), Co—MOF(-NH,),
L—MOF(-NH,), and Co,—MOF. Reproduced from ref. 33 with permission from The Royal Society of Chemistry, Copyright 2023.

The photocatalytic CO,RR reactions were conducted using
Co,—MOF(-NH,) catalysts in a CO,—saturated mixture of CH;CN
and H,0 with BIH as a sacrificial reductant (Table 1). The CO yield
of Co,—MOF(-NH,) was significantly higher (2.44 mmol gc,™ h™)
compared to Co—MOF(-NH,) (0.23 mmol g¢,~' h™), highlight-
ing the synergistic catalysis effect. The durability test showed
that Co,—MOF(-NH,) maintained stable CO yields over four
runs, with no significant loss in crystallinity or integrity. These
results demonstrate the efficient performance and stability of
Co,—MOF(-NH,) for CO, photoreduction. In situ FTIR spectra
showed *COOH and *CO intermediates, with *CO formation
as the rate—determining step. DFT calculations revealed that
Co,—MOF(-NH,) exhibits a lower AG for the rate—determining
step (1.59 eV) compared to Co—MOF(-NH;) (1.98 eV) (Figure 3d).
The introduction of binuclear Co centers in Co,—MOF(-NH,)
shifts the d—band center, enhancing *COOH adsorption and
improving catalytic activity through a synergistic effect.
Heteronuclear MOF —based DACs: The heteronuclear bimetal-
lic active sites in MOFs can also exhibit synergistic effects to
give rise to high photocatalytic activity for the CO,RR. Zhong
et al. successfully incorporated Cu and Ni dual—metal sites into
the robust MOF—808, resulting in a bioinspired MOF—808—CuNi
photocatalyst for CO,—to—CH, conversion.*®! When the MOF
catalyst lacked metal sites, it exhibited the HCOOH is the main
product. However, when Ni species were incorporated into
the MOF—808 framework, the main product HCOOH evolu-
tion rate showed only a slight decrease. The catalytic perfor-

Chem. Eur. J. 2025, 31, €202500636 (5 of 11)

mance improved significantly with the incorporation of Cu?*.
MOF—808—CuNi demonstrated an increased CH, production
rate of 158.7 umol g~ h~' and effectively suppressed HCOOH
formation (Table 1). To investigate the charge transfer behavior,
electron spin resonance (ESR) measurements were conducted.
The ESR peak at g = 2.002 corresponds to oxygen—centered
active sites in Zr—oxo clusters, where electrons are trans-
ferred from [Ru(bpy);]Cl,. Under CO,, the ESR signals associ-
ated with Cu(ll) and Ni(l) change, indicating electron migration
from Zr—oxo sites to the Cu/Ni dual—metal sites. In situ dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
reveals that species like HCOs*, COs*, and CO,* act as poten-
tial intermediates for C1 fuel production. Additionally, OCH;* and
CHs* intermediates are key in the CO,—to—CH,4 photoreduction
process. DFT calculations confirm electron transfer from Zr—oxo
clusters to Cu/Ni sites, coupling with CO, to produce CH,4. The
synergistic effect between Cu and Ni stabilizes C1 intermedi-
ates and suppresses byproduct formation, thereby leading to
high CH, selectivity (Figure 4a). Furthermore, the self—adaptive
Cu/Ni dual-metal sites in MOF—808—CuNi play a crucial role
in enhancing the photocatalytic CO, reduction process. Struc-
tural analysis showed that key parameters, such as the Cu—Ni
bond distance (dc,.n) and the N—N bond angle, evolve dynami-
cally during the reaction. Initially, the dc,_n; distance is 4.312 A,
which adjusts to 4.454 A upon adsorption of COOH* after the
first proton—coupled electron transfer. As COOH* evolves into
HCOOH?, the distance further changes to 4.356 A.The N—N bond

© 2025 Wiley-VCH GmbH
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Figure 4. (a) Gibbs free energy diagram for the photoreduction of CO, to CH,; over MOF—808—CuNi. (b) Configuration evolution with varying values of the

Cu—Ni bond distance (dc,—ni) and the N-—N bond angle. Reproduced from ref.

30 with permission from Springer Nature, Copyright 2024. (c) Photocatalytic

CO, reduction by CoZn—In, CoNi—In, and NiZn—In, as well as related M—In and MM—In. Reproduced from ref. 31 with permission from Springer Nature,

Copyright 2021.

angle also varies from 66.459° to 83.377° during the reaction
(Figure 4b). These dynamic adjustments of the Cu/Ni dual—metal
sites help stabilize the C1 intermediates and suppress the desorp-
tion of byproducts, contributing to the high selectivity for CO,
reduction to CH,.

