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SPECIAL ISSUE: Energy Transitions towards Carbon Neutrality

Emerging dual-atomic-site catalysts for electrocatalytic CO, reduction

Na Qiu'f, Junjun Li*, Haiqing Wang®* and Zhicheng Zhang™"

ABSTRACT The electrochemical CO, reduction reaction
(CO2RR) to yield high-value added fuels and chemicals pro-
vides a promising approach towards global carbon neutrality.
Constant endeavors have been devoted to the exploration of
high-efficiency catalyst with rapid reaction kinetics, low en-
ergy input, and high selectivity. In addition to the maximum
metal atomic utilization and unique catalytic performance of
single-atom catalyst (SAC), dual-atomic-site catalysts
(DASC:s) offer more sophisticated and tunable atomic struc-
ture through the modulations of another adjacent metal atom,
which can bring new opportunities for CO,RR as a deeper
extension of SACs and have recently aroused surging interest.
In this review, we highlight the recent advances on DASCs for
enhancing CO,RR. First, the classification, synthesis, and
identification of DASCs are provided according to the geo-
metric structure and electronic configuration of dual-atomic
active sites. Then, the catalytic applications of DASCs in
CO;RR are categorized based on marriage-type, hetero-nu-
clear, and homo-nuclear dual-atomic sites. Particularly, the
structure-activity relationship of DASCs in CO,RR is elabo-
rately summarized through systematically analyzing the re-
action pathways and the atom structures. Finally, the
opportunities and challenges are proposed for inspiring the
design of future DASCs with high structural accuracy and high
CO;RR activity and selectivity.

Keywords: dual-atomic-site catalysts, CO, reduction, interface
engineering, electrocatalysis, heterogeneous catalysis

INTRODUCTION

The continuously excessive release of greenhouse gas, CO,, has
caused serious global climate warming and environmental
degradation. In this regard, the emerging sequestration [1],
chemical fixation [2], and electro/photo/thermochemical
reduction technologies [3-9] have been developed to alleviate
CO, emissions. The electrochemical CO, reduction reaction
(CO2RR) to yield high-value-added fuels and chemicals provides
a promising approach towards an sustainable carbon-cycle uti-
lization, especially when powered by renewable energy resources
[10-17]. However, high inertness of CO, molecules requires a
high overpotential to activate CO, [18-21]. The accompanying
cathodic competitive hydrogen evolution reaction (HER) results

in low Faradaic efficiency (FE) and selectivity in CO,RR [22-25].
Moreover, the multiple proton-electron transformation and the
C-C bond formation are usually the prerequisite for more
valuable products [26-28]. To date, the efficient CO,RR system
including electrodes [27,29,30], electrolytes [31-34], and cell
structures [35-37], has been pursued tirelessly. Therefore, the
exploration of CO,RR electrocatalysts with low cost and energy
input as well as high FE and selectivity is urgently demanded.

Downsizing active nanoparticles to the atomic-scale site has
been developed as an efficient tactic to maximize metal atomic
utilization [38-41]. The emerging single-atom catalysts (SACs)
have aroused significant interest in the past decade due to their
exceptional catalytic performances. SACs feature inherently
unsaturated coordination configuration and flexibly adjustable
coordination environments [42]. The discrete energy level and
highest occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) gap induced by the quantum size effect
contribute to unique catalytic activity [43,44]. The appropriate
support effect can not only stabilize the single atom site but also
accelerate mass transport and charge transfer [45,46]. SACs have
made important progress in catalyzing single-molecule ele-
mentary reactions, such as HER and oxygen evolution reaction
(OER) [47,48]. The simplicity of active sites makes SACs weak in
catalyzing complex multiple-molecule reactions. For instance,
the high complexities in CO,RR involving the H,O and CO, co-
adsorption, the multiple transformation and the C-C bond
formation urgently need more sophisticated functionalities [49-
51].

