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a b s t r a c t

Diatomic-site catalysts (DASCs) have emerged as a kind of promising heterogeneous candidate catalysts

for electrochemical CO2 reduction (ECR), which is considered to retain the advantage of single-atom cat-

alysts (SACs) but also introduce opportunities to exceed the limit of single-atom catalysts. In the past

few years, tremendous progress has been achieved in this field. Herein, the recent progress in ECR on

DASCs has been summarized. It will start with the classification of DASCs. Then the challenges in the

precise fabrication and characterization of DASCs have been emphasized. By introducing the advanced

ECR performance on DASCs, superior to that on SACs, the synergistic effects of the dual metal atoms

are highlighted, as this origin of the advanced ECR performance on DASCs is comprehensively summa-

rized. Finally, the major challenges and perspectives of DASCs have been proposed to shed light on the

development of DASCs for ECR application.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Electrochemical CO2 reduction (ECR) into chemicals and fuels

with clean and renewable electronic energy can not only reduce

CO2 emissions but also produce more valuable products, which

is of great significance to clean energy conversion and net car-

bon emission reduction [1–3]. As a complex reaction process with

multi-proton coupled electron transfer, developing efficient elec-

trocatalysts plays a crucial role in the advancement of ECR [4].

Although various metal and their nanoparticles show certain ECR

abilities, they inevitably suffer from the issue of high reaction over-

potential [5,6]. As the CO2 molecule is linear and centrosymmet-

ric with two oxygen-carbon (C=O) bonds, the energy required to

dissociate a C=O bond is about 800kJ/mol, thus making the CO2

molecule difficult to be activated in electrocatalysis with a quite

negative potential of −1.9V vs. SHE (25 °C, pH 7) [7]. Therefore,

highly efficient catalysts are urgently needed for ECR.

In recent years, single-atom catalysts (SACs) have emerged as

a promising class of catalysts for ECR with efficient CO2 activa-

tion properties [8–10]. Benefiting from the unsaturated coordina-

tion environment and unique structure of single-atom sites, SACs

exhibit impressive ECR performance with theoretically nearly 100%

∗ Corresponding author.

E-mail address: dongfan@uestc.edu.cn (F. Dong).

atom utilization [11]. As the research progressed, many researchers

further tuned the ECR performance of SACs with various strategies,

such as regulating the coordination number of the metal atoms

[12–14], changing the coordinated non-metal atoms [15], introduc-

ing axial non-metal atom coordination [16], modifying the sub-

strate of single-atom sites [17,18], etc. However, it is considered

rather tricky to simultaneously optimize multiple reaction barriers

of various intermediates for one monotonous single-atom config-

uration during the complex ECR process [19,20]. Further improv-

ing the ECR performance by boosting the intrinsic activity of such

atomically dispersed metal sites still remains challenging.

It is well known that the adjacent metal atoms may trigger

synergistic effects in catalytic reactions [21–24]. Inspired by this

strategy, diatomic-site catalysts (DASCs) with adjacent atoms are

constructed as an extension of SACs [25,26]. DASCs have received

great attention due to their unique configuration. First, the metal

atoms in the DASC are atomically dispersed, allowing the maxi-

mum utilization of metal atoms. Secondly, distinguished from the

dual active site catalysts with two individual-worked single-atom

sites, the interaction of the adjacent atoms provide sophisticated

strategies to modulate both the geometric structure and electronic

configuration for DACSs, thus endowing them new properties [27–

31]. As a new research frontier, there have been numerous reports

on using DASCs for ECR, achieving remarkable experimental break-

throughs. Several reviews on the synthesis, electrochemical appli-
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cations, and working mechanisms of DASCs have been reported

[32–34]. However, the development of DASCs still poses multiple

challenges, including precise synthesis and accurate characteriza-

tion, reasonable activity evaluation, and insight into the ECR mech-

anism on diatomic sites. In-depth discussions of these challenges

can contribute to the development of DASCs, thereby achieving

better performance in ECR.

In this review, we summarized the recent progress in ECR on

heterogeneous DASCs. The DASCs have been first systematically

classified, distinguished from the simple mixed strategy of single-

atom sites. And the challenges in precisely preparing and char-

acterizing such DASCs have been emphasized. Then the advanced

ECR performances on DASCs are highlighted with inter-metal in-

teraction and the synergistic effects of the adjacent metal atoms

in comparison of SACs. On this basis, the origin of the advanced

ECR performances on the DASCs is comprehensively summarized,

which is very important to guide the future efficient catalyst de-

sign for ECR. Finally, the opportunities and challenges are proposed

to shed light on the development of DASCs for ECR application.

2. Classification and challenges in preparation and

characterization of heterogeneous DASCs

2.1. Classification

At present, most of the reported heterogeneous DASCs for elec-

trocatalysis are prepared by anchoring metal atoms on hetero-atom

doped carbon materials, a few DASCs are synthesized based on the

other substrates, such as black phosphorus, Pd-Te alloy nanowires,

TiO2, and CeO2 [20,35-37]. This is because such carbon-based ma-

terials not only provide favorable anchoring sites to stabilize the

isolated metal atoms, but also offer good chemical stability and

excellent electrical conductance with graphitic frameworks [38–

40]. Based on the species of metal atoms, the DASCs can be clas-

sified as homo-nuclear and hetero-nuclear diatomic sites. Mean-

while, according to the spatial distribution and metal-metal bonds,

the DASCs will be classified as bridge-type sites with metal-metal

bonds and marriage-type sites without direct metal-metal bonds

(Fig. 1). For the bridge-type DASCs, the two metal atoms bonded

with non-metal atoms and formed a direct metal-metal bond. For

example, Ren et al. prepared a carbon-anchored DASC with isolated

diatomic Ni-Fe metal-nitrogen sites for ECR, where the neighbor-

ing Ni-Fe center was configured with six nitrogen atoms of the

nitrogen-doped carbon and underwent a structural change into

a CO-adsorbed moiety upon CO2 uptake [41]. In the DASCs with

marriage-type diatomic sites, the two metal atoms may not be di-

rectly connected by a metallic bond. They may share one or more

coordinated non-metallic atoms to modulate the charge population

Fig. 1. Schematic of classification for DASCs.

of both metal atoms, which is distinguished from the single-atom

metal sites. Ding et al. reported a nitrogen-doped carbon anchored

uniform atomically precise Ni2 site, which consisted of two Ni-N4

moieties shared with two nitrogen atoms as a Ni-N6 site [42]. Note

that the dual atoms should be accounted as a single active site, and

the distance between the two metal atoms needs to keep within a

specific range. Therefore, some mixed single-atom metal catalysts,

cannot be defined as DASCs in a strict sense because most of the

two metal atoms work individually.

