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SUMMARY

The excessive CO2 emission has resulted in climate changes, which has threat-
ened human existence. Photocatalytic and electrocatalytic CO2 reduction, driven
by wind electricity and solar energy, are feasible ways of tackling carbon dioxide
emission, as both energies are clean and renewable. Single-atom catalyst (SAC) is
a candidate owing to excellent electrocatalytic and photocatalytic performance.
Methods for preparing an SAC by usingmetal-organic frameworks (MOFs) as sup-
port or precursors are summarized. Also, applications in energy conversion are
exhibited. However, the real challenge is to improve the selectivity of catalytic
reactions to yield higher value products, which is to be discussed.

INTRODUCTION

The current demand for fossil fuel is growing, resulting in an excessive emission of CO2, the main green-

house gas. It is the main challenge to effectively reduce the emission of CO2 and convert CO2 into acces-

sible resources so as to reduce total carbon dioxide (Zhao et al., 2021; Zou et al., 2021). Finding alternative

energy sources and utilizing clean energy to convert CO2 into reusable chemical raw materials and fuel are

common concerns in recent studies (He et al., 2020; Li et al., 2020a; Yang et al., 2018a, 2019). The progress in

carbon dioxide reduction reaction is expected to solve the environmental problems caused by excessive

carbon dioxide emission.

Currently, electricity and solar energy are two relatively easily available clean energy sources, and their ap-

plications in the field of carbon dioxide reduction have been extensively studied (Chen et al., 2020a, 2021a).

Electrochemical and photochemical methods could realize the conversion of CO2 at room temperature

and atmosphere pressure with a good application prospect (Peng et al., 2018; Sun et al., 2019). Photoca-

talysts activate carbon dioxide molecules by highly active photoelectrons excited by absorbing optical en-

ergy (Hao et al., 2021), whereas electrocatalysis drives the transfer of electrons through voltage (Shah et al.,

2021). Although different energies are used, the common goal is to activate carbon dioxide by the catalytic

active sites to convert other forms of energy into chemical energy. In terms of electrocatalysis, a low over-

potential means a lower electrolysis voltage, and a high current density means a higher catalysis rate, which

are important factors affecting electrocatalytic performance that needs to be optimized (Deng et al., 2019;

Kim et al., 2019; Ting et al., 2020). As for photocatalysis, the catalytic activity depends on the capability of

creating electron-hole pairs, which is the key point to generate free radicals for subsequent reaction pro-

cess (Chu et al., 2020). The separation of electron and hole reflects the photocatalytic performance (Luo

et al., 2019; Wang et al., 2020c). Regardless of whether it is electrocatalysis or photocatalysis, the reduction

reaction of carbon dioxide is quite complicated. A variety of different reduction products can be obtained

thermodynamically ((Equations 1), (2), (3), and (4)). How to control and obtain a single product, or to obtain a

product with higher economic benefits, is still a big challenge.
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The proposed redox reactions are related to catalytic activation of CO2, which might lead to different

products.

Owing to its high atomic utilization and excellent catalytic efficiency, single-atom catalysts (SACs) have

been extensively studied (Yang et al., 2021; Zhang et al., 2020a, 2020b). SACs integrate the characteristics

of both homogeneous catalysts and heterogeneous catalysts. By adjusting the coordination environment

of the active site, the electronic structure of the active sites is regulated, thereby improving the selectivity

and catalytic activity of the catalytic reaction (Cheng et al., 2019; Gong et al., 2020; Hou et al., 2020a).

According to the TSK model, single atom with lower coordination number is inclined to be more reactive

for electrocatalysis. Besides, controllable electronic structure of the catalytic sites adjusts the energy level

structure of semiconductor affecting the absorption of photons or the transition of electrons (Guan et al.,

2021). Meanwhile, the antenna effect enables the accumulation of charges at the single atom, which is

conducive to the separation of electrons and holes (Zhang et al., 2021d). The inherent properties of single

atoms as mentioned are advantageous in the application of electrocatalysis and photocatalysis (Jiao and

Jiang, 2019; Zhuang et al., 2020). The precise structure of SACs also provides ideas and directions for

further catalyst design (Zhang et al., 2021c). However, owing to the high surface energy, the preparation

and stabilization of SACs is a major challenge. To find how to avoid the agglomeration of single atoms

remains a problem.

Metal-organic frameworks (MOFs) are the new types of porous materials with a rich and uniform channel

structure and high specific surface area. An adjustable metal node and ligand structure provide plenty

of coordination sites to stabilize single atoms. MOFs have become good platforms for building and

designing single atoms (Huang et al., 2020). MOF-derived materials obtained by the pyrolysis treatment

of MOFs inherit the pore structure, and abundant coordination sites of MOFs, meanwhile, improve the con-

ductivity and stability of the material, expanding the application of MOF-based single atoms (Zhao et al.,

2019). Also, the porous structure enables the MOFs to have excellent mass transfer performance. The

adsorption of carbon dioxide and other molecules and active species in the reaction process facilitates

its interaction with the catalytic sites. Simultaneously, metal nodes and organic ligands in certain series

of MOFs have intrinsically electrochemical and photochemical activity (Ikreedeegh and Tahir, 2021).

Therefore, MOFs are good platforms for constructing single-atom electrocatalysts and photocatalysts.

With MOFs as templates to synthesize SACs, currently, the utilization of SACs in electrochemical and

photochemical catalytic reduction of carbon dioxide has made progress (Figure 1). In this review, we will

summarize the common strategies for applying MOFs to fabricate SACs, and elaborate these strategies

in the catalyst construction process, combining them with advantages and characteristics exhibited in

the photo/electro-catalytic carbon dioxide reduction reaction. Finally, the prospects and challenges of

MOF-based methods in CO2 photo/electro catalysis field will also be proposed.

STRATEGY FOR SAC SYNTHESIS AND APPLICATION IN CO2RR

MOF-based strategy and application in photocatalytic CO2RR

As precursors of SACs, MOFs contribute to single-atom site separation, stabilization, and functional real-

ization. Organic ligands, metal nodes, and pore structure are the three elements of MOFs. The coordina-

tion unsaturated non-metal atoms existing in the organic ligands of the framework and metal clusters at

metal nodes could stabilize the single atom through coordination interactions. The pores with a specific

size could wrap the precursors of a specific diameter, thereby realizing the separation of single atoms in

space. The construction of MOF-based SACs will be introduced through three aspects below. For the pho-

tocatalytic CO2RR, the conjugated pi-system in MOFs could absorb photons to realize the conversion of

light energy into chemical energy. For the electrocatalytic CO2RR, the graphene-like structure obtained

by the pyrolysis of MOFs improves the electrical conductivity of the materials. The selection of MOFs

and synthesis strategies has different emphases for photocatalysis and electrocatalysis, respectively.

SACs for photocatalysis are mostly prepared using light-responsive MOFs. Also, the treatment is relatively

mild to ensure that the photosensitive domains are not destroyed. SACs used for electrocatalysis require

more severe treatment to obtain carbon materials with better conductivity.

Organic ligand stabilization strategy

The organic ligands in the MOF framework have a large number of coordination unsaturated non-metal

atoms. Abundant coordination sites are utilized to capture precursors to achieve spatial dispersion and
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Figure 1. Summary of metal elements and MOFs for preparation of SACs

(A) Elements of MOF-based and MOF-derived SACs for electrocatalytic (green) and photocatalytic (yellow) CO2RR.

(B) The structure of MOFs as precursors for SACs.

(C) Schematic illustration of strategies for preparing SACs using MOFs as precursors.
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stabilize ultimate single metal atoms. Besides, a well-defined geometric structure and chemical coordina-

tion environment are conductive to determining the structure of the catalytic active sites, which is essential

for explaining the reaction mechanism and further design optimization.