Furthermore, heteronuclear MOF—based catalysts such as
CoZn—In, CoNi—In, and NiZn—In,’®" also have shown significant

Chem. Eur. J. 2025, 31, €202500636 (6 of 11)

improvement in photocatalytic CO, reduction compared to
their mononuclear counterparts (Figure 4c, Table 1). Notably,
CoZn—In exhibited the highest performance, achieving a CO
yield of 12,700 umol g=' h7', and a quantum yield of 2.05%,
which is significantly higher than that of the corresponding
monometallic Co—In, Ni—In, and Zn—In as well as homometallic
CoCo—In and ZnZn—In catalysts. highlighting its superior
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photoelectric conversion capability. This enhancement is
attributed to the DMSC effect, wherein the combination of
Co and Zn sites facilitates efficient CO, reduction. The DMSC
effect was further verified through natural bond orbital (NBO)
charge calculations, which indicated that the stronger binding
affinity of Zn** to OH~ enhances the cleavage of the C—OH
bond in the [0 = C—OH] intermediate, thus accelerating the
CO,—to—CO conversion. This synergy between Co and Zn also
stabilizes key intermediates, leading to improved selectivity
and efficiency. Isotope tracing experiments confirmed that
the CO produced originated from CO,, further supported by
control experiments that showed negligible CO production in
the absence of catalyst, light, and CO,. In addition to its high
activity, CoZn—In also exhibited excellent stability, maintaining
its catalytic performance over at least four reaction cycles. More-
over, the catalyst displayed strong activity under a simulated
flue gas environment (10% CO, and 90% Ar), demonstrating its
potential for practical applications in CO, reduction.

Therefore, MOF—based DACs both homonuclear and het-
eronuclear exhibit significant potential for enhancing photocat-
alytic CO, reduction. The synergistic effects between dual—metal
sites, as seen in Ni,—based, Co,—based, and Cu—Ni DACs,
play a pivotal role in improving catalytic efficiency and selec-
tivity. These interactions often facilitate more efficient charge
transfer, stabilize key intermediates, and lower the activation
energy required for CO, conversion, all of which contribute to
their high performance. Notably, heteronuclear systems such
as CoZn—In demonstrate outstanding performance, with CO
yields substantially higher than their mononuclear counterparts.
These properties allow for better control over reaction inter-
mediates and improve the overall selectivity toward desired
products. Future research should focus on exploring novel metal
combinations, optimizing dynamic coordination environments,
and advancing mechanistic understanding to further develop
high—performance MOF—based catalysts for sustainable CO,
reduction.

4. Electrocatalytic CO, Reduction

Electrocatalytic CO, reduction represents a promising strategy
for converting CO, into valuable products such as fuels and
chemicals.?*3¢! This section examines the role of MOF—based
DACs in enhancing the efficiency of this process. Particular atten-
tion is given to how the combination of metal pairs within MOFs
can improve the selectivity and effectiveness of CO, conversion.
Furthermore, the challenges associated with catalyst stability
and performance in practical applications are addressed. The cat-
alytic performance of various DACs is summarized in Table 2,
offering a comprehensive overview of their capabilities.
Homonuclear =~ MOF—based DACs: Liao et al
reported a Cu, catalyst, [Cuy(obpy),] (Cuobpy, where
Hobpy = 1H—[2,2'lbipyridinyl—6—one), a cuprous complex
in which each Cu(l) ion adopts a trigonal geometry, coordi-
nated by two nitrogen atoms from one obpy~ ligand and one
oxygen atom from another.””) The Cu(l) ions form a dimeric
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structure, with a short intramolecular Cu--Cu distance of 2.58 A
and two interdimer Cu--Cu interactions of 2.99 A (Figure 5a). In
an H—type cell, Cuobpy—SL nanosheets exhibited significantly
higher performance at — 1.4 V versus RHE, with a faradaic effi-
ciency (FE) of 82% for CH, at a current density of 22 mA cm™2
(Figure 5b). In a flow—cell device, Cuobpy—SL achieved a current
density of approximately 90 mA cm~2 while maintaining an FE
of 82%. Operando ATR—FTIR spectra collected at — 1.4 V versus
RHE in CO,—saturated 0.1 M KHCO; revealed key intermediates
in the electrocatalysis CO,RR process, including *COOH, *CHO,
*CH,O, and *CH;O. DFT calculations indicated that *CO species
bridging two Cu ions are favored over single Cu coordination,
promoting the formation of *CHO with a lower energy barrier.
The confined dicopper sites in Cuobpy—SL hinder C—C coupling,
enhancing CH, selectivity. These findings highlight the critical
role of the dicopper site in stabilizing intermediates and guiding
the reaction pathway toward CH,4 production.