2.2. Challenge in precise preparation of heterogeneous DASCs

A universal method to fabricate heterogeneous DASCs is to car-

bonize nitrogen-contained precursors with metal dopants, as the

generated nitrogen-carbon framework provides favorable sites to

anchor the metal atoms. A typical approach therein is employing

hetero-metal doped zeolitic imidazolate framework 8 (ZIF-8) as the

template precursor, which is also a widely used method to syn-

thesize SACs [43,44]. During the pyrolysis process, Zn would be

evaporated away and the doped metal ion would be reduced as

atomically dispersed atoms anchored on the porous carbon. Based

on this approach of ZIF-8 carbonization, two technical routes are

presented for the preparation of DASCs. One is to simultaneously

introduce the target metal atoms into the precursor followed by

the carbonization process. For example, Cheng et al. simultaneously

introduced Ni(acac)2 and Cu(OAc)2·H2O to the synthesis process

of ZIF-8 to form Ni/Cu-ZIF-8. Following the 1100 °C carbonization

under Ar atmosphere, a hetero-nuclear marriage-type diatomic Ni-

Cu-N-C catalyst was declared to obtain [45]. However, it still re-

mains ambiguous how these hetero-nuclear diatomic sites form

priority to the homo-nuclear Ni-Ni sites or Cu-Cu sites. In the fab-

rication of homo-nuclear DASCs, this issue will be avoided partic-

ularly with ingenious metal dopants. Ye et al. introduced Fe2(CO)9
with an initial Fe-Fe bond as the iron source during the ZIF-8 syn-

thesis to form a Fe2(CO)9@ZIF-8 hybrid structure, where the iron

compound could be caged and separated by the cavity of ZIF-8.

After a subsequent pyrolysis treatment, the Fe2 cluster can be an-

chored on the N-doped carbon to form a homo-nuclear Fe2-N6

site with a direct Fe-Fe bond. The coordination number of Fe-N(O)

bond and Fe-Fe bond were 4.3 and 1.2 in this DASC calculated by

fitting the results of EXAFS, respectively, indicating the precise di-

atomic sites [46]. Similarly, Ding et al. employed a Ni(dppm)2Cl

dinuclear cluster as Ni source during the hybrid ZIF-8 synthesis,

and a DASC with marriage-type homo-nuclear diatomic Ni sites

was obtained [42]. Different from the above one-step route to ob-

tain hybrid ZIF-8 samples, Ren and co-authors reported an ion-

exchange strategy to obtain Fe and Ni co-doped ZIF-8, where Fe

doped ZIF-8 was first prepared with Fe ions chemically bonded to

the organic ligand as nodes, and Ni ion subsequently encapsulated

within the small ZIF-8 cavities by a two solvent route [41]. After

1000 °C pyrolysis, a DASC with a direct Ni-Fe bond was fabricated.

Although the route of using ZIF-8 as the basic precursor to

fabricate these catalysts exhibits several advantages of uniform

morphology and abundant micro-pore structure, some drawbacks

should be noted, such as the low yield rate of final samples and

the inevitable residue of a trace amount of Zn atoms in catalyst,

which may hinder the further application and influence the cat-

alytic performance [47,48]. Beyond using ZIF-8 as the precursor,

Zeng et al. pyrolyzed l-alanine (amino acid), ferric acetate, nickel

acetate tetrahydrate and melamine together at 900 °C under Ar at-

mosphere, after etching by HCl to remove the metal nanoparticles,

a DASC catalyst with marriage-type Fe and Ni sites as declared

[49]. Lu et al. reported a sol-gel method to prepare Zn/Co bimetal-

lic sites using chitosan as C and N sources. It is worth noting that

the quality of the diatomic sites are severely affected by the syn-
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thesis conditions, and single-atom Zn sites and Co sites inevitably

co-exist in the final products [50].

Besides these approaches of metal-contained precursor car-

bonization, other techniques have also been reported to be avail-

able to prepare DASCs. For example, Liu et al. have successfully as-

sembled a kind of Pt-Ru DASC with atomic layer deposition (ALD)

method, where the Pt atoms were first deposited on carbon nan-

otubes by ALD method and then selectively deposited Ru atoms

on Pt atoms by optimizing the ALD experimental parameters [51].

Chen and co-authors reported a simple method of solventless ball

milling to prepare a homo-nuclear Ni2/N-C DASC, that a dinuclear

nickel cryptate was used as the Ni source and mixed with car-

bon black by ball milling. But high-temperature pyrolysis at 873K

under a nitrogen atmosphere is still needed to transform the or-

ganic compounds into electroconductive nitrogen-doped carbon to

obtain the final DASC [52].

Consequently, most of the reported synthesis routes for DASCs

are similar to that of the SACs, several different combinations of

diatomic sites more than the single-atom sites may coexist in

the catalyst. Accurate synthesis of the diatomic configurations for

DASCs still remains challenging. Therefore, advanced techniques for

DASCs synthesis are still urgently needed, as well as more explo-

rations need to be done to reveal the formation mechanism of di-

atomic metal sites.

2.3. Challenges in the characterization of heterogeneous DASCs

Since DASCs possess the fundamental attributes of atomically

dispersed metal catalysts, most of the characterization methods of

SACs are suitable to characterize DASCs. High-angle annular dark-

field imaging on spherical aberration-corrected scanning transmis-

sion electron microscope (HAADF-STEM) and X-ray absorption fine

structure (XAFS) measurements could observe the existence and

coordination of the atomic dispersed sites. Nevertheless, due to

the complexity of diatomic sites, more attention should be paid to

revealing the accurate configuration for both metal atoms, which

brings more challenges for the characterizations of diatomic sites

and differs from that of SACs. The diatomic metal sites can be di-

rectly visualized as bright dot pairs on the carbon substrate in the

HAADF-STEM images. As illustrated in Zhao’s work, the bright dots

of Fe atoms mainly exist in pairs on the HAADF-STEM image of

the prepared diatomic Fe catalyst, and the distances between the

neighboring two dots are less than 2.6 Å, which is quite a short

distance to form direct metal-metal bonds, preliminarily implicat-

ing the existence of diatomic Fe-Fe sites (Fig. 2a) [53]. On the con-

trary, a distance of 5.0 Å for the neighboring metal atoms in a

Fe and Cu dual-atom catalyst demonstrates the absence of Fe-Cu

bond, implying the individual Fe-Nx and Cu-Nx sites in the sample

(Fig. 2b) [54]. Obviously, it is not sufficient to determine whether

such atomically dispersed metal sites are diatomic sites only by

HAADF-STEM images, as the observed distance between the neigh-

boring metal atoms in the 2D image may be affected by the spa-

tial distribution of metal atoms in 3D catalyst powders. Moreover,

since the metal atoms are all bright dots in the image, it is im-

practical to distinguish the elements for the metal sites for hetero-

nuclear DASCs.