Wang and collaborators utilize ligand-stabilizing strategy to prepare Cu SACs for selective photoreduc-

tion of CO2 (Wang et al., 2020a). Copper nitrate pentahydrate, used as the precursor of Cu species, is

added into the suspension of pre-prepared UiO-66-NH2. Cu precursor is captured by -NH2 groups so

as to realize the initial spatial separation of the Cu single atom. In contrast to the usual pyrolysis method,

the photoinduced approach is adopted here, and the original spatial structure with abundant pores is

maintained to a large extent with the utilization of light induction method, which is much milder than

heat treatment. Through the interaction of the Cu and N atoms of the organic framework, a two-coordi-

nated planar structure is formed, which stabilizes the single Cu atom (Figure 2A). No significant changes

in photocatalytic activity and material structure are observed during the performance testing, demon-

strating the stability of Cu SAs/UiO-66-NH2. Compared with pristine MOFs, the Cu single atom doped

material performs better in photocatalysis. The introduction of copper atom tunes electron structure

of semiconductor. With lower conduction band energy, Cu-SAC possess narrower band gap, which is

conducive to the enrichment of photoelectron (Figures 2B and 2C). The valence state of Cu atoms

changes after light treatment, indicating the electron transfer towards Cu atomic sites (Figure 2D). In

comparison with original MOFs in which photoelectron is enriched to the metal nodes, Cu-SAC performs

with a higher efficiency of charge separation that is beneficial for the activation of CO2. The energy bar-

rier of the formation of COOH* that is considered as vital intermediate in CO2RR is much smaller than

other catalysts (Figure 2E), originating from the transformation of the electron-level structure caused

by the introduction of the Cu atom and interaction between intermediate and amino groups through

a hydrogen band. Reactive intermediate CO* and CHO* derived from COOH* further couple to

generate ethanol, promoting the selectivity for CO2RR towards ethanol.
iScience 25, 104177, April 15, 2022 3



Figure 2. Synthesis and characterization of SACs prepared through an MOF-based strategy

(A) EXAFS fitting curves of Cu SAs/UiO-66-NH2 at R space showing the coordination of Cu site. Reprinted with permission

from Wang et al. (2020a) Copyright 2020 American Chemical Society.

(B and C) As-calculated partial density of states (PDOS) of UiO-66-NH2 (B) and Cu SAs/UiO-66-NH2 (C), which shows the

narrow-band gap contributed from the Cu SAs. Reprinted with permission from Wang et al. (2020a) Copyright 2020

American Chemical Society.

(D) Low-temperature X-band EPR spectra of Cu SAs/UiO-66-NH2 showing valence changes of Cu occurring during the

photocatalytic activation. Reprinted with permission fromWang et al. (2020a) Copyright 2020 American Chemical Society.

(E) Calculated free energy diagram of steps for CO2RR showing a smaller energy barrier in the formation of *COOH in the

case of Cu SAs/UiO-66-NH2. Reprinted with permission from Wang et al. (2020a) Copyright 2020 American Chemical

Society.

(F) CO yield of photocatalytic CO2RR in the presence of Re-SAC with different contents of Re. Reprinted with permission

from Chen et al. (2019) Copyright 2019 Springer Nature.

(G) Schematic of the preparation of Re-SAC by ligand exchange. Reprinted with permission from Chen et al. (2019)

Copyright 2019 Springer Nature.

ll
OPEN ACCESS

iScience
Review
Chen and collaborators utilize the strategy of exchange after the construction of MOFs to fabricate Re-SAC

for the photoconduction of CO2 (Chen et al., 2019). A type of Re complex, the analogue of organic ligand of

selected MOFs, is used as the Re precursor. An exchange with skeleton results in the introduction of Re

species into MOFs. The framework has no significant change after ligand exchange. Through the control

of exchanging time, a catalyst with different content of Re species is available (Figure 2G). By comparison

of the CO-producing rate between the catalysts with different Re loadings, it is observed that the complete

exchange for Re complex is not the optimal choice (Figure 2F).
4 iScience 25, 104177, April 15, 2022
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Organic ligands of skeleton provide abundant coordination-unsaturated non-metallic atoms, which could

ensure the stabilization of active metal atom through coordination interactions. By controlling the amount

of precursors added, the amount of metal atoms in the active center that is finally loaded on the MOF can

be adjusted. When an insufficient amount of metal precursors is injected, parts of organic ligands that are

not coordinated will be retained, leading to accessibility to coordinate another species of metal atom,

which results in the composition of different active species.

Liu and collaborators utilize a two-step self-assembly method to construct a Ru/Co bases catalyst (Liu et al.,

2019). In the process of constructing MOFs, Ru species is first introduced. A special Ru precursor

Ru(H2bpydc)(bpy)2 is used, containing the same structural unit as the organic ligand H2bpydc in the

MOFs, so that the Ru precursor can be assembled into the MOFs as a part of the framework. By adjusting

the ratio of the added organic ligand and the Ru precursor, it is possible to achieve the adjustment of Ru

loading. The part of the skeleton constructed by H2bpydc contains N atoms without coordination satura-

tion, which could stabilize the Co precursor subsequently injected into the system through coordination.

The loading of Co also varies with the concentration of the added Co ion solution (Figure 3A). Thereby,

MOFs loaded with two different metal atoms are obtained, exhibiting excellent photocatalytic activity

for water splitting and CO2RR, which can realize the preparation of water gas effectively. The ratio of reduc-

tion product H2 to CO changes with the adjustment of the water content in the substrate CH3CN/H2O (Fig-

ure 3B) or the Co/Ru ratio of MOF-based catalysts. In the test of stability, (Co/Ru)2.4-UiO-67(bpydc) shows

no change in the photocatalytic activity after three cycles (Figure 3C), indicating stability for photocatalysis.

Efficient photocatalytic performance comes from the integration of photosensitizer and catalytic active

sites, promoting intramolecular transfer of the excited electron and separation of electron-hole pairs

(Figure 3D). Diatomic site MOF-based catalyst demonstrates greater photocatalytic efficiency compared

with a homogeneous system composed of two ions, which shows weak electron transfer from the photo-

sensitizer to Co active sites with a similar potential.

Metal node stabilization strategy

The metal node should sum up several different strategies. What is common for these strategies is that the

single atom is stabilized near themetal node of MOFs. It is easy to mistakenly think that a metal-metal bond

is formed.

The metal node strategy also utilizes non-metal atoms with coordination ability, but it is different from the

organic ligand stabilization strategy mentioned above. The metal nodes located on the surface of the ma-

terial are different from those located in the body. The metal nodes on the surface with unsaturated coor-

dination will be supplemented by the -OH/-OH2 groups that exist in the system. These inorganic groups

can act as multidentate ligands. They can be used to stabilize metal monoatomic species. Unlike organic

ligands, this inorganic bridging ligand has differences in the structure and properties. Therefore, classifying

it separately to distinguish it from organic ligands is more conducive to understanding its structure–activity

relationship.

Abdel-Mageed and collaborators used the defect sites formed during the synthesis of UiO-66 to stabilize

the Cu single atom (Abdel-Mageed et al., 2019). In the process of self-assembly of metal ions and organic

ligands, linker mismatches might occur. Zr6 clusters will capture other molecules or ions in the reaction sys-

tem to form terminal structures containing defective sites, thereby providing unsaturated coordination

sites, which could be used to stabilize single atoms. The Cu precursor was added to the MOFs that contain

defects. The stable structure of the Zr oxide cluster is obtained by the solvothermal method. The post-treat-

ment method of H2 reduction is used to remove the coordinated and bound chlorine atoms on Cu. So, the

Cu single-atom active sites can be fully exposed, showing excellent catalytic activity.