Furthermore, they designed an MOF—based
DAC PcCu—Cu—0, incorporating metallo—ligand
(2,3,9,10,16,17,23,24—octahydroxy—phthalocyaninato)  copper(ll)
(PcCu—(OH)g) to achieve more deeply reduced products, partic-
ularly C,, products.*®! PcCu—Cu—O is a 2D MOF composed of
PcCu—(OH)g ligands and square—planar CuO,4 nodes (Figure 5c).
Compared to discrete molecular copper—phthalocyanine (with
an FE of GH; = 25%), PcCu—Cu—O exhibits significantly
improved performance for the electrocatalytic reduction of
CO, to GH,, achieving an FE of 50(1)%, and a current density
of 73 mA cm~2 at — 12 V versus RHE in 0.1 M KHCO; solu-
tion (Figure 5d). Periodic DFT studies reveal that the two *CO
intermediates are separated by 8.95 A, preventing direct C — C
dimerization into the *OCCOH intermediate, which means that
one of the *CO intermediates must desorb before dimerization
can occur. The *CO adsorption energy on the CuPc unit is sig-
nificantly higher (48 kJ mol~") compared to the CuO, unit (16 kJ
mol~"), due to differences in the coordination fields around
the metal ions. Since the CuO, unit is highly active for CO,
reduction to CO, its lower *CO adsorption energy suggests that
it acts as an ideal CO source for C—C dimerization on CuPc
during CO,RR. In contrast, the higher *CO adsorption energy on
CuPc favors the hydrogenation of CO to *CHO before dimeriza-
tion (Figure 5e). Therefore, the combination of CuPc and CuO,
units in PcCu—Cu—O significantly lowers the energy barrier
for C—C dimerization compared to discrete molecular PcCu
and PcCu—(OH)g catalysts, resulting insuperior performance.
In—situ ATR—FTIR measurements were performed to confirm
the *COOH, *CHO, and *COCHO intermediate. Most notably,
the absorption peaks for the *CH, = intermediate (894 cm™
for C—H bending and 3108 cm™' for C—H stretching) were
observed, confirming the presence of key intermediates in the
electrochemical reduction of CO, to C;H, (Figure 5e).

Ligand modulation plays a crucial role in regulat-
ing the catalytic performance of MOF—based DACs. For
instance, Zhang et al. synthesized three MAF-2 cata-
lysts with different functional groups on the organic
ligands via the solvothermal reaction of Cu,0O and
dialkyl—1,2,4—triazoles: [Cu(dmtz)y33(detz)g 7] (MAF—2ME,

© 2025 Wiley-VCH GmbH
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Table 2. Electrocatalysis CO,RR to high—value products of MOF—based DACs.
Product of FE
Material Electrolyte Type of cell E Vs RHE J co CH,4 CoHy C,Hs0H Ref.
Cuobpy 0.1 M KHCO3 H-type —14V 12 mA cm—2 - 51% - - [37]
Cuobpy—SL 0.1 M KHCO3 H—type —14V 22 mA cm™2 — 82% - - [37]
0.1 M KHCO3 Flow -4V ~ 90 mA cm™? - 82% - -
PcCu—Cu—-0O 0.1 M KHCO3 H—type —-12V 73 mA cm™2 ~ 3% ~ 12% 50% - [38]
MAF—2ME 0.1 M KHCO; H—-type -11V — ~ 29% ~ 3% ~ 38% - [39]
MAF—2E 0.1 M KHCO; H-type —13V 57 mA cm~2 ~ 8% ~ 17% ~ 51% - [39]
MAF—2P 0.1 M KHCO; H-type —15V 57 mA cm~2 ~ 3% ~ 56% ~ 21% - [39]
Cu—Pz—H 1.0 M KOH Flow —1.0V 346.46 mA cm~2 23.57% 8.53% 60% - [40]
Cu—Pz—Cl 1.0 M KOH Flow —1.0V - 24.81% 21.03% 32.57% - [40]
Cu—Pz—Br 1.0 M KOH Flow —1.0V - 25.64% 25.35% 26.79% - [40]
Cu—Pz—I 1.0 M KOH Flow —1.0V 287.52 mA cm~—2 — 52% 16.04% - [40]
CuSn—HAB 1.0 M KOH Flow —0.57V 68 mA cm—2 - - - 56% [32]
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Figure 5. (a) Edge—to—face hydrogen—bonding interactions between adjacent molecules around the dicopper sites of Cuobpy—SL. (b) FEs of different
reduced products by Cuobpy—SL as catalysts at different potentials. Reproduced ref. 37 with permission from Copyright 2023, American Chemical Society. (c)
lllustration of the structure of PcCu—Cu—O. (d) FEs of C;H4, CH4, CO, and H, for PcCu—Cu—O. (e) Proposed CO,RR mechanism of PcCu—Cu—0O and In—situ
ATR—FTIR spectra of PcCu—Cu—O during the electrochemical CO,RR. Reproduced ref. 38 with permission from Copyright 2021, American Chemical Society.