In contrast to HAADF-STEM tests only offer information on

the specific localized area, XAFS tests can afford comprehensive

insights concerning the overall structure [55]. XAFS refers to the

oscillatory structure in the X-ray absorption coefficient just above

an X-ray absorption edge, which can provide the detailed atomic

structure as well as vibrational and electronic properties of the

given material for a certain metal element. Therefore, XAFS is a

powerful tool for investigating the local coordination environment

of the anchored metal atoms [56–58]. For instance, the X-ray ab-

sorption near-edge structure (XANES) spectra of Fe2@PDA-ZIF-900

located between Fe foil and FeO, demonstrating the oxidation

state of Fe in the catalyst situated between 0 and +2 (Fig. 2c). The

atomic structures of the Fe sites were investigated by the Fourier-

Transform (FT) of the EXAFS spectra in R-space at the Fe-K-edge,

where the first dominant peak of the catalyst resembles FePc at

1.41 Å is attributed to the Fe-N coordination, and a secondary

peak at 2.20 Å was assigned to Fe-Fe bonds (Fig. 2d). By fitting

the R-space curve with density functional theory (DFT) models,

the diatomic Fe-Fe sites with Fe2N6 configuration were finally

revealed for the Fe2@PDA-ZIF-900 catalyst (Fig. 2e) [59].Compared

to homo-nuclear DASCs, hetero-nuclear DASCs are more complex

since three distinct diatomic configurations (i.e., M1-M1, M1-M2,

M2-M2) may co-exist in the substrate plane. Benefiting from the

good sensitivity of XAFS for distinguishing the metal-metal bonds

in length, the FT spectrum in R-space will provide clear criteria

for investigating the hetero-nuclear diatomic sites. For instance,

except for the first dominant peak of metal-N at about 1.5 Å in the

FT spectra of FeCo-N/C at Fe K-edge and Co K-edge, a secondary

peak of the DASC located at about 2.2 Å,which is similar but

distinguished from both the Fe-Fe bond in Fe foil and Co-Co bond

Fig. 2. (a) HAADF-STEM image and the distance in the observed atomic pairs for Fe2NPC. Copied with permission [53]. Copyright 2022, American Chemical Society. (b)

HAADF-STEM image and the distance in the observed atomic pairs for FeCu-DA/NC. Copied with permission [54]. Copyright 2020, Royal Society of Chemistry. (c-e) Fe K edge

XANES, FT EXAFS spectra and FT EXAFS fitting spectrum at R space for Fe2@PDA-ZIF-900. Copied with permission [59]. Copyright 2022, John Wiley & Sons. FT-EXAFS spectra

at (f) Fe K-edge, (g) Co K-edge and (h) schematic for FeCo-N/C. Copied with permission [60]. Copyright 2023, American Chemical Society.
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in Co foil, either the metal-oxygen bond, implying the existence of

Fe-Co bond in FeCo-N/C (Figs. 2f and g). By fitting these R-space

curves, the average coordination numbers of Fe-N, Co-N, and Fe-Co

in the catalyst are calculated to 3, 3, and 1, respectively. Based

on these results, the author raised the hetero-nuclear diatomic

configuration of FeN3-CoN3 with direct Fe-Co bonds for the cat-

alyst (Fig. 2h) [60]. Although XAFS is widely used and achieved

satisfactory results in the characterization of diatomic sites, several

issues still need to be reminded: (1) The obtained data represents

the average value within the test range, which may be influenced

by the potential nanocluster and single-atom sites, especially for

homo-nuclear DASCs. This phenomenon will lead the evaluated

coordination numbers for metal-N bond and metal-metal bond

not an integer; (2) It is difficult to well fit the second shell of

the metal atoms, thus making it difficult to reveal the configu-

ration of atomic metal sites in a larger range, especially for the

marriage-type DASCs, thus bring some deviation in constructing

the diatomic site model for further DFT simulations.

Mössbauer spectroscopy is another powerful technique for char-

acterizing Fe and Sn-based materials, which can be used to study

the hyperfine interaction between the nucleus and the surround-

ing environment for DASCs. For instance, Ding et al. employed 57Fe

Mössbauer spectroscopy to validate the electronic states of the N-

coordinated Fe in the hetero-nuclear Fe1-Mo1 dual-metal catalytic

pair on ordered porous carbon. The line width of the Mössbauer

spectrum for the DASC is significantly decreased as compared to

the single-atom Fe1-NC sample. In the further quantitative analysis,

the spectrum for the DASC can be deconvoluted into Fe4+ (94.9%)

and high-spin Fe3+ (5.1%), while the spectrum for the SAC can be

split into high-spin Fe2+ (44.6%) and high-spin Fe3+ (66.4%). These

different results evidently illustrate the chemical states of Fe and

Mo in the DASC are influenced by the electronic interaction be-

tween them, providing powerful evidence for the existence of the

diatomic sites [31].

3. ECR performance and mechanism on heterogeneous DASCs

3.1. General overview of ECR performances on heterogeneous DASCs

In the past decades, SACs have been widely investigated for

ECR with experiments and DFT simulations, finding that the

inherent scaling relations between the adsorption energies of

intermediates seriously restrict the catalytic performance of ECR

[61–63]. The construction of heterogeneous DASCs provides a

promising candidate to break such scaling relations for efficient

ECR. Since the related experimental exploration of DASCs is still

developing, the theoretical free energy calculations can be used

to simulate the ECR process on DASCs, thus providing an efficient

approach to screen highly efficient DASC candidates for ECR. At

present, there have been a number of reports about predicting the

ECR performance of various diatomic configurations. For instance,

Li et al. used large-scale screening-based DFT and microkinetics

modeling to investigate the ECR performance of some transition

metal dimers supported on graphene with adjacent single va-

cancies. By comparing the adsorption behavior of COOH, CHO,

and H intermediates with CO on the diatomic model, they found

which allows for the possibility of reducing the over-potential of

the adsorption of COOH and CHO was enhanced with respect to

that of CO, superior to the case on packed (111) metal surface,CO2

protonation on most of the metal dimers (Figs. 3a and b) [64].