Among the metal node stabilization strategies, another strategy is essentially the exchange reaction of

metal species. The node metal and the target metal undergo an ion exchange reaction. Single atoms re-

placed the original metal to become the new nodes. The target metal is doped into the framework of the

MOFs, thereby realizing the spatial pre-separation of the metal atom.

Geng and collaborators utilize node metal ion exchange strategy to prepare an Sn-doped ZIF-8 (Geng

et al., 2020). The doping method is also a good method for introducing two metals at the same time. By

adjusting the degree of ion exchange, the ratio of introduced metal species could be easily regulated.
iScience 25, 104177, April 15, 2022 5



Figure 3. Preparation and characterization of an MOF-based single-atom catalyst

(A) Illustration of the synthetic process of Co/Ru-SAC. Reprinted with permission from Liu et al. (2019) Copyright 2019

Elsevier B.V..

(B) H2/CO evolution rate at different H2O contents. Reprinted with permission from Liu et al. (2019) Copyright 2019

Elsevier B.V..

(C) H2/CO evolution rate through multiple catalytic cycles showing nearly no decrease in activity. Reprinted with

permission from Liu et al. (2019) Copyright 2019 Elsevier B.V..

(D) Schematic of the proposed mechanism of photocatalytic production of syngas. Reprinted with permission from Liu

et al. (2019) Copyright 2019 Elsevier B.V..

(E) Schematic of the preparation of SAC 2Bn-Cu@UiO-67. Reprinted with permission from Chen et al. (2022) Copyright

2021 Wiley-VCH GmbH.

(F) Sn 3-day XPS spectra of Sn-ZIF-8 with different tin contents. Reprinted with permission from Geng et al. (2020)

Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(G) Electrocatalytic performance of 2Bn-Cu@UiO-67 showing the high current density and selectivity to CH4. Reprinted

with permission from Chen et al. (2022) Copyright 2021 Wiley-VCH GmbH.

(H) Schematic of the preparation of Sn-doped ZIF-8. Reprinted with permission from Geng et al. (2020) Copyright 2020

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Through the self-assembly of Zn2+ and imidazole, the MOFs are first prepared. The prepared ZIF-8 powder

is dispersed in an Sn2+-containing methanol solution through a solution immersion method to obtain a tin-

doped ZIF-8 through the exchange reaction of tin ions and zinc ions (Figure 3H). ZIF-8 doped with different

tin contents could be prepared by adjusting the concentration of the tin ion solution (Figure 3F). The

doping of tin ions does not damage the skeleton structure of ZIF so that the prepared catalyst effectively

retains the topological structure and physical properties of the MOFs. At the same time, the introduction of

new metals has improved the activity and selectivity of the CO2 catalytic reduction.
6 iScience 25, 104177, April 15, 2022
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It is worth noting that there is a strategy to modify the metal nodes. Different functional ligands are con-

nected to themetal nodes to provide new unsaturated coordination sites. The newly added organic ligands

are used to stabilize the single atom through coordination. From the perspective of construction, this strat-

egy is similar to the strategy of using inorganic bridging ligands, but in terms of functionality, it is more

similar to the stabilization strategy using the organic ligands. The introduction of new ligands can enrich

the functionality of materials that have stronger functionality and variability; thus, it is not limited only to

the organic ligands in the framework

Pore confinement strategy

MOFs are porous materials with abundant pore structures having a uniform and adjustable pore size. When

the size of the pore matches the diameter of the metal complex ion, the precursor could be added during

the construction and growth of MOFs, so that the complex ion would be imprisoned in the cage of MOFs.

Owing to the similar diameter, at most ,only one ligand ion could be confined in the pore at the same time,

thereby realizing the pre-separation of the metal precursor. However, post-treatment is required later. In a

relatively mild pyrolysis process, the precursor is decomposed without destroying the overall skeleton

structure of MOFs. Also, the single atom would interact with the ligands to be stabilized. Therefore, the

strategy of pore confinement is a pre-separation method that reduces the metal agglomeration during

the heat treatment process through spatial separation.

Chen and collaborators adopt several kinds of organic ligandsmatching the diameter of theMOFs pore (Chen

et al., 2022). The separation of the metal active site is achieved by pore restriction. The radius of the organic

ligand is close to that of the pore, so that only one ligand can be contained in the same pore. The realization of

this strategy benefits from the precise control of the pore structure ofMOFs. Themetal salts are then added to

the system, and immobilized in the pores of MOFs through coordination with the organic ligands that are pre-

viously confined in the pores (Figure 3E). Testing CO2RR performance, it exhibits high catalytic activity and

good selectivity, which could be reflected by the current density and Faraday efficiency (Figure 3G).

Photocatalytic CO2RR

In the photocatalytic reduction process, the adsorption and activation of carbon dioxide is still an impor-

tant part of the catalytic reaction. The porous structure of MOFs, with more exposure of active sites on the

surface, makes it easier to capture carbon dioxide.

Photocatalytic activity depends on the ability of the catalyst to absorb light and create electron-hole pairs

(Angulo-Ibanez et al., 2021). Broadening the wavelength range of light that the catalyst can absorb,

increasing the intensity of light absorption, and promoting the separation of electron-hole pairs are the

common approaches to improve the performance of photocatalysts.

The process of photocatalytic reduction often involves the participation of multiple electrons, molecules,

and active intermediates, so the selectivity of the product is relatively difficult to control.

Huang and collaborators took advantage of the highly dispersed active sites of SACs. The catalytic reac-

tions were carried out in independent active sites and accordingly through the unimolecular reaction

path, thus eliminating the interference of multi-molecular reactions and achieving good product selectivity

(Huang et al., 2016). The Re-SAC is constructed through the strategy of ligand stabilization. The ligands

bound with Re ions and ZrCl4 are mixed and react to obtain SACs with Re atoms coordinated on the skel-

eton (Figure 4A). They use longer length ligands to achieve sufficient separation of the Re active sites in

space, thereby ensuring the independence of the catalytic sites in the catalytic process. It ensures that

the catalytic reaction proceeds through a single-molecule process, realizing the efficient conversion

from carbon dioxide into carbon monoxide (Figure 4B). The transformation of coordination structure of

the active site could be inferred through the changes of vibrational frequencies of ligand CO (Figure 4C).

With LED as the light source, the metal-to-ligand charge transfer (MLCT) occurs. The catalyst enters the

preparatory state for CO2 activation. However, the MLCT of Re-SAC is a single-electron process, which

is insufficient for the two-electron process of CO reduction. It is necessary to add triethylamine as the elec-

tron donor to provide a second electron owing to the separation of Re sites.

Fei and collaborators also use ligand stabilization strategies, but they use post-processing methods (Fei

et al., 2015). First, the organic ligand is mixed with the corresponding metal salt by the general method
iScience 25, 104177, April 15, 2022 7



Figure 4. Preparation of SACs and application in photocatalytic CO2RR

(A) Diagram of the preparation of Re-SAC. Reprinted with permission from Huang et al. (2016). Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA,

Weinheim.

(B) The TON curves of the two reduction products varied with the catalytic reaction time reflecting the durability and selectivity of catalyst. Reprinted with

permission from Huang et al. (2016). Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) FTIR spectra of Re-SAC before and after catalysis. Changes of vibrational frequencies of the carbonyl groups showing the variation of coordination of Re

site. Reprinted with permission from Huang et al. (2016). Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Scheme of the proposed mechanism of the formation of the formate from photocatalysis. Reprinted with permission from Fei et al. (2015) Copyright 2015

American Chemical Society.

(E) Schematic of the synthesis of Co-C3N4 through pyrolysis of MOFs. Reprinted with permission from Zhang et al. (2021a) Copyright 2021 Elsevier Ltd.

(F) Schematic of the preparation of Fe-N4O through a post-processing strategy. Reprinted with permission from Li et al. (2020c) Copyright 2020 American

Chemical Society.