To largely expand the application field in catalysis, further
construction of atomic-scale interfaces not only allows the
advantages of SACs to be inherited, but also generates more
diverse functionalized sites, thereby meeting the demands of
complex reactions. Dual-atomic-site catalysts (DASCs) as a
deeper extension of SACs have received great attention. Firstly,
DASCs possess higher loading amounts of metal atoms, thereby
leading to more favorable accessibility to active sites [49,52].
More importantly, the emerging metal-metal bond or metal-
bridge atom bond possesses sophisticated tactics to modulate
both electronic configuration and geometric structure of the
catalysts, thus regulating the synergistic adsorption of different
reactants and intermediates [53-55]. DASCs have exhibited
strong multifunctionality in decoupling complex multiple-
molecule reactions through providing neighboring active sites to
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break the linear scaling relationship [49,56,57]. The diversity of
atomic species and valence states will provide rich combinations
of two atom sites, thus providing a wider research scope for
DASCs. In contrast to the numerous review articles of SACs, the
systematic report on DASCs for CORR, as a new research
frontier, is rarely highlighted.

This review aims to highlight the recent advances on DASCs
for CO,RR applications (Fig. 1). It starts with the classification,
synthesis, and identification of DASCs based on the difference in
the geometric structure and electronic configuration of dual-
atomic active sites. Then, the catalytic applications of DASCs in
CO2RR corresponding to marriage-type, hetero-nuclear, and
homo-nuclear dual-atomic sites are categorized. Particularly, the
structure-activity relationship of DASCs in CO,RR is elaborately
summarized through systematically analyzing the reaction
pathways and the atom structures. Finally, the opportunities and
challenges are proposed to shed light on the rational design of
future DASCs with high structural accuracy and high CO,RR
activity.

atomic-site

catalysts

Figure 1 Overview on DASCs for electrocatalytic CO,RR.

hetero-nuclear

marriage-type

CLASSIFICATION, SYNTHESIS, IDENTIFICATION,
AND PRODUCT DISTRIBUTION OF DASCs

Classification

Based on the spatial distribution and the metal-metal bonding,
the DASCs can be classified as marriage-type, hetero-nuclear,
and homo-nuclear dual-atomic sites (Fig. 2). The marriage-type
DASCs feature random distribution and unrestricted spatial
distances of two kinds of different isolated single-atom sites. The
synergetic effects in marriage-type Fe-Co DASCs have been
reported to effectively break the linear scaling relationships
between *COOH and *CO to actuate CO,RR with superior
activity and high selectivity towards CO production. Different
from the marriage-type DASCs, the hetero-nuclear and homo-
nuclear dual-atomic sites are identified by the adjacent or
neighboring two different and identical atom sites, respectively.
There may or may not be metal-metal bond or bridging atom
such as N between two adjacent atoms. Note that since isolated
single-atom sites are usually present in DASCs, it should be
suggested that only if the ratio of the paired atoms is higher than
a specific ratio, such as 70%, can DASCs be well defined.
Compared with marriage-type DASCs, the supplementary
interactions between two adjacent sites can provide more
opportunities in the regulations of geometric structure and
electronic configuration to excavate great possibility of DASCs
for CO,RR.

Synthesis
The synthesis of marriage-type dual-atomic sites in DASCs
shares the similar procedures with that of single-atom sites to
some extent [58-60]. In contrast, the preparation of hetero-
nuclear and homo-nuclear dual-atomic sites highly requires the
precise control of spatial distance and coordination configura-
tion of adjacent dual-atomic sites. Generally speaking, four
strategies, i.e., mixture pyrolysis, precursor designation, thermal-
control migration, and sequential deposition have been proved
to effectively manipulate dual-atomic sites (Fig. 2).

The mixture pyrolysis is the simplest operation, in which only
a mixture of carbon source, nitrogen source and conventional
metal source is required to be calcined in inert atmosphere. The
dual atoms-contained/doped metal-organic frameworks (MOFs)
were extensively used as the precursors for DASC preparations
[61-65]. Self-ligands and volatile Zn nodes in MOFs can provide
spatial distance modulation for forming dual-atomic sites.
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Figure 2 Classification, synthesis, identification and product distribution of DASCs for CO,RR.
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Abundant nitrogen and carbon species in MOFs can not only
provide a carbonaceous support but also regulate the coordi-
nation configurations through C and/or N. Sometimes, the
etching operation is necessary to remove the residual nano-
crystal byproducts.