Luo et al. constructed a series of DASC models by embedding a

TM1/TM2-N6 (TM represents transition metal) sites into a rectangle

superlattice of graphene. By computing the adsorption free energy

of CO∗ intermediate, 8 of the 9 DASCs showed free energy values

higher than −0.2 eV, except for the Ni/Ni sample, indicating the

CO∗ can easily desorb to form CO product on the 8 kinds of DASCs

(Figs. 3c and d). Further, by using the adsorption strength of OH∗

and COOH∗ species as an indicator, the authors found that the

scaling relationship between the adsorption strength of COOH∗

and CO∗ species had been broken in the case of Cu/Mn, Ni/Mn and

Ni/Fe, leading to a good ECR activity for these samples [65]. An and

co-authors investigated the synergy of a NiCo dimer anchored on a

C2N graphene matrix for ECR by means of DFT and computational

hydrogen electrode methods. The calculation results demonstrate

that NiCo site exhibits more advantaged ECR properties to hy-

drogen evolution in free energy (Fig. 3e), and the diatomic sites

would not deactivate by the strongly-bound intermediates under

the case of viable co-adsorbates [66]. Ouyang et al. screened 21

kinds of hetero-nuclear transition metal dimers embedded in

monolayer C2N as potential DASC for ECR (Fig. 3f) [67]. By adjust-

ing the components of dimers, the two metal atoms play the role

of carbon adsorption sites and oxygen adsorption sites, leading

Fig. 3. (a) Schematics for MN@2SV structures, (b) screening of CO2 electroreduction intermediate (CO, COOH, CHO, H, O, and OH) adsorption with respect to CO on different

MN@2SV. Copied with permission [64]. Copyright 2015, American Chemical Society. (c) Schematic geometric structure of TM1/TM2–N6–C DMSCs, (d) adsorption free energy of

COOH∗ (DGCOOH∗) and CO∗ (DGCO∗) on 9 DMSCs. Copied with permission [65]. Copyright 2020, Royal Society of Chemistry. (e) Difference in limiting potentials for the CO2RR

and HER on the NiCo@C2N and the other sites. Copied with permission [66]. Copyright 2019, American Chemical Society. (f) Design concept of monolayer C2N supported

heteronuclear transition-metal dimers. (g) Free energy diagram of the CO2 reduction pathway toward CH4 on CuCr/C2N and CuMn/C2N at different applied potentials. (h)

Energy difference between adsorption energy of TM atoms on C2N and the cohesive energy of TM atoms. Copied with permission [67]. Copyright 2020, Royal Society of

Chemistry.
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to the decoupling of adsorption energies of key intermediates.

Cu/Cr and Cu/Mn dimers are identified as promising candidates

for ECR to CH4 with limiting potentials of −0.37V and −0.32V,

respectively (Fig. 3g). Moreover, the stability of the C2N-supported

metal dimers is also considered in Wang’s work, by analyzing the

energy difference (�Eb) between the adsorption energy of metal

dimers on C2N substrate and the cohesive energy of metal atoms

in crystals. The results indicate most of the metal dimers may

aggregate into clusters (Fig. 3h), hinting a potential crisis of DASCs.

Although many computer simulations provide useful guidelines

for further developing efficient DASCs for ECR, it is notable that

the model of constructed diatomic sites in the simulation is still

a simplification of the real catalyst. It is difficult to fully reflect

the catalytic properties of the real catalyst. In addition, the ac-

tual electrocatalytic reaction on electrodes is a very complex pro-

cess, which includes electrostatic potential, transient state, solva-

tion effect, electrical double layer, mass transfer and other factors,

thus leading the simulation of real electrocatalytic reaction pro-

cess to be a challenge and frontier topic in computational electro-

chemistry.

3.2. Experimental ECR performance on heterogeneous DASCs

The application of DASCs in ECR is now in a rapid develop-

ment stage, various DASCs have been reported for ECR investiga-

tions. However, unlike the theoretical simulations with many kinds

of DASC models, most of the experimental DASCs reported for ECR

are constructed by anchoring metal dimers on nitrogen-doped car-

bon substrates. The main reason for this issue may be attributed to

the fact that such carbon frameworks provide favorable sites to sta-

bilize the metal atoms [68]. At present, most of the reported metal

atoms in DASCs for ECR are Ni, Fe, Co and Cu, involving homo-

nuclear and hetero-nuclear DASCs with the metal-metal bond or

marriage-type configurations. As expected, these DASCs exhibit re-

markable ECR performance, superior to the corresponding SACs.

For instance, in Zhao’s work [53], a homo-nuclear Fe DASC with

Fe-Fe bonded Fe2N6 configuration sites (Fe2NPC) was precisely pre-

pared for ECR (Fig. 4a). The Fe2NPC achieved CO Faradic efficiency

(FECO) up to 96.0% at −0.6V (vs. RHE), which was superior to

the maximum FECO of 83.5% on the corresponding single-atom Fe

catalyst (Fe1NPC) prepared with different iron precursor (Fig. 4b).

The turnover frequency number of Fe atoms for the Fe2NPC was

1.8 times higher than that of the Fe1NPC (Fig. 4c), demonstrat-

ing that the iron atoms in the DASC were more active for ECR.

This point was further confirmed by the measurements of Tafel

plots, as Fe2NPC achieved a Tafel slope of only 60mV/dec, lower

than that of 78mV/dec for Fe1NPC (Fig. 4d). Liang et al. reported

a homo-nuclear Ni2 DASC named Ni2-NCNT for ECR (Fig. 4e) [69].

By poisoning the metal sites with SCN−, the atomically dispersed

Ni sites were considered to be the primary ECR active sites for

both Ni2-NCNT and the single-atom Ni1-NCNT catalyst. The max-

imum FECO for the Ni2-NCNT was 97%, in contrast to the FECO of

89% for Ni1-NCNT at −0.9V vs. RHE (Fig. 4f). The difference in ECR

performance for the DASC and SAC was further pronounced in the

comparison of CO-producing current density (jCO), where the Ni2-

NCNT achieved jCO of 76.2mA/cm2 at −1.4V vs. RHE without iR

correction, much higher than that of 32.7mA/cm2 for Ni1-NCNT

(Fig. 4g). And after the analyzation of electrochemical impedance

spectroscopy (EIS) and electrochemical active surface area (ECSA),

the mass activity of nickel was further investigated, where the jCO
mass activity of the Ni2-NCNT is 2.3-times higher than that of the

Ni1-NCNT, confirming the enhanced ECR performance of the DASC

originated from the unique diatomic metal site rather than the dif-

ferent Ni loading (Fig. 4h).

Fig. 4. (a) Schematic of ECR on Fe2NPC. (b) FECO, (c) TOF number, (d) Tafel plots of Fe2NPC on the contrary of Fe1NPC. Copied with permission [53]. Copyright 2022,

American Chemical Society. (e) Schematic of Ni2-NCNT DAC. (f) FECO, (g) jCO, (h) the specific current densities of CO normalized by the mass of Ni for Ni2-NCNT. Copied with

permission [69]. Copyright 2022, Elsevier B.V. (i) Least-squares curve-fitting analysis of operando EXAFS spectra at the Ni K-edge for Ni2/NC. (j) Comparison between the

Ni K-edge XANES experimental spectra (solid lines) and the theoretical spectra (dashed lines) calculated with the depicted structures (insert). Copied with permission [42].