(G) Time-resolved photoluminescence spectra of Co-C3N4 and C3N4. Reprinted with permission from Zhang et al. (2021a) Copyright 2021 Elsevier Ltd.

(H) CO and H2 yield and selectivity of Co-C3N4. Reprinted with permission from Zhang et al. (2021a) Copyright 2021 Elsevier Ltd.

(I) Turnover count of a series of catalysts with different contents of Fe species. Reprinted with permission from Li et al. (2020c) Copyright 2020 American

Chemical Society.
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to prepare MOFs. The ligand in the framework contains abundant coordination unsaturation sites. The pre-

pared MOFs are dispersed with ether, and then Mn precursor ions are added. Through the coordination of

organic ligands and Mn ions, Mn-SAC supported by MOFs is prepared. Because the Mn-CO bond in the

precursor Mn(CO)5Br is relatively weak, the complex can be decomposed and bound to the organic ligand

under relatively mild solvothermal conditions. The obtained catalyst can specifically reduce carbon dioxide

to formate, and the selectivity could reach about 96%. Although Mn-based catalysts are chosen to replace

precious metals, a small amount of Ru complexes are still needed as photosensitizers during the reaction

(Figure 4D). Mn-SAC itself could not respond to light. Photosensitizer is required to activate the single-

atom sites.

Zhang and collaborators use node stabilization strategy to fabricate SACs (Zhang et al., 2021a). The re-

searchers chose a cobalt-containing MOFs as precursors. Through the exchange between solvent mole-

cule and organic ligand, the MOFs are stripped from the bulk to obtain two-dimensional layered MOFs.

Co-SAC supported by C3N4 was prepared by pyrolysis. Urea is added as a supplementary nitrogen

source during heat treatment (Figure 4E). Compared with pristine C3N4, Co-SAC exhibits more efficient

charge separation under photoexcitation. According to the time-resolved photoluminescence spectra,

Co-C3N4 displays reduced average exciton lifetime, ensuring better charge transfer performance
8 iScience 25, 104177, April 15, 2022



Table 1. Representative examples of SACs with MOFs as precursors for photocatalytic CO2RR

Catalyst Precursor

Synthesis

strategy

Main

product

Product rate/

TON Medium Illumination Reference

Co-MOF MOF-525 Ligand stabilization CO 200.6 mmol g�1 h�1 MeCN/TEOA = 4:1 400 nm < l < 800 nm

(300 W Xe)

(Zhang et al., 2016)

Co-MOF MOF-525 Ligand stabilization CH4 36.67 mmol g�1 h�1 MeCN/TEOA = 4:1 400 nm < l < 800 nm

(300 W Xe)

(Zhang et al., 2016)

Cr-UiO-66 UiO-66 Ligand stabilization HCOOH 11 MeCN/TEOA = 4:1 420 nm < l < 800 nm

(300 W Xe)

(Lee et al., 2015)

Ga-UiO-66 UiO-66 Ligand stabilization HCOOH 6 MeCN/TEOA = 4:1 420 nm < l < 800 nm

(300 W Xe)

(Lee et al., 2015)

Cu-UiO-66 UiO-66 Ligand stabilization CH3OH 5.33 mmol g�1 h�1 0.5 M Na2SO4 l R 400 nm (300 W Xe) (Wang et al., 2020a)

Cu-UiO-66 UiO-66 Ligand stabilization C2H5OH 4.22 mmol g�1 h�1 0.5 M Na2SO4 l R 400 nm (300 W Xe) (Wang et al., 2020a)

Mg-TiO2 MIL-125 Node stabilization CO 12.6 mmol g�1 h�1 Gaseous phase 450 W Xe (Feng et al., 2020)

Mn-UiO-67 UiO-67 Ligand stabilization HCOO� 50 G 7.8 DMF/TEOA = 4:1 470 nm LED (ThorLabs,

Inc.)

(Fei et al., 2015)

Re-PMOF PCN-222 Ligand stabilization CO 1893 DMF l > 500 nm (450 W Xe) (Choi et al., 2021)

Re-MOF MOF-1 Ligand stabilization CO 6.44 MeCN/H2O/TEA 410 nm LED (Huang et al., 2016)

Re-MOF UiO-67 Ligand stabilization CO 0.09 MeCN/Et3N 400 nm < l < 700 nm

(300 W Xe)

(Choi et al., 2017)

Ru-PCP UiO-67 Ligand stabilization HCOOH 40.3 MeCN/TEOA 385 nm < l < 740 nm

(300 W Xe)

(Kajiwara et al., 2016)

Ru-MOF MOF-253 Ligand stabilization HCOO� 35.8 MeCN/TEOA = 10:1 Visible light (Sun et al., 2015)

ll
OPEN ACCESS

iScience
Review
(Figure 4G). Co-SAC shows high photocatalytic activity and good selectivity for carbon monoxide

(Figure 4H).

Li and collaborators synthesize Fe-SAC with the coordination of heteroatoms nitrogen and oxygen by

the strategy of heteroatom trapping (Li et al., 2020c). ZIF-8 is served as the precursor of the N-doped

carbon material. Through pyrolysis, Carbon material with a certain morphology and pore structure is ob-

tained. Nitrogen could capture metal atoms through coordination. Commercial Fe particle is utilized as

metal source. The HCl gas produced by the pyrolysis of NH4Cl reacts with Fe particles to obtain volatile

ferric chloride, which enters the carbon material by gas-phase diffusion and is captured by nitrogen atoms

(Figure 4F). Eventually, the constructed active site structure Fe-N4O of high valence iron would promote the

absorption of the CO2. Also, it shows high activity of photocatalytic CO2RR with turnover up to 1,494 h�1

(Figure 4I). Representative examples of SACs for photocatalytic CO2RR are summarized here (Table 1).

As for photocatalytic CO2RR, reduction products are usually relatively simple preliminary reduction prod-

ucts such as CO, HCOOH, etc., and the specific selective reduction of more complex reduction products

containing multiple carbon atoms is still a challenging subject to be studied.

Although solar energy, a relatively clean energy, is used for the photocatalytic CO2RR, organic reagents are

used as electron donors or sacrificial reducing agents in many systems, resulting in new problems in

environmental protection.

MOF-derived strategy and application in electrocatalytic CO2RR

As for MOF-based SACs, the porous topological structure brings good mass transfer efficiency. Optically

active organic ligands could serve as photosensitizers. Therefore, the MOF-based strategy is often used

to prepare photocatalysts. However, relatively poor resistance to harsh chemical environments and heat

is the prevalent problem for MOFs, which restricts the application fields of MOF-based SACs. Poor elec-

trical conductivity affects the application prospects for electrocatalysis. Through the post-processing of

MOFs, a series of derivation of MOFs is fabricated. MOF-derived materials inherit the porous structure.

Calcining process decomposes the organic component remaining inorganic constituent, which increases

the heat stability and corrosion resistance. Widely applied N-doped carbon materials with similar structure
iScience 25, 104177, April 15, 2022 9
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to graphene exhibits excellent conductivity expanding its application in the field of electrocatalysis

(Cui et al., 2022; Han et al., 2021).

It is similar to the method of MOF-based decomposition of metal precursors, except that a higher decom-

position temperature is used, so that the organic components of MOFs and the metal precursor are pyro-

lyzed. Finally, MOF-derived SACs are prepared. Metal species can be derived straightly from the metal

nodes of framework or the addition of precursor. Owing to the use of higher temperatures during pyrolysis,

the problem of aggregation of single metal atoms needs to be considered.