Hdmtz = 3,5—dimethyl—1,2,4—triazole), MAF—2E, and [Cu(dptz)]
(MAF—2P, Hdptz = 3,5—dipropyl—12,4—triazole).?®! In these
compounds, Cu(l) ions are trigonally bridged, forming dimers
with a Cu-Cu distance of 3.4 A. The electrocatalytic CO, reduc-
tion efficiency and selectivity of MAF—2ME, MAF—2E, and
MAF—2P varied with electrolysis potential. As the potential
decreased, the FE for CO decreased while FE for CH; and C,H,

Chem. Eur. J. 2025, 31, €202500636 (8 of 11)

increased. At — 1.5 V, FE s 1 cone reached 77%, one of the
highest values for MOFs and MOF—derived catalysts. MAF—2E
achieved the highest FE for GGH, (512 4+ 23%) at — 13V,
while MAF—2P showed the highest FE for CH, (55.9 + 4.3%)
at — 1.5 V. At more negative potentials, the FE(C,H4)/FE(CH,)
ratio decreased, with MAF-2P shifting from C;H, to CH, selec-
tivity. This selectivity inversion is attributed to the bulky propyl

© 2025 Wiley-VCH GmbH
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Figure 6. (a) FEs for C;Hs on Cu—PzX and FEs for CHs on Cu—PzX at different applied potentials. (b) Calculate the partial densities of states (PDOS) of Cu
3d for Cu—PzX (X = H, Cl, Br,|) catalysts and the important parameters (Dcy—cu, Bcu—cu and the distance of *CO--*COH for C—C coupling) and RDS in the
optimized structure of Cu—PzX catalysts. Reproduced from ref. 40 with permission from Wiley—VCH, Copyright 2021.

groups in MAF-2P, which prevent the bi—copper active sites
from binding two intermediates simultaneously, promoting CH,
formation. Theoretical calculations revealed that the coordina-
tion geometry of Cu(l) changes from triangular to tetrahedral
to accommodate reaction intermediates, with two adjacent
Cu(l) ions cooperating for C—C coupling to form CH,. The
ligand side groups regulate catalyst flexibility through steric hin-
drance, making the GGH, pathway more sensitive than the CH,
pathway.