As for the precursor designation strategy, dual-atomic organic
complexes have been proved to be effective precursors for the
successful preparation of DASCs. The original dual-atomic
structure in organic complexes is expected to be retained on the
new support by the spatial segregation provided by the organic
ligands. For example, the precursors of bis(1,5-cyclooctadiene)
diiridium(I) dichloride (Ci¢H4CL]Ir»), dicarbonylcyclopentadie-
nyliron (Fe,04Ci4H)o), and allylpalladium(II) chloride dimer
((n3-C3Hs5),Pd,Cl,) have been successfully applied for the pre-
paration of Ir,, Fe,, and Pd,/mpg-C;N, DASCs [50]. Dual-atom
Ag,/graphene catalyst was achieved with binuclear Ag complex
{[Ag(NOs-O)(phtz-N)],(u-phtz-N,N"),} as the precursor. A more
interesting aspect of the strategy is that the atom number can be
well controlled from metal;, metal,, to metal; through utilizing
inorganic compounds with corresponding atoms as precursors.
For instance, mononuclear Fe/Pd, binuclear Fe,/Pd,, and tri-
nuclear Fes/Pd; were achieved by using Fe(acac),/Fe,(CO)o/Fes-
(CO)]Z and Pd(NH3)4(NO3)2/[PdCI(C3H5)]2/[Pd(OAC)2]3 as
precursors, respectively [66-68].

The thermal-control migration strategy refers to the manip-
ulation of single atom migration on the support through pre-
cisely controlled heating extent, which has been successfully
practiced in the preparation of planar-like Fe,-Ng configuration
on the carbonaceous substrate. Lower and higher heating tem-
peratures tend to produce single-atom sites and nanoparticles,
respectively. Only the appropriate temperature allows for the
construction of diatomic sites.

With atomic layer deposition (ALD) apparatus, the sequential
deposition of identical or different atoms can lead to the highly
precise regulation of dual-atomic sites [69,70]. In order to avoid
random distribution and further aggregation, the selective
deposition of the second precursor is critical, which principally
requires the proper selection and design of differentiated pre-
cursors and coordination sites on the substrate. Dual-atomic Pt,
sites anchored on graphene were constructed by two-step
sequential deposition, in which the steric hindrance induced by
trimethyl(methylcyclopentadienyl)-platinum(IV) (MeCpPtMes)
ensured the selective deposition of the second Pt in the form of
immediately adjacent first-Pt atom. Therefore, the preanalysis of
precursor and carrier properties, the precise control of thermal
processes and the rational use of advanced equipment will help
to obtain structurally controllable dual-atomic sites in DASCs.

Identification
In addition to the precise synthesis of DASCs, the identifications
of geometric structure (e.g., coordination environment and
spatial distance) and electronic configuration (e.g., electronic
orbit and oxidation state) are very important. To date, only a
limited number of advanced characterization techniques, such as
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM), X-ray
absorption spectroscopy (XAS), electron energy loss spectro-
scopy (EELS), and Méssbauer spectroscopy have been applied to
investigate DASCs (Fig. 2) [71-73].

The imaging mechanism of AC HAADF-STEM relies on the
difference in the atomic numbers between the loaded metal
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atoms and support atoms. Particularly, the brightness of an atom
is proportional to the square of its atomic number (Z%). AC
HAADEF-STEM can provide a two-dimensional (2D) projection
image with an extremely high resolution down to 0.1 nm to
visualize the position and distribution of dual-atomic sites. AC
HAADEF-STEM could work only if there is a large difference in
the weights of the two atoms.

When the dual-atomic sites in DASCs have similar atomic
weights or the atomic number of dual-atomic sites is less than
that of substrate elements, the similar/sheltered brightness will
make it difficult to distinguish the two atoms well on the AC
HAADEF-STEM picture. At this point, EELS has been proved to
be a powerful complement to AC HAADF-STEM image, in
which the signals of adjacent dual-atomic sites can be well dif-
ferentiated [71].

XAS can be expanded in the usual sense to X-ray absorption
near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS). The collaboration of XANES and
EXAFS are suggested to well reflect the average information
about geometric structure and electronic configuration in
DASCs. For example, the geometric structure, e.g., coordination
atom/number, bridge atom, metal-metal bond and bond dis-
tance, of dual-atomic sites can be qualitatively assessed through
the Fourier transform of the K space in EXAFS into R space. The
electronic interactions among dual-atomic sites and support can
be well achieved by analyzing XANES-derived signals about
electronic orbits and valence states, in which the standard
metallic and oxidized foils usually served as references.