Copyright 2021, American Chemical Society.
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Similar ECR performances are also obtained on many other

DASCs, involving the hetero-nuclear DASCs and the marriage-type

DASCs as well. For instance, Ren et al. reported a bridge-type

Ni-Fe DASC (Ni/Fe-N-C) with metal atoms anchored on nitrogen-

doped porous carbon for ECR. The obtained Ni/Fe-N-C outper-

formed the corresponding single-atom catalysts of Fe-N-C and Ni-

N-C across the entire potential window from −0.4V to −1.0V,

reaching a maximum FECO of 98% at −0.7V vs. RHE. And Ni/Fe-N-C

achieved jCO of 7.4mA/cm2 at −0.7V vs. RHE in 0.5mol/L KHCO3,

which is 1.5 and 4.6 times higher than that of Ni-N-C and Fe-

N-C catalysts, respectively. Moreover, the Tafel slope of ECR on

Ni/Fe-N-C decreased to 96mV/dec, lower than that of 101mV/dec

for Fe-N-C and 143mV/dec for Ni-N-C, demonstrating the rate-

determining step of the first electron transfer to generate ∗COOH
was greatly enhanced on the DASC [41]. Li and co-workers re-

ported a marriage-type homo-nuclear Ni DASC (Ni2/NC) for ECR,

which consists of two Ni1-N4 moieties shared with two nitrogen

atoms, anchored on nitrogen-doped carbon. Besides demonstrating

the superior ECR performance of the DASC to the single-atom Ni

catalyst, the authors employed operando synchrotron X-ray absorp-

tion spectroscopy to investigate the diatomic site, revealing that an

oxygen-bridge adsorption on the Ni2-N6 site to form an O-Ni2-N6

structure with enhanced Ni-Ni interaction (Figs. 4i and j) [42].

In terms of ECR products, the reported DASCs mainly produce

CO via ECR at present, which is quite different from the SACs. The

main reason could be attributed to two aspects, one is that the in-

teractions between the two metal atoms lead to a weak ∗CO bond

energy on the diatomic sites to facilitate CO desorption, and the

other one is that the diatomic sites favor to bond the C atom of

CO2 molecular to avoid the pathway of HCOOH generation. For in-

stance, single-atom Cu catalysts have been reported several times

for ECR, which produce various kinds of reduction products beyond

CO, such as CH3OH, CH4, C2H5OH and acetone [70–72]. On the

contrary, to date, the reported Cu-contained DASCs only produce

CO via ECR [73,74]. The single-atom In catalyst with In-N4 sites

and the single-atom Sn catalyst with Snδ+ on N-doped graphene

have been reported to electrochemically reduce CO2 to HCOOH

with high efficiency [75,76]. But when the In atom and Sn atom

couple with other transition metal atoms to form diatomic sites,

only few of these obtained DASCs will reduce CO2 to HCOOH, and

most of the DASCs may produce CO as the main product instead of

HCOOH [77–79]. Not to mention the DASCs constructed with CO-

product favorable metal atoms. In order to comprehensively ana-

lyze and compare, we summarized the recent ECR performance on

DASCs in Table 1 [30,41,42,45,53,69,73,74,77-88].

By summarizing these results, it could be observed that DASCs

have shown excellent ECR activity and CO generation property su-

perior to the SACs. It is worth noting that most of the DASCs

reported for ECR so far are based on nitrogen-doped carbon

substrates, more experimental research models are still urgently

needed to be developed for ECR. In addition, although many stud-

ies have declared that DASCs remain stable in long- time electro-

chemical reactions, only a few reports focus on the real-time evo-

lution of the diatomic sites in the ECR reaction process. Since it is

well known that the metal atoms in single-atom metal sites may

suffer dynamic evolution during the electrocatalytic reaction [89–

91], more deep insights into the real reaction sites or inactivation

of DASCs remain to be further revealed. And more reaction condi-

tions, as well as the flow-cell reaction systems beyond the H-cell

reactor, remain to be further carried out for ECR studies on DASCs.

Table 1

Summary of ECR performance for experimental available DASCs (�bridge-type, � marriage-type).

Catalyst Active site(s) Metal loading Electrolyte Product

FEproduct,

potential (RHE)

jproduct (mA/cm2),

potential (RHE)

TOF (h−1), potential

(V, vs. RHE) Ref.

♦ Ni-CNC-1000 Ni2-N4-C2 1.7 wt% 0.5mol/L KHCO3 CO 96.6%, −0.8 V 15.5, −1.0 V 4600, −1.0 V [80]

♦ Ni–N@C1 Ni2N6 0.237 wt% 0.5mol/L KHCO3 CO – 26.5, −1.1 V – [81]

♦Ni2-NCNT Ni2–N3 0.61 wt% 0.5mol/L KHCO3 CO 97%, −0.9 V 76.2, −1.4 V 27,500, −1.4 V [69]

� Ag2-G AgN3-AgN3 0.1 wt% 0.5mol/L KHCO3 CO 93.4%, −0.7 V 11.87, −0.7 V 54,000, −0.7 V [82]

♦ Fe2NPC FeN3-FeN3 0.34 wt% 0.1mol/L KHCO3 CO 96.0%, −0.6 V 2.9, −0.6 V 1080, −0.6 V [53]

� CoCu-DASC CuCo-N6 0.58 wt% Co

0.64 wt% Cu

0.5mol/L KHCO3 CO 99.2%, −0.6 V 31.3, −1.1 V – [73]

� InNi DS/NC O-In-N6-Ni 0.48 wt% In

0.24 wt% Ni

0.5mol/L KHCO3 CO 96.7%, −0.7 V 23.5, −1.0 V 7353, −1.0 V [78]

� FeNi

DASs/HOPSNC

(Fe-Ni)N6 0.62 wt% Fe

1.67 wt% Ni

0.5mol/L KHCO3 CO 94%, −0.87 V 41.22, −0.87 V – [83]

♦ Ni/Fe-N-C NiN3-FeN3 0.97 at% Ni

0.34 at% Fe

0.5mol/L KHCO3 CO 98%, −0.7 V 7.4, −0.7 V 7682, −1.0 V [41]

� Ni/Cu-N-C N4Ni/CuN4 0.27 wt% Ni

0.31 wt% Cu

0.5mol/L KHCO3 CO 99.2%, −0.79 V 29.9, −0.79 V 3960, −0.79 V [45]