Organic ligand stabilization strategy

Owing to the use of higher pyrolysis temperature and more severe reaction conditions, metal agglomer-

ation is more likely to occur. Therefore, it is particularly important to select the appropriate

combination of ligand and metal precursor to stabilize the SACs. Generally, the ligand structure containing

nitrogen and other heteroatoms with strong coordination ability could be used to form relatively stable

N-coordinated metal single atom during the pyrolysis process, avoiding metal agglomeration under

high temperature conditions.

Chen and collaborators utilize UiO-66-NH2 as the precursor. W-SAC supported by N-doped carbon mate-

rial is prepared (Chen et al., 2018). The UiO-66 material modified with amino group has an unsaturated

coordinating amino group on the organic ligand, which plays an important role in stabilizing tungsten sin-

gle atoms. The organic ligand is carbonized and decomposed at a high temperature, and the amino-coor-

dinated tungsten species forms the structure of WNC3 (Figure 5A). On the one hand, the organic ligand

combines with the tungsten precursor to attain the pre-dispersion of the metal atom, and on the other

hand, it also acts as nitrogen source for the decomposition product. During the pyrolysis, the organic

component is carbonized to form a graphite-like structure, whereas the inorganic component forms the

corresponding oxide. Also, the latter could be removed by hydrofluoric acid etching without affecting

the structure of the carbonmaterial. Thus, the N-doped carbonmaterial that retains the original octahedral

pore structure of MOFs could be obtained (Figure 5B). The excellent electrical conductivity of carbon

materials enables the materials to have a wide range of applications in electrocatalytic reactions, whereas

the porous structure and large specific surface area reduce the restriction of the mass transfer process on

the reaction rate and catalyst performance.

Mixed metal node stabilization strategy

Zeolitic imidazolate frameworks (ZIFs) are one of the most widely usedMOFs. With low-boiling-point metal

Zn as metal nodes, the Zn component evaporates the remaining nitrogen and carbon elements during

pyrolysis to form porous N-doped carbon material. So, ZIFs serves as model pre-support for fabricating

MOF-derived SACs.

Chen and collaborators fabricate Fe-SAC utilizing MOF-derived strategy (Chen et al., 2020b). Through ion

exchange, ferrous ion replaces the original Zn2+ at metal nodes of ZIF-8. Fe ions doped into skeleton keep

certain spatial distance to realize the primary spatial separation of Fe species. With pyrolysis of ZIF, the

organic ligand is carbonized and Zn component is volatilized. Finally, Fe species exist in the form of

Fe-N4 to generate Fe-SAC (Figure 5D). Because of different diffusion rates of two species of metal, the

Kirkendall effect occurs and results in a mesopore structure of the obtained carbon material (Figure 5E).

The prepared Fe SAC shows fine CO2 reduction selectivity towards CO.

There are many contradictions in the selection of pyrolysis temperature and Fe loading. A high concentra-

tion of ferrous ion in the ZnFe-ZIF and high temperature for heat treatment will result in the aggregation of

Fe species to nanoparticles. The low loading of Fe might affect current density, reducing the electrochem-

ical performance. An inadequate heating temperature leads to an increase in residual Zn content and

incomplete graphitization of the organic skeleton. The N-doped carbon structural unit synthesized at a

low temperature decreases the selectivity of the CO2 reduction reaction, owing to the competitive electro-

chemical reaction of HER. An appropriate choice of temperature and metal content is of great importance

to electrocatalysts (Figure 5C).

Wen and collaborators fabricate the N-stabilized Ni metal catalyst by pyrolysis of Ni-MOFs (Wen et al.,

2019). Pre-prepared Ni-MOFs are added into the solution of urea. The resulting suspension is stirred for
10 iScience 25, 104177, April 15, 2022



Figure 5. Fabrication and characterization of SACs prepared by an MOF-derived strategy

(A) Schematic illustration of preparation of W-SAC. Reprinted with permission from Chen et al. (2018) Copyright 2018

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(B) TEM image of W-SAC. No sintering is observed after pyrolysis. Reprinted with permission from Chen et al. (2018)

Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(C) Partial current densities of CO at different potentials for Fe-SAC prepared with different Zn/Fe ratios and pyrolysis

temperatures. Reprinted with permission from Chen et al. (2020b) Copyright 2020 Elsevier B.V..

(D) Schematic of the preparation of Fe-SAC by pyrolysis of bimetallic MOFs. Reprinted with permission from Chen et al.

(2020b) Copyright 2020 Elsevier B.V.

(E) TEM of Fe-SAC showing the mesopore structure of the carbon material caused by Kirkendall effect. Scale bar, 100 nm.

Reprinted with permission from Chen et al. (2020b) Copyright 2020 Elsevier B.V..

(F) Schematic of the synthesis process of Ni/N-C. Urea served as a nitrogen source. Reprinted with permission from Wen

et al. (2019) Copyright 2019 American Chemical Society.

(G) Comparison between the current density of Ni(NC)-1 and Ni(NC)-4. Reprinted with permission from Wen et al. (2019)

Copyright 2019 American Chemical Society.

(H) Schematic of the preparation of Bi-SAC with bismuth transforming from nanoparticle to single atom and Faradaic

efficiency of different catalysts. Reprinted with permission from Zhang et al. (2019) Copyright 2019 American Chemical

Society.

(I) Calculated Gibbs free energy diagram for CO2RR with different catalysts showing the low-energy barrier for the for-

mation of *COOH intermediate on Bi-SAC. Reprinted with permission from Zhang et al. (2019) Copyright 2019 American

Chemical Society.
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a period of time so that the urea could be well dispersed into the MOFs. The Obtained colloidal substance

is freeze-dried to remove the solvent. Ni-MOF utilized here does not contain nitrogen, and the addition of

urea serves as a supplement to the nitrogen source in the heat treatment process AFTERWARDS. Finally,

the dried solid powder is put into the ZrO2 boat for subsequent pyrolysis. And N-doped carbon material
iScience 25, 104177, April 15, 2022 11
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loaded with Ni motifs is fabricated (Figure 3F). The prepared nitrogen-carbonmaterials have the same two-

dimensional layered structure as the original MOF. Ni species anchored on the support comprise both

atomically dispersed Ni and Ni metal nanoparticles that are stabilized through nitrogen coordination.

Via adjusting the proportion of Ni-MOF and urea, material consisting of more components of Ni NPs is

fabricated with more Ni-MOF added into the pyrolysis reaction. Ni(NC)-1 with less NP components per-

forms with a higher Faradic efficiency for the conversion into CO, which exceeds 90% from potential

�0.65 V to �0.90 V. After a 3-h catalytic performance test at optimal potential � 0.75 V, the current density

of CO generation shows no invisible decrease, which manifests fine stability. By comparison between FE

and jCO of Ni(NC)-1 and Ni(NC)-4, two kinds of material with different Ni species as the precursor contain-

ing same Ni molar quantity but different content of Ni NPs, it provides experimental evidence for negative

effects of the NP content (Figure 5G). Different species including single atoms and N-coordinated nano-

particles are introduced into the same system. By modulating the proportion of different Ni sites, the

contribution to electrocatalysis is interpretated briefly. However, the non-uniformity of Ni species in the

system presents difficulties in complaining the exact mechanism of electrocatalytic process. But deleting

the postprocessing to remove the NPs simplifies the procedure, which greatly promotes the feasibility

for a practical application.

Zhang and collaborators apply subsequent treatment to decompose the Bi nanoparticles into atomically

dispersed Bi (Zhang et al., 2019). The obtained Bi-SAC performs well in electrochemical reduction of

CO2 towards CO. Given the vestige of Zn species during heat treatment of ZIFs, synthesis of MOF-derived

Bi-SAC is put forward, utilizing Bi-base MOFs. Fasciculation-shapedMOFs are fabricated by the method of

the solvothermal reaction. Subsequent pyrolysis does not completely change the morphology of material.