In addition, Lan et al. designed and synthesized a series
of Cu—based single—chain catalysts (Cu—PzX; X = H, Cl, Br, |;
Pz = pyrazole) with different halogen atoms on the pyrazole
ligands %! (Figure 6a). The variations in coordination microen-
vironment lead to changes in the Cu-Cu distance (from 3.57 to
3.63 A) and the dihedral angle (from 74.48° to 70.87°), which in
turn alter the product distribution during CO,RR. At — 1.0 V ver-
sus RHE, Cu—PzH achieves an FE of C,H, of 60%, with a high
current density of — 346.46 mA cm~2, the highest reported for
Cu—Dbased crystalline MOF. In contrast, Cu—Pzl shows the high-
est FE for CH, (52%) with a partial current density of — 287.52 mA
cm~2 (Figure 6b). Based on the structure models, DFT calcula-
tions that Cu—PzH (Dcu_cy = 357 A, Bcu_cu = 74.48°) has the
lowest reaction energy barrier for C;H, generation because of
the shortest *CO--*COH distance (1483 A) for C—C coupling. In
contrast, Cu—Pzl (Dcy_c, = 3.63 A, Bcu_cu = 70.87 °) is more
inclined to the protonation of *CO to produce CH, with the
lowest reaction energy barrier (Figure 6¢). The selectivity ratios
of CH, to C;H, decreased with more negative potentials, high-
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lighting the impact of the coordination microenvironment on
product distribution. Based on experimental results and DFT cal-
culations, this selectivity difference can be attributed to two key
factors. First, the synergistic effect between neighboring catalytic
active sites, induced by changes in the coordination microenvi-
ronment, alters the C—C coupling distance. Second, the variation
in the coordination microenvironment modifies the adsorption
strength of key reaction intermediates by affecting the d—band
center of copper, thereby influencing catalytic performance.
Heteronuclear MOF—based DACs: Chen et al. recently
developed efficient heteronuclear DACs (CuSn—HAB) featuring
unprecedented heterometallic Sn--Cu dual sites, synthesized
via a solvothermal method.? The catalyst incorporates SnN,O,
and CuN, coordination, significantly enhancing the efficiency
and selectivity of CO, reduction. Under optimal conditions,
CuSn—HAB achieved an FE of 56% for ethanol at — 0.57 V
versus RHE, with a current density of 68 mA cm~2. Additionally,
it exhibited impressive reaction rates for ethanol formation,
with a partial current density exceeding 38 mA cm~2 and a
turnover frequency of 0.0601 s~'. This performance surpasses
that of Cu—HAB, demonstrating the beneficial role of the het-
erometallic dual sites in facilitating asymmetric C—C coupling.
Unlike Cu—based single—site catalysts, which typically lead to
competitive product formation, CuSn—HAB exclusively produces
ethanol, with no significant generation of other C2+ products.
The catalyst displayed excellent stability over 35 hours of con-
tinuous operation, with only minor declines in current density
and FE, indicating its long—term durability. Operando ATR—FTIR
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analysis identified key intermediates, such as *CO, *OCH,, and
#CO—*0OCH,, which are crucial for ethanol formation. The CuN,4
site coordinates with the four nitrogen atoms, while the SnN,0,
site, which has a higher oxygen affinity, plays a pivotal role
in generating *OCH, and promoting *CO-*OCH, dimerization
for ethanol production. DFT calculations revealed that the
low Gibbs free energy for the C—C coupling between these
intermediates contributes to the high efficiency of CuSn—HAB.
Furthermore, isotope labeling experiments confirmed that the
CO in the ethanol product originates from CO,.

Overall, both homonuclear and heteronuclear MOF—based
DACs can significantly enhance electrocatalytic CO, reduc-
tion activity and selectivity. Highlighted examples, including
Cu,(obpy), PcCu—Cu—0O, MAF—-2, Cu—PzX, and CuSn—HAB,
clearly demonstrate the crucial roles of metal—metal synergy, lig-
and modification, and precise site engineering for CO, reduction.
Challenges remain regarding the long—term stability and scal-
ability, as well as the conductivity of MOF—based DACs. Thus,
future studies need to focus on optimizing catalyst design to
improve the durability and conductivity of MOF—based DACs,
and developing comprehensive mechanistic insights to further
advance MOF—based DACs toward practical electrocatalytic CO,
conversion applications.

5. Summary and Outlook

This review presents a comprehensive overview of the recent
advancements in MOF—based DACs for photocatalytic and elec-
trocatalytic CO,RR, focusing on their synthesis strategies, cat-
alytic mechanisms, and applications. DACs, where two metal
atoms are precisely incorporated into the support material,
exhibit unique advantages over traditional catalysts due to their
DMSC effect. This effect enhances reactant activation, accel-
erates charge transfer, and reduces activation energy, thereby
significantly improving the catalytic performance for CO,RR.
The review investigates various approaches for synthesizing
MOF—based DACs, highlighting the tunability of MOFs and their
ability to host dual—atom sites with high atomic efficiency.
These advantages make MOF—based DACs ideal candidates for
enhancing the stability, selectivity, and kinetics of CO,RR. Addi-
tionally, the review elaborates on the impact of the local elec-
tronic structure, coordination environment, and metal—metal
interactions on catalytic performance, providing insights into
the mechanisms behind the DMSC effect. Despite the promising
potential of MOF—based DACs, several challenges remain. The
design and synthesis of these catalysts require precise control
over metal site placement, coordination geometry, and stabil-
ity under reaction conditions, Future research should focus on
improving the stability of MOF—based DACs under practical con-
ditions, developing advanced synthesis techniques for precise
metal positioning, and investigating the effect of metal—metal
distance in MOF—based DACs on CO, reduction activity and
product selectivity. Additionally, a deeper understanding of the
structure—performance relationship through advanced in—situ
characterization techniques and computational modeling will

Chem. Eur. J. 2025, 31, €202500636 (10 of 11)

be crucial for optimizing catalyst design and expanding their
applicability in CO, reduction.
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