♦Ni-Zn-N-C NiN3-ZnN3 0.84 wt% Ni

1.32 wt% Zn

0.5mol/L KHCO3 CO 99%, −0.8 V 20.23, −0.9 V ∼1200, −0.9 V [84]

♦ CuFe/N-C CuFe–N6 0.52 wt% Cu

1.74 wt% Fe

0.5mol/L KHCO3 CO 95.5%, −0.4 V 2.1, −0.5 V 3386, −0.9 V [85]

♦ Cu-Fe-N6-C Cu-Fe-N6-C 0.91 wt% Cu

0.83 wt% Fe

0.1mol/L KHCO3 CO 98%, −0.7 V 3.8, −0.7 V – [86]

♦ Fe/Cu-N-C DAC N4Fe-CuN3 0.30 wt% Fe

0.19 wt% Cu

0.1mol/L KHCO3 CO 99.2%, −0.8 V 12.91, −0.8 V 5047, −1.1 V [87]

♦ Ni/Cu-CTF NiN3-CuN6 0.26 wt% Ni

0.10 wt% Cu

0.1mol/L KHCO3 CO 99.82%, −1.1 V 7.81, −1.1 V 5116, −1.1 V [74]

� NiCu-NC dNiCu-5.3 0.67 wt% Ni

0.88 wt% Cu

0.1mol/L KHCO3 CO 95.3%, −0.77 V 3.54, −0.77 V 681, −1.27 V [30]

♦ CuSn/NPC CuN2SnN2/Gr 1.21 wt% Cu

1.13 wt% Sn

0.1mol/L KHCO3 CO 99.1%, 0.75 V 10.22, −0.95 V – [79]

♦ NiSn-APC N4-Ni-Sn-N4 0.28 at% Ni

0.30 at% Sn

0.5mol/L KHCO3 HCOOH 86.1%, −0.82 V 20.8, −0.82 V 4752, −1.02 V [77]

� NiMn DAC NiMn-N6 0.45 wt% Ni

0.30 wt% Mn

1mol/L KOH

Flow reactor

CO 98.3%, −0.397 V 295, −0.397 V 49,255, −0.397 V [88]

� Ni2-NC O-Ni2-N6 0.18 wt% 1.0mol/L KHCO3

Flow reactor

CO 94.3%

(150mA/cm2)

141, −1.25 V – [42]
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3.3. Reaction mechanism

Generally, the metal atoms anchored on carbon-based sub-

strates are undoubtedly identified as the active centers for ECR. To

investigate the reaction pathway for ECR, in-situ Fourier transform

infrared (FTIR) spectroscopy is broadly employed to verify the re-

active intermediates, such as ∗HCO3,
∗COOH and ∗CO [92,93]. But it

is still very difficult to analyze the interaction between these inter-

mediates and the diatomic metal sites. DFT calculations can sim-

ulate the electrocatalytic reaction with free energies of reactants,

leading it the most powerful approach to investigate the reaction

mechanism of ECR on DASCs, where the catalyst model and reac-

tion intermediates are constructed based on the material charac-

terization and the results of in-situ spectroscopy measurements.

So far, CO and HCOOH are the main ECR products on DASCs,

which only suffer two-electron transfer processes. Since the CO

product is more common in the present experimental reports

and suffered more complex reaction steps than the generation of

HCOOH, we mainly focus on the mechanism of CO2 reducing to

CO in this work. The overall conversion process is usually pro-

posed to occur in four steps (where ∗ represents adsorption sites)

[94–97]:

CO2 + ∗ → ∗CO2; (1)

∗CO2 +H+ + e− → ∗COOH; (2)

∗COOH+H+ +e− → ∗CO+H2O; (3)

∗CO→ ∗ +CO. (4)

Sometimes Steps 1 and 2 may also be considered as one step

noted as CO2 + ∗ +H+ + e− → ∗COOH [15,98]. It is obvious that

the catalysts require to provide enough affinity to bind the CO2

molecule and facilitate the activation of CO2 for the reaction course

of CO2 to CO conversion. And the binding strength of ∗COOH in-

termediate should be strong enough for further reduction. Mean-

while, with the aim of efficient CO production, catalysts should

provide a weak ∗CO binding strength to facilitate CO desorption

from the surface. However, the binding energies of ∗COOH and ∗CO
are typically proportionally correlated via the so-called scaling re-

lations, making them challenging to be tuned individually [99]. In

contrast to the SACs with only one type of isolated active site,

the diatomic metal pair will provide more possibility to simulta-

neously adjust the binding strength of intermediates for the multi-

intermediate ECR process to generate CO. At present, the advanced

CO2-to-CO conversion performances on DASCs are mainly achieved

by enhancing CO2 activation and facilitating CO desorption through

the synergistic effects of the two metal atoms. To clearly summa-

rize the recent studies on the electrochemical CO2-to-CO reaction

mechanism, the DASCs could be briefly divided into two aspects:

(1) the DASCs constructed with Mn, Fe, Co, Ni, Zn and so on, whose

corresponding single-atom M-Nx sites are known for favorable CO

production; (2) the DASCs constructed with Cu, In, Sn and so on,

whose corresponding single-atom sites could produce other prod-

ucts expect for CO [100–102].

3.3.1. ECR mechanism on heterogeneous DASCs constructed by Mn,

Fe, Co, Ni, and Zn

As mentioned above, CO2 activation and CO desorption are con-

sidered pivotal steps for CO2-to-CO conversion. According to the

previous studies of ECR on atomically dispersed transition met-

als anchored on nitrogen-doped carbon, single-atom Mn, Fe, Co,

Ni, and Zn sites are known to achieve impressive activity and se-

lectivity for CO production [103]. Typically, the single-atom Ni-N

sites, for example Ni-N4 site, exhibit high current density for CO

production but still suffer from sluggish kinetics of the CO2 acti-

vation process [104]. Fe-N sites, Mn-N sites and Co-N sites usually

show low free energy barrier for CO2 activation, whereas the des-

orption of ∗CO hindered their reactivity of CO producing with over-

strong ∗CO binding strength on the Fe, Mn or Co atoms [105]. Han

et al. reported a marriage-type N-bridged Ni and Mn DASC (NiMn

DASC) for ECR, where the synergistic electronic modification effect

caused by coupling neighboring Ni and Mn atoms was highlighted

by the authors. By employing DOS and Bader charge analysis, it

is found that electron interaction occurred between the neighbor-

ing Ni and Mn atoms, as more charge accumulated at the Ni atom

and the electron density near the Fermi level of NiMn DASC was

obviously tuned compared to the corresponding SACs. As a result,

the NiMn DASC exhibited significantly lower free energy barriers

in the step of ∗COOH generation than Ni SAC and in the step of
∗CO desorption than Mn SAC, leading to highly efficient CO pro-

duction for the NiMn DASC (Fig. 5a) [106]. Li et al. investigated the

synergistic effect of bridge-type Ni-Zn diatomic sites for enhanced

ECR to CO production. The in-situ characterizations combined with

DFT simulations demonstrated that the Ni-Zn coordination modi-

fied the d-state of the metal atom, narrowing the gap between the

d-band center of the Ni 3d orbitals and the Fermi energy level to

strengthen the electronic interaction at the reaction interface. In

this sense, lower free energy barriers for CO2 activation and ∗CO
desorption were achieved on the DASC, superior to the single-atom

Ni and Zn catalysts [84].