With the increase of temperature of heat treatment, Bi atom migrate from metal nodes to assemble

together to generate Bi nanoclusters. Along with the process of Ostwald ripening, Bi clusters in border po-

sition gradually aggregate into center position. Large-grained nanoparticles come into existence. The un-

willing aggregation of the single atom occurs frequently during the pyrolysis of MOFs. The application of

an ingenious method of atomization make Bi NPs return to an atomically dispersed state. Dicyandiamide

pyrolyzed to release NH3 is utilized as a nitrogen source. Nitrogen is finally implanted into the carbon layer

to form a coordination site to capture and stabilize the evaporated Bi atom (Figure 5H). Spectroscopy mea-

surement demonstrates the existence of Bi-N4 sites with Bi atom at a low valence. Bi-N4, as the catalytic

active site, performs excellent selective CO2 electrochemical reduction to CO with the Faradic efficiency

reaching 97% (Figure 5H). A high TOF and low overpotential are also reported. Going through DFT calcu-

lation illustration, outstanding catalytic activity is ascribed to lowest Gibbs free energy for generation of

intermediate *COOH, which is the determining step for the activation of CO2 (Figure 5I).

Pore confinement strategy

Spatial separation and coordination stability of non-metal elements are the twomain ideas for constructing

stable SACs. The pore confinement strategy belongs to the former, which uses the uniform-sized pore

structure in the MOFs to provide steric hindrance so that the metal precursor can be pre-separated. After

the pyrolysis, the organic components decompose, and the metal species in the pores are transferred to

the derived carbon materials. Metal atoms are coordinated and stabilized by the nitrogen originated

from the organic components. The content of the introduced metal species could be easily adjusted by

the concentration of the metal precursor.

Zhao and collaborators prepare MOFs with a uniform pore structure by room temperature liquid-phase

synthesis (Zhao et al., 2017). After dispersing the obtained ZIF-8 powder with n-hexane, an aqueous solu-

tion of nickel nitrate was added to disperse nickel ions into the pores of MOFs. The ZIF-8 with nickel ions is

finally subjected to high-temperature pyrolysis. The volatile zinc component is vaporized and separated

from the system at a high temperature. The organic component is pyrolyzed to form carbonmaterial retain-

ing the skeleton structure. Ni atom coordinates with the nitrogen atom produced by the decomposition of

imidazole to form a relatively stable porphyrin-like structure (Figure 6A).
Derivative coordination site capture strategy

Different from the idea for preparing MOF-derived materials mentioned above, the metal of active site is

introduced after the heat treatment of MOFs. Therefore, it is not necessary to consider whether the intro-

ducedmetal precursor could always maintain single-atomdispersion under relatively severe conditions like

pyrolysis. This post-processing method usually uses a top-down strategy (Xiong et al., 2021), which uses
12 iScience 25, 104177, April 15, 2022



Figure 6. Synthesis and characterization of SACs prepared by an MOF-derived strategy

(A) Schematic of the formation of Ni-SAC. Precursor confined in the pore of MOFs. Reprinted with permission from Zhao et al. (2017) Copyright 2017

American Chemical Society.

(B) Schematic of the preparation of Zn-SAC. SiO2, served as a template, is etched after pyrolysis. Reprinted with permission from Guo et al. (2020) Copyright

2020 Elsevier Inc..

(C) Illustration of synthesis of Ni-SAC. Reprinted with permission from Yang et al. (2018b) Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

(D) Electrochemical impedance spectroscopy (EIS) of Fe-CoP. Fe-CoP shows the smallest semicircle diameter. Reprinted with permission from Wang et al.

(2021a) Copyright 2021 American Chemical Society.

(E) Schematic illustration of the preparation of Fe-CoP. Reprinted with permission from Wang et al. (2021a) Copyright 2021 American Chemical Society.

(F) CO generation in the stability test showing almost no decay. Reprinted with permission from Wang et al. (2021a) Copyright 2021 American Chemical

Society.
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agglomerated nanoparticles as the metal precursor. The strong coordination and stabilization effect of

non-metal atoms is used to form a stable metal single atom. There is no need to worry about the agglom-

eration of metal species into particles.

Yang and collaborators use N-doped carbon material produced by the decomposition of ZIF-8 as the

carrier of the catalyst. Nickel nanoparticles supported by the carbon material are prepared through

the reduction of nickel acetylacetonate (Yang et al., 2018b). Later, the agglomerated Ni nanoparticles

are re-dispersed into a single-atom form by means of high-temperature treatment (Figure 6C).

Comparing the adsorption energies of different nickel species under different coordination environ-

ments, it is shown that the structure of Ni-Nx(x = 3,4) has a lower adsorption energy. It explains the
iScience 25, 104177, April 15, 2022 13
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thermodynamic stability of the SAC, which also provides theoretical explanation for the feasibility of top-

down preparation strategy.

MOFs composite strategy

In addition to the corresponding MOFs derivatives generated by the pyrolysis of MOFs, a series of com-

posite materials could be obtained by compounding MOFs with other functional materials. Currently,

several materials are frequently used as candidates for composite materials, including the semiconductor,

metal nanoparticles, and polymer materials (Chen et al., 2021b; Sun et al., 2021; Wang et al., 2022). They

introduce different functionalities to MOF-based catalysts and provide new approaches for the synthesis

of MOF-based catalysts.

Guo and collaborators exploit a new approach to synthesize MOF-derived N-doped carbon materials with

a hierarchical porosity structure applied for the photoconversion of CO2 (Guo et al., 2020). Pre-prepared

nanosphere SiO2 is dispersed into the solution of binder PVP to generate colloidal crystal template

SiO2. SiO2-CCT is immersed into a system consisting of precursors of ZIF-8. MOFs grow in the interstice

of SiO2-CCT to form a coating structure. After heat treatment, ZIF-8 are converted into carbon material.

Maintaining SiO2-CCT as the core section is removed by immersion with the NaOH solution. In conse-

quence, Zn atomically dispersed N-doped carbon material is obtained. During the pyrolysis, a relatively

hard template of SiO2-CCT prevents ZIF-8 from structural shrinkage caused by the decomposition of the

organic ligand; thus, the mesoporous structure is retained. According to the analysis of the porous struc-

ture of obtained catalysts, two sizes of porosity coexist, which is conducive to mass transport. PVP with

carbonyl group coordinating with Zn ions and organic ligand also facilitate the growth of ZIF-8. The porous

material prepared above shows excellent performance for CO2 cycloaddition with a yield of 95%. During

the reaction process, N-coordinated Zn serves as active sites. Zn single atoms as Lewis acid and nitrogen

as Lewis base constitute the nanoreactor. The material fabricated by etching after pyrolysis consists of

abundant channels (Figure 6B), which plays a crucial part in light-harvesting and diffusion of reactant

and product.

By wrapping hydroxide in the outer layer of MOFs, Wang and co-workers prepare a special double-shelled

structure nanocages (Wang et al., 2021a). The single atomic metal sites are introduced through ion ex-

change. The inner MOFs and outside hydroxide both transform to CoP after the sequent treatment of

low-temperature oxidation and phosphorylation, finally forming a hierarchical double-layer CoP nanostruc-

ture (Figure 6E). The special microstructure brings good mass transfer performance. According to the elec-

trochemical impedance spectroscopy, Fe-CoP displays small charge-transfer resistance (Figure 6D) that

contribute to its well photocatalytic CO2RR activity. Fe-CoP also shows good stability during the durability

test (Figure 6F).

Combining with other different materials to form a composite structure provides more ideas and possibil-

ities for the preparation of SACs. Compared with single MOFs, the composite could provide richer spatial

and topological structure, as well as diverse coordination environment.