Recently, the researchers attempted to use Mossbauer spec-
troscopy to parse dual-atomic sites. The doublets of D1 (low
spin state), D2 (intermediate spin state), and D3 (high spin state)
have been developed as the valid evidence for M-N;, sites. Par-
ticularly, Mossbauer spectroscopy has more successful practice
in Fe-Co and Fe-Ni dual-atomic sites [72]. The extra peak of
singlet component indicated the existence of Fe-Co bond. A
new doublet (D4) can be explained by the low-spin-state Fe** or
high-spin-state Fe** [73].

Taken together, each of these technologies has its own
advantages and disadvantages in precisely elucidating the geo-
metric structure and electronic configuration of dual-atomic
sites in DASCs. AC HAADF-STEM can only provide a 2D and
local projection image, which is greatly dependent on the large
differentiation of atomic number. In contrast, both XAS and
Mossbauer spectroscopy function from the perspective of bulk
techniques and provide average and comprehensive information
about all different types of sites in DASCs. Based on multiple
characterization results, constructing theoretical models of
DASCs through density functional theory (DFT) can help the
reasonable optimization of dual-atomic sites by analyzing the
stability of possible geometric structure and electronic config-
uration. Integrating the merits of different technologies may be
encouraged for the analysis of DASCs. Only then can we get
closer to the truth in the structure-activity relationship, thereby
pursuing better development of DASCs.

Product distribution

Theoretical DFT calculation results have predicted that Cu
dimers (Cu,) anchored on porous C,N layer can serve as pro-
mising DASCs for electrochemically converting CO, to hydro-
carbons, such as CH, and C,H, [55]. The Cu-based dimers
supported on graphene such as Cu,, CuMn, and CuNi, were also
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theoretically evaluated for CO,RR. Cu, may exhibit high activity
toward CO generation. CuMn should be catalytically active
toward CH, production. CuNi was estimated to promote the
selectivity toward CH;OH [53]. Moreover, the activity of Cu
atoms with different coordination configurations and special
distances for CO,RR was also deduced. CH4 production may
tend to occur on the isolated Cu-N4/-N; and neighboring Cu-N,
sites [74]. The adjacent two Cu-Nj sites may enable C,H, gen-
eration by facilitating the coupling of two CO intermediates.
Although theoretical calculations suggest that different kinds of
hydrocarbon products can be synthesized through DASCs,
current experimental results for CO,RR are more likely to yield
C, products, such as CO, syngas (a mixture of CO and H,), and a
small amount of formate. The experiments are still at an initial
stage and there is still a long way to go for more advanced
hydrocarbon products (Fig. 2).

DASCs FOR CO,RR
Marriage-type DASCs for CO,RR

Zn-La DASCs

The combination of transition metal Zn single atom and rare
earth element La single atom has been achieved to prepare dual
atomic Zn-La catalysts for CO,RR. The impregnation-saturated
melamine sponges with urea and metal nitrates were used as the
precursors to construct Zn-La/N-doped carbon (Zn-La/NC)
dual-atomic catalysts (Fig. 3a) [75]. The local coordination
environments of dual atomic Zn and La were verified to be Zn-
N, La-N, and La-C bonding. The ratio of CO/H, in syngas can
be regulated from 0.14 to 1 in the potential range from —1.3 to
—1.6 V by applying Zn/La single-atomic catalysts and Zn-La
dual-atomic catalysts with Zn/La atomic ratios of 2:1 and 1:2
(Fig. 3b). DFT calculations have confirmed that Zn sites are
mainly responsible for the activation of CO, towards CO pro-
duct, while the H, evolution was promoted at La sites
(Fig. 3c-e).

Ni-Fe DASCs

Another study reported that adjusting the mole ratio of Ni:(Ni
+Fe) from 0, 0.2, 0.35, 0.5, 0.8 to 1.0 can well manipulate the
CO/H, ratio of the syngas in a wide range from 0.14 to 10.86 at
—0.86 V vs. reversible hydrogen electrode (RHE) (Fig. 3f) [76].
Based on the experimental and calculation results, the authors
suggested that Fe sites in NiFe-DASCs function as a vital pro-
moter for hydrogen production, while the protagonist for CO,
conversion to CO should be the Ni sites.