Besides tuning the electronic state of the metal sites, the syner-

gistic effect of the metal-metal pair may also provide other possi-

ble energy-optimized reaction pathways of CO2-to-CO conversion.

Taking a bridge-type Fe-Ni DASC for instance, by constructing the

Fe-Ni diatomic sites, the advantages of the atomic Ni site and

Fe site were successfully combined, achieving higher ECR perfor-

mance for CO production on the DASC than on the correspond-

ing SACs. DFT simulations revealed that the carbon atom and one

oxygen atom of ∗COOH intermediate were bonded by the Ni atom

and Fe atom of the diatomic site, respectively. Even though the di-

atomic Fe-Ni site tended to be passivated with a strong ∗CO bind-

ing strength, the CO-adsorbed Fe-Ni moiety could provide an ad-

ditional site for the second CO2 activation to form ∗CO and ∗COOH
co-adsorption on the diatomic site (Fig. 5b). In this way, the bind-

ing strength of ∗COOH and ∗CO on the CO-adsorbed Fe-Ni diatomic

moiety were weaker than on bare single-atom Ni or Fe sites, which

increased the free energy barrier of CO2 to ∗COOH to 0.47 eV,

whereas the barrier of ∗CO desorption decreased to 0.27 eV. As a

result, the diatomic Fe-Ni site decreased the theoretical overpo-

tential from 0.76 eV to 0.47 eV, significantly lowering the ECR bar-

rier for CO production (Fig. 5c) [41]. Similar results were also re-

ported by Zhao’s work for a bridge-type homo-nuclear Fe DASC

with Fe2-N6 sites [53]. The DFT simulations revealed that neighbor-

ing Fe-Fe configuration in the Fe2N6 site facilitate the CO2 activa-

tion via concurrently bonding the C and O atoms of CO2 molecule

with a stretched C-O bond, as the �G of ∗CO2 formation decreased

to −0.03 eV on the Fe2N6 site, considerably lower than that of

+0.59 eV on the FeN4 site, consistent with the results of CO2 tem-

perature programmed desorption measurements. The �G of ∗CO
desorption from the bare Fe2N6 site was calculated to be 1.37 eV,

which is higher than that of 1.03 eV on the FeN4 site. Nevertheless,

the moiety of ∗CO bonded Fe2N6 took up a second CO2 molecule

with a much milder �G of 0.90 eV, and the subsequent formed
∗CO+ ∗CO configuration could easily desorb one CO molecule with

a small �G of 0.20 eV. As a result, the largest energy barrier for

CO production on the Fe2N6 site was lower than that on the FeN4

site, suggesting the advanced ECR performance on the DASC for CO

production (Fig. 5d) [53].
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Fig. 5. (a) Free energy diagrams for ECR to CO production on NiMn DASC. Copied with permission [88]. Copyright 2022, Elsevier B.V. (b) The catalytic mechanism on Fe/Ni-

N-C based on the optimized structures of adsorbed intermediates COOH∗ and CO∗ . (c) Free energy diagrams for ECR on Fe/Ni-N-C. Copied with permission [41]. Copyright

2019, John Wiley & Sons. (d) Free energy diagrams of ECR on the Fe2N6 site. Copied with permission [53]. Copyright 2022, American Chemical Society. (e) The PDOS of

Ni/Cu-CTF before and after CO2 absorption. (f) Free energy diagrams for ECR on Ni/Cu-CTF. Copied with permission [74]. Copyright 2023, Elsevier B.V. (g) Configuration of

CO2 adsorption on CuN2SnN2/Gr, (h) selectivity between ECR and HER (UL(CO2)-UL(H2)) on CuN2SnN2/Gr, CuN3/Gr, and SnN3/Gr. Copied with permission [79]. Copyright

2023, Tsinghua University Press.

3.3.2. ECR mechanism on heterogeneous DASCs constructed with Cu,

In and Sn

In contrast to the metals mentioned above, the Cu atoms in

single-atom sites are usually regarded as neither performing any

advantages for CO2 activation or ∗CO desorption, whereas the

single-atom Cu catalysts can produce hydrocarbon compounds via

ECR with more than two electron transfers. However, to date, CO

is still the main product of experimental ECR on the DASC con-

structed with Cu atom participation, which may be attributed to

the synergy and electron interaction of the dual metal atoms. For

instance, Shen et al. investigated the CO production mechanism

for a bridge-type Ni-Cu DASC [74]. DFT simulations and experi-

mental results revealed that CO2 molecule tended to be adsorbed

on the Ni atom for the diatomic Ni-Cu, and the adsorption and

protonation of CO2 were enhanced on the diatomic Ni-Cu sites,

as the electron orientation from the Cu site to Ni site reduced

the antibonding orbital coupling between Ni and C atoms in CO2

(Fig. 5e). Moreover, the electron-deficient Cu atom in the diatomic

site would serve as a spontaneous enrichment center for ∗H, which

could offer an inexhaustible proton source to overcome the kinetic

barriers of the ECR intermediates protonation. By these means, the

Ni-Cu DASC achieved enhanced performance in CO production, sur-

passing the ECR performance on corresponding single-atom Cu or

Ni catalysts (Fig. 5f). Similarly, Yi et al. also found that CO2 acti-

vation was more likely to occur on the Co sites for a marriage-

type CoCu DASC, as the free energy barrier of CO2 activation on

the Co sites was lower than that on the Cu sites. In addition, the

calculated free energy diagrams for ECR revealed that the CoCu-

DASC properly reduced the free energy barrier for ∗COOH forma-

tion and ∗CO desorption, as the CO2 activation and ∗CO desorption

suffered larger free energy barriers on the single-atom Cu sites and

single-atom Co sites, respectively. Further DOS calculations clearly

demonstrated that the electronic interaction between the neigh-

boring Co and Cu atoms tuned the d-band center of CoCu-DASC

to a more moderate location, which resulted in a mild binding

energy for the intermediates on the active sites [73]. When ECR

is carried out on the DASCs constructed by Cu and Fe atoms an-

chored on nitrogen-doped carbon, the CO2 molecule tends to be

adsorbed on the Fe atoms as well. With the electronic interaction

of the neighboring Cu atoms, the charge density of the Fe atoms

will be tuned, resulting in a lower d-band center than the Fe-N4

sites, which makes the Cu-Fe DASCs perform better CO2 activation

properties than the corresponding SACs. In addition, considering

the solvation effect and the transform state, the bridge-type Cu-Fe-

N6-C site is supposed to reduce the energy barrier of the C-O bond

breaking [85–87]. However, it is worth noting that the desorption

of ∗CO from the Cu-Fe DASCs has not been significantly improved.