Electrocatalytic CO2RR

MOFs have poor stability under relatively harsh chemical conditions and poor electrical conductivity, which

limits its application in electrocatalysis. However, through a high-temperature pyrolysis under the protec-

tion of inert gases, the organic components are carbonized to form carbon-based materials doped with

heteroatoms such as nitrogen and oxygen (Gao et al., 2021; Zhou et al., 2021b). The graphite-like structure

significantly improves the electrical conductivity of the materials, whereas the retention of spatial topology

in the pyrolysis process makes the MOF-derived material still has goodmass transfer performance (Li et al.,

2020b).

Carbon dioxide is a relatively stable molecule, and the initial activation of carbon dioxide is often a key step

in the reduction of carbon dioxide (Handoko et al., 2020; Hu et al., 2020). The initial activation of carbon

dioxide in electrocatalytic reduction may go through the following three paths (Quan et al., 2021). These

include two kinds of process of co-transfer of protons and electrons, and one involves only electron transfer

without the participation of protons. At the same time, it may also involve the competitive side reaction of

proton reduction (Equations 7, 8, 9, and 10). Different carbon dioxide activation pathways involve different

reactive intermediates, which would affect the process of subsequent reduction reactions (Jing et al., 2021;
14 iScience 25, 104177, April 15, 2022
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Zhang et al., 2021b). It ultimately leads to different selectivities of reduction products. This is the key to

achieving efficient and selective reduction of carbon dioxide (Wang et al., 2021d). For traditional transition

metal and post-transition metal catalysts, activation usually undergoes a process of co-transfer of proton

and electron, whereas for homogeneous catalysts, the reaction path is different and usually involves only

the activation process of electron transfer (Birdja et al., 2019). SACs are different from homogeneous cat-

alysts and traditional heterogeneous catalyst systems in the structural characteristics of active sites, so they

have different catalytic performance from traditional catalysts:

CO2 + H+ + � + e�/ � COOH (Equation 7)

CO + H+ + � + e�/ �OCHO (Equation 8)
2

CO + � + e� / � CO� (Equation 9)
2 2

H+ + � + 2e� / � H� (Equation 10)
Most of the carbon-supported SACs prepared with MOFs as the precursors have the active site structure of

M-Nx. On account of the reduction of energy barrier of certain elementary steps, the reaction is more in-

clined to proceed in the corresponding path. The selectivity of the CO2RR is thus increased. The electronic

structure of the active site is related to its coordination environment, which could be regulated by intro-

ducing heteroatoms, etc. The adjustment of activity and selectivity could be achieved by such methods.

Theoretical tools such as DFT help to understand the relationship between catalytic selectivity and active

site structures. It provides an approach for the comprehension of the process of catalytic reactions. And it

also plays a significant role in the interpretation of the characterization results.

Pan and collaborators utilize the strategy of metal node stabilization. Zinc ions in the ZIFs are replaced by

ferric ions, so that iron-doped MOFs are obtained (Pan et al., 2018). Through high-temperature pyrolysis in

an inert atmosphere, zinc volatilized at high temperatures to obtain Fe-SAC supported by nitrogen-doped

carbonmaterials. The Fe K-edge XANES characterization shows that the valence state of iron is between 2+

and 3+ (Figure 7A), and K-edge EXAFS infers the coordination structure of Fe-N4 (Figure 7B). In the electro-

catalytic reduction test, KHCO3 is used as the electrolyte. Compared with the nitrogen-doped carbon

material without metal loading, it has a more positive onset potential. In terms of product selectivity,

the products are mainly carbon monoxide and hydrogen. No other reduction products such as hydrocar-

bons are detected. The Faradaic efficiency of carbon monoxide of Fe-SAC can reach 93% at an overpoten-

tial of 0.47 V, showing excellent reduction selectivity (Figure 7E). Through DFT calculation and simulation, it

is found that the active site of Fe-N2+2-C8 structure containing carbon atoms with dangling bonds has an

energy advantage in the decomposition process of COOH* active intermediates (Figure 7D).

Ye and collaborators adopt the strategy of ligand stabilization (Ye et al., 2016). Firstly, straight coordination

between the ligand and the organometallic salt is used to prepare Re chelate. The two ends of the chelate

contain coordination unsaturated hydroxyl groups, which can further interact with zinc ions so as to form

the skeleton structure of MOFs. During this process, the coordination structure of Re remains unchanged,

and Re SACs are obtained (Figure 7F). MOFs are also immobilized on the FTO (Fluorine doped tin oxide)

glass electrode through the interaction of zinc ions and hydroxyl groups on the substrate. In terms of elec-

trocatalytic reduction, the catalytic activation process is similar to that of homogeneous catalysts. Both

involve the transformation process of the valence state of the central metal atom, which can specifically

reduce CO2 to CO. Its Faraday efficiency could reach 93% (Figure 7C).

Tan and collaborators adopt mixed metal node stabilization strategy mentioned above to synthesize

Mn-SACs (Tan et al., 2021). The MOFs with Mn and Zn nodes were prepared by adding the organic ligand

methylimidazole into the mixed solution of Mn and Zn salts. In the subsequent pyrolysis process, the Zn

component volatilizes owing to its low boiling point. So, the SAC of Mn was obtained. Mercaptopropionic

is added as the source of sulfur to realization the doping of sulfur atom. The introduction of heteroatoms

adjusts the coordination structure of the active center and improves the reduction selectivity of the catalyst

(Figures 7G and 7H). The sulfur atom could form an S-O bond with the oxygen atom in the active interme-

diate *COOH, which might delocalize the electron and stabilize the active intermediate (Figure 7I).

Representative examples of SACs for electrocatalytic CO2RR are summarized here (Table 2).

The activation process of carbon dioxide involves the chemical adsorption of carbon dioxide molecules

on the surface of the catalyst. There exist differences in the activation process of carbon dioxide for
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Figure 7. Preparation of SACs and application in electrocatalytic CO2RR

(A) XANES curves of Fe K-edge showing the mediate valence state of Fe at active site. Reprinted with permission from Pan et al. (2018) Copyright 2018

American Chemical Society.

(B) EXAFS fitting curve of Fe K-edge showing the coordination. Reprinted with permission from Pan et al. (2018) Copyright 2018 American Chemical Society.

(C) Faradaic efficiency of Re-SAC at different potentials, showing good selectivity to CO. Reprinted with permission from Ye et al. (2016) Copyright 2016

Royal Society of Chemistry.

(D) Calculated free energy diagram of CO2 reduction to CO. Reprinted with permission from Pan et al. (2018) Copyright 2018 American Chemical Society.

(E) CO Faradaic efficiency of Fe-SAC at different potentials. Reprinted with permission from Pan et al. (2018) Copyright 2018 American Chemical Society.

(F) Schematic of the synthetic process of Re-SAC. Reprinted with permission from Ye et al. (2016) Copyright 2016 Royal Society of Chemistry.

(G and H) Faradaic efficiency for different reduction products at different potentials of Mn-NC (G) andMn-SNC (H) showingMn-SNC with better selectivity to

CO. Reprinted with permission from Tan et al. (2021) Copyright 2021 American Chemical Society.

(I) Schematic of the structure of the intermediate *COOH absorbed on the single atom. Reprinted with permission from Tan et al. (2021) Copyright 2021

American Chemical Society.
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both transition metals and post-transition metals. Transition metals tend to combine with carbon atoms,

whereas post-transition metals tend to interact with oxygen atom to form chemical bonds (Birdja et al.,

2019; Wang et al., 2020b). Different bonding ways would affect the subsequent reaction of reactive inter-

mediates (Zhu et al., 2021). However, the current research on post transition metal catalysts is insufficient,

which may exhibit different catalytic behaviors.

In addition, the formation of the C-C bond results in reduction product containing more than two carbon

atoms, which has higher economic value than carbon monoxide. However, the formation of C-C bonds

often involves the interaction of more than two active intermediates (Zhao et al., 2020b). For SACs, the

active sites are relatively dispersed, and it is relatively difficult to produce reduction products above C2.