Bi-Zn DASCs

The combination of transition-metal and main-group SACs was
also reported for DASCs design. Marriage-type Bi-Zn DASCs
with Bi-N, and Zn-N, configurations were also reported to be
efficient for producing syngas in a wide range of CO/H, ratios
from 0.20 to 2.92 (Fig. 3g) [77-79].

Ni-Co DASCs

Ni-Co DASCs anchored on NC were prepared through pyr-
olyzing the mixture of glucose, dicyandiamide, and transition
metal salts [80]. The configuration of Ni-Co DASCs featured
Co/Ni-pyridinic-N coordination and a negligible Co-Ni inter-
action. As for the single-atom Ni/Co catalyst, Ni-NC displayed
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an almost exclusive activity for converting CO, to CO (e.g., >
56 mA cm™2 at —1.0 V vs. RHE), while Co-NC exhibited a
notable HER activity (e.g., >58 mA cm™ at —1.0 V vs. RHE).
Based on these observations, Ni-Co DASCs with different Co/Ni
ratios were developed to regulate the CO/H, ratios in syngas.
The performance result of CoNi-NC indicated that the CO/H,
ratios can be adjusted in a wide range from 0.23 to 3.26, satis-
fying subsequent industrial thermocatalytic applications
(Fig. 3h). The experimental and DFT results confirmed that Ni-
NC and Co-NC are selectively responsible for CO, activation
and H, evolution, respectively (Fig. 3i).

Cu-In DASCs

Considering the fact that the Cu SAC shows a low selectivity, the
main-group In single-atom site was introduced into transition-
metal Cu SAC to develop Cu-In DASCs [81]. As exhibited in
Fig. 4a, the Cu-In DASCs were prepared through the direct
pyrolysis of Cu and In multimetallic zeolitic imidazolate fra-
mework-8 (ZIF-8). The introduction of HER-inert In single-
atom sites was aimed to inhibit the HER side reaction, thereby
promoting the selectivity of CO,RR to CO. The coordination
configuration and valence states of Cu and In in DASCs were
revealed by XANES and EXAFS. The Cu in Cu-In DASCs
exhibited the average valence states in the range of 0 and +2,
while the In in DASCs owned a valence state of +3. Moreover,
the absent Cu-Cu, In-In, and Cu-In signals indicated the
atomically dispersed Cu and In species without direct bonding
between metal atoms in DASCs. The EXAFS fitting results
indicate the configurations of Cu-N4 and O,-In-N, in Cu-In
DASCs. The electrocatalytic CO,RR tests of Cu-In DASCs were
conducted in CO,-saturated 0.1 mol L™ KHCO; electrolyte. The
FE toward CO (FEco) of Cu-In DASCs can reach up to 96% at
—0.7 V vs. RHE (Fig. 4b), which is notably superior to the Cu or
In single-atom references. The main-group In was verified to be
inert for HER. Further DFT study confirmed that the Cu sites
can be electronically activated by the adjacent HER-inert In sites,
thus enhancing the *COOH intermediate adsorption towards
CO formation pathway (Fig. 4c, d).

Hetero-nuclear DASCs for CO,RR

Ni-Fe DASCs

Hetero-diatomic Ni-Fe site catalyst (NiFe-DASCs) composed of
high-density nickel-iron atom pairs hosted on N-doped gra-
phene was synthesized through pyrolyzing the mixture of L-
alanine, melamine, and Ni/Fe acetate in argon atmosphere
(Fig. 5a) [82]. XANES and EXAFS jointly verified the coex-
istence of Ni/Fe-N coordination and Ni-Fe bonds in the resul-
tant NiFe-DASCs (Fig. 5b, ¢). The electrochemical tests revealed
the roles of Fe and Ni in NiFe-DASCs for CO,RR. Fe-SAC
offered a lower onset potential but was easy to be poisoned due
to the possible strong binding between CO and Fe site (Fig. 5d).
Ni-SAC exhibited a higher FEco in the operated potential range
(Fig. 5e). The existence of neighboring Ni atom is suggested to
alleviate the poisoning phenomenon in single Fe-SAC through
weakening CO adsorption strength. The further theoretical
simulation indicated that the d-orbital coupling (especially 3d2