Besides, in deference to the experimental results, the present stud-

ies of ECR on Cu-based DASCs do not explain why the CO2 has not

been deeply reduced to other hydrocarbon compounds.

For the In or Sn participated DASCs, the synergistic effect and

the electronic interaction of the two metal atoms in the diatomic

site also lead to facilitating the CO2 activation. Take a marriage-

type oxygen-bridged In-Ni DASC for instance, due to the synergis-

tic effect of In-Ni dual-sites and O atom bridge, the O-In-N6-Ni site

exhibits lower energy barrier for ∗COOH formation than the single-

atom In and Ni sites, respectively, where the CO2 molecule tends

to be adsorbed on the Ni atom in the DASC. Additionally, the di-
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atomic site also retards the undesired hydrogen evolution reaction

[78]. Similar conclusions have also been drawn for the Ni-Sn DASC

and Cu-Sn DASC [77,79]. The C and one O atom of CO2 molecular

simultaneously bond to the neighboring Cu and Sn atom on the

Cu-Sn DASC, thus facilitate the CO2 activation progress (Fig. 5g).

Moreover, the HCOOH production has been considered on the Cu-

Sn DASC. The calculated energy barrier of HCOOH formation on the

Cu-Sn site is significantly higher than that of ∗CO desorption, pro-

viding a reasonable explanation for the dominant CO production

[79].

3.4. ECR competing with hydrogen evolution reaction (HER) on

heterogeneous DASCs

Given that the HER is a dominant competitive reaction to ECR,

the selectivity of ECR is crucial for DASCs. Since the energy bar-

riers of ECR are significantly reduced for DASCs, the influence

caused by the synergy of the neighboring metal atoms for HER

is diluted, consistent with the high ECR efficiency. The differ-

ence between thermodynamic limiting potentials for ECR and HER

(UL(CO2)-UL(H2), UL is the lowest potential that all reaction steps

are downhill in free energy) is usually employed to investigate the

relationship between ECR and HER on DASCs. In Ren’s work, the

NiFe-N-C DASC shows a more positive UL(CO2)-UL(H2) value than

Fe-N-C, illustrating the higher ECR selectivity on the DASC [41].

CuN2SnN2/Gr exhibits a positive UL(CO2)-UL(H2) value, while the

corresponding SACs show negative values, demonstrating the ECR

is more favorable to HER on the DASCs (Fig. 5h).

4. Conclusions and perspectives

This review summarized and underlined the progress of DASCs

for ECR by spotlighting the challenges of precise DASCs fabrication

and characterization, as well as the advanced ECR performance and

reaction mechanism on DASCs. We highlighted the inter-metal in-

teraction and the synergistic effect of the adjacent metal atoms in

the DASCs for improving CO2 activation and ∗CO desorption, su-

perior to that on the SACs. We believe that a good understand-

ing of the advanced ECR performance on DASCs is beneficial for

guiding the future efficient catalyst design for ECR, and the field

of DASCs will provide exciting opportunities in ECR. However, to

bridge the wide gap between the fundamental research and practi-

cal application, more efforts are still urgently needed to be devoted

into DASC application from the perspective of ECR development.

To boost the ECR performance on the DASCs, several perspective

aspects are highlighted by the following key points:

(1) Precise fabrication and accurate characterization of DASC. It

is the most fundamental issue for DASCs to fabricate uni-

form and well-defined diatomic sites. For the most present

preparation methods of DASCs, it is difficult to be distin-

guished with the preparation of SACs. And it is inevitable

to introduce single-atom sites into the DASCs. There is not

a specific definition for the acceptable metal atom distance

range of DASCs at present. The formation mechanism of

diatomic-metal site is still remaining to be further eluci-

dated. For the characterization of DASCs, since the metal

loading in the DASCs is usually small, the single-atom sites

may play a role that cannot be underestimated in electro-

catalysis. On the other hand, it also brings more difficulties

for the accurate characterization of the catalysts, although

HAADF-STEM and XFAS are powerful tools for material char-

acterization, the results obtained by them only reflect a lo-

cal area or an average value of a certain region. Moreover,

subject to the current unclear mechanism for the formation

of diatomic sites, it is still a challenge to further improve

the ECR performance by tuning the coordination of the two

anchored metal atoms. Therefore, more attention should be

drawn to the fabrication method and the formation mecha-

nism of DASC.

(2) More in-depth reaction mechanism. At present, most of the

theoretical studies are based on DFT calculations assum-

ing a simple model with ideal conditions, where the trans-

form state, solvents and mass transfer are usually neglected.

This inevitably leaves a big gap between computer simula-

tion and experimental measurements. Only few works pro-

vide further investigations on the distance effect of the two

metal atoms in diatomic site and the threshold effect of

inter-metal interaction for DASCs. Therefore, more parame-

ters and complex material models are suggested to be con-

sidered for investigating the reaction mechanism in terms of

computer simulation for ECR on DASCs. Meanwhile, it is well

known that the electrocatalysts may reconstruct during the

reaction, which affects the judgment of the real active site

for ECR. Therefore, more efforts on in-situ characterizations

should be carried out to monitor the real-time dynamic evo-

lution of the diatomic site. In addition, there are still few

studies comparing the properties and catalytic mechanisms

of DASCs with different configurations in ECR, which call for

more in-depth studies in the future.

(3) Reaction system enlargement and stability evaluation. At

present, most electrochemical tests for ECR on DASCs are

carried out in an H-cell reactor, which may be favorable for

investigating the reaction mechanism for DASCs. However, as

an ultimately application-oriented technology, it is not fea-

sible to perform ECR reactions in an H-cell reactor, due to

the low reaction current density in an H-cell reactor, which

is far from the current density for industrial applications. In

addition to the short reaction time, the characterization of

catalyst after a long-term reaction is often missing in the

stability evaluation of the DASC electrode. Therefore, more

relevant studies are called to be carried out in a flow cell re-

actor or membrane electrode assembly reactor with a larger

working area, as well as evaluating the stability of DASC un-

der higher current density, which will provide greater signif-

icance for promoting the application of DASCs in ECR.
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