CONCLUSION AND PERSPECTIVE

MOF-based and MOF-derived materials provide a wealth of strategies for the preparation of SACs.

Researchers could use their creativity and imagination to construct MOF-based and MOF-derived SACs

with different structures and properties. The combination of the highly efficient active site of SACs with
16 iScience 25, 104177, April 15, 2022



Table 2. Representative examples of SACs with MOFs as precursors for electrocatalytic CO2RR

Catalyst Precursor Synthesis strategy

Main

product Electrolyte pH

Faradaic

efficiency Potential

Current

density Reactor Reference

Bi-NC Bi-BTC Derivate capture CO 0.1 M NaHCO3 7 >97% �0.50 V 5.1 mA cm�2 H-cell (Zhang et al., 2019)

Co-N4 ZIF-8 Node stabilization CO 0.1 M KHCO3 6.8 82% �1.1 V 18 mA cm�2 H-cell (Geng et al., 2019)

Co-NC PCN-222 Ligand stabilization CO 0.1 M KHCO3 6.8 98.7% �0.6 V �3 mA cm�2 H-cell (Zhou et al., 2021a)

Cu-NC Cu-BTC Node stabilization CH4 0.1 M KHCO3 6.8 38.6% �1.6 V 14.8 mA cm�2 H-cell (Guan et al., 2020)

Cu-NC ZIF-8 Node stabilization C2H5OH 0.1 M CsHCO3 6.8 55% �1.2 V NA H-cell (Karapinar et al.,

2019)

Cu-N4 ZIF-8 Node stabilization CO 0.5 M KHCO3 NA 93% �0.67 V 6.7 mA cm�2 Flow cell (Cheng et al., 2021)

Cu-NC ZIF-8 Composite CH3OH/CO 0.1 M KHCO3 NA 44%/56% �0.9 V 93 mA cm�2 H-cell (Yang et al., 2019)

Cu-NC ZIF-8 Node stabilization CH3COCH3 0.1 M KHCO3 NA 36.7% �0.36 V �12 mA cm�2 double-cell (Zhao et al., 2020a)

Fe-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 7.3 86.9% �0.47 V 2.90 mA cm�2 H-cell (Chen et al., 2020b)

Fe-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 NA 93% �0.4 V 4 mA cm�2 H-cell (Li et al., 2021)

Fe-NC ZIF-8 Derivate capture CO 0.1 M KHCO3 NA >90% �0.8 V 25 mA cm�2 H-cell (Mohd Adli et al., 2021)

Fe-NC ZIF-7 Ligand stabilization CO 1.0 M KHCO3 7.8 >80% �0.43 V 17.8 mA cm�2 H-cell (Yan et al., 2019)

CoPc@Fe-NC ZIF-8 Node stabilization CO 0.5 M KOH 13.7 >90% �0.84 V 275.6 G 27.0 mA cm�2 Flow cell (Lin et al., 2019)

In-NC ZIF-8 Node stabilization HCOOH 0.5 M KHCO3 7.2 NA �0.99 V NA H-cell (Lu et al., 2021)

In-NC ZIF-8 Pore confinement HCOOH 0.5 M KHCO3 NA 96% �0.65 V 8.87 mA cm�2 H-cell (Shang et al., 2020)

Mn-SNC ZIF-8 Node stabilization CO 0.5 M KHCO3 NA 70% �0.45 V NA NA (Tan et al., 2021)

Ni-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 7.2 97% �0.9 V 41.5 mA cm�2 double-cell (Lu et al., 2019)

Ni-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 7.2 95.1% NA 10.2 mA cm�2 double-cell (Ma et al., 2019)

Ni-NC Ni-BDC Node stabilization CO 0.5 M KHCO3 7.2 97% �0.9 V 27.2 mA cm�2 H-cell (Wang et al., 2021b)

Ni-N4O Mn-BDC Node stabilization CO 0.5 M KHCO3 7.3 99.2% �0.9 V 23 mA cm�2 H-cell (Wang et al., 2021c)

Ni/Fe-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 NA 98% �0.7 V 7.4 mA cm�2 H-cell (Ren et al., 2019)

Ni–N4/C–NH2 ZIF-8 Node stabilization CO 0.5 M KHCO3 7.33 96.2% �0.8 V 63.6 mA cm�2 H-cell (Chen et al., 2021c)

Ni-NC ZIF-8 Node stabilization CO 0.5 M KHCO3 NA 98% �1.0 V 34.3 mA cm�2 double-cell (Hou et al., 2020b)

Ni-NC Ni-PCN Node stabilization CO 0.5 M KHCO3 7.2 96.8% �0.8 V 27 mA cm�2 H-cell (Jiao et al., 2020)

Ni-N2-C MOF-74 Node stabilization CO 0.5 M KHCO3 7.2 98% �0.8 V �10 mA cm�2 H-cell (Gong et al., 2020)

Ni-NC Ni2(NDISA) Composite CO 0.5 M KHCO3 NA 96% �0.67 V NA H-cell (Yang et al., 2020)

ZIF-A-LD/CB ZIF-8 Node stabilization CO 0.1 M KHCO3 6.8 90.57% �1.1 V 6.83 mA cm�2 H-cell (Dou et al., 2019) ll
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the excellent mass transfer and photoelectric properties of MOFsmakes theMOF-based andMOF-derived

SACs perform excellently in the photoelectric CO2RR. Except serving as supports of SACs, it is easier for

MOFs to introduce other functional units into the system, including photoactive groups or structural units

with special properties for gas adsorption. MOFs are good tools for integrating required functions. With

the special active center structure and excellent catalytic performance of SACs, it is expected to prepare

non-noble metal catalysts for CO2RR in addition to traditional gold-/silver-based catalysts. Coupled with

the special adsorption properties of MOFs for gas molecules, CO2 as a reactant could be captured by

MOFs and enriched near the active sites.

Based on the current exploration of the application of MOF-based SACs, the following problems still exist:

� poor economic benefits of products;

� environmental problems brought by photosensitizers;

� insufficient durability.

The current research on carbon dioxide reduction is still mainly limited to relatively simple reduction

products containing only one carbon atom. The photosensitizers and sacrificial agents used in photoca-

talysis are not environmentally friendly, which hinders practical applications. Besides, MOFs have limited

resistance to chemical environments. It is more suitable for application under relatively mild conditions.

Although heat treatment could improve stability, it also means that organic components would be

carbonized and lose their special properties. How to achieve efficient and highly selective reduction

to obtain products with more economic value is still a problem to be solved. Here are a few ideas to

consider:

� high loading SACs;

� dual or multiple atom site catalysts;

� modulation of selectivity by pores of MOFs.

The reduction process containing multiple carbon atoms often involves the coupling of multiple catalytic

active centers and active intermediates. This requires that the active sites have a considerable density and

are relatively close in space, so that the active intermediates can meet and combine well. This poses a chal-

lenge for the preparation of SACs. How to enhance the metal loading while ensuring the dispersion of

single atom still requires more research and attempts. The coupling of different catalytic active sites is

also an important issue. The abundant strategies of the preparation for SACs enable different metal

elements to be introduced to synthesize single-atom alloy catalysts. Thus, new materials with different cat-

alytic properties could be obtained. Various pathways are involved in CO2RR. The matching relationship

between products and pores influences the selectivity, which is also worth exploring. The special adsorp-

tion behavior of MOFs for products is related to the selectivity of the reactions. So, SACs prepared with

MOFs as precursors might show unusual catalytic selectivity. MOFs are still good platforms for the con-

struction of SACs, which could provide ideas for the construction of carbon dioxide reduction catalysts.
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