and 3d 2 2) of hetero-diatomic nickel-iron site led to decreased

orbital energy levels and delocalized electron distribution
(Fig. 5f). In addition, the electron transfer from Fe to Ni and N
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Figure 3 (a) Schematic illustration of the synthesis process of dual atomic ZnLa catalyst (Zn-La/NC). (b) The ratios of CO/H, for different catalysts in the
potential range of —1.3 to —1.6 V vs. RHE. (c) The side view of relaxed structures of Zn-La/NC. (d) Adsorption energy patterns of key reactants and products
of Zn-La/NC. (e) CO formation energy profile on Zn-La/NC. Reproduced with permission from Ref. [75], Copyright 2021, American Association for the
Advancement of Science. (f) The relationship between the ratio of CO/H, in syngas and the mole ratio of Ni:(Ni+Fe). Reproduced with permission from Ref.
[76], Copyright 2020, Springer. (g) Bi-Zn DASCs for electroreduction of CO, to syngas. Reproduced with permission from Ref. [77], Copyright 2022, Wiley.
(h) Potential-dependent CO/H, ratios on Ni-Co DASCs. (i) Calculated binding energies on Co/Ni-N, centers. Reproduced with permission from Ref. [80],
Copyright 2020, Wiley.

caused higher oxidation state of Fe. The above observation current density of 50.4 mA cm™ at an overpotential of 0.69 V,

indicated superior characteristics for facilitating CO* deso-
rption. As a result, NiFe-DASCs demonstrated an extraordinary
activity and stability towards CO,RR (high FEco of 94.5%, high
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and 30 h of continuous operation) (Fig. 5e).
An isolated diatomic Ni/Fe-nitrogenated carbon (Ni/Fe-N-C)
electrocatalyst was developed through the pyrolysis of MOF to
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permission from Ref. [81], Copyright 2022, Wiley.

volatilize the low-boiling-point Zn species (Fig. 5g) [83]. The
collaboration of AC HAADF-STEM, XAS, and DFT calculation
identify the diatomic Ni/Fe configuration and the coordination
paths of Ni-N-C, Fe-N-C, and Ni-Fe in the catalyst (Fig. 5h).
Compared with the deficiency of Ni-Fe path, the configuration
of Fe-Ny and Ni-Nj is suggested to be dominant. The resultant
Ni/Fe-N-C exhibited high selectivity towards CO with an FE as
high as 98% at —0.7 V. The FE can be stabilized at higher than
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90% throughout the tested potentials from —0.5 to —0.9V
(Fig. 5i). Moreover, Ni/Fe-N-C maintained 99% of the initial
selectivity after up to 30 h testing, showing excellent catalytic
stability. The designed Ni/Fe-N-C was verified to serve as an
efficient electrocatalyst for converting CO, to CO. The electro-
catalytic tests of active surface area (ECSA), Nyquist plot and
Tafel plot were conducted to analyze the origin of high catalytic
activity. As indicated by the lowered Tafel slop, the introduction
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Figure 5 (a) Schematic illustration of NiFe-DASC synthesis. (b) HAADF-STEM image, the corresponding intensity profiles, and EELS analysis of NiFe-
DASC. (c) Wavelet transform (WT)-EXAFS of k*-weighted k-space spectra of Ni and Fe. (d) Differential charge density maps in NiFe-DASC. (e) FEco at
various potentials. (f) Calculated free energy diagrams for CO,RR in NiFe-DASC. Reproduced with permission from Ref. [82]. (g) Possible catalytic
mechanism on NiFe-DASC. (h) Structural information of NiFe-DASC provided by SEM image, HAADF-STEM image, and Fourier transformation of EXAFS
spectra. (i) FEco at various potentials. (j) The calculated free energy diagrams for CO,RR to CO. Reproduced with permission from [83], Copyright 2019,
Wiley. (k) FEco and (1) molar CO/H, of FePc@NiNC series catalysts at different applied potentials. Reproduced with permission from Ref. [84], Copyright

2021, Elsevier.

of Fe into Ni-N-C can significantly promote the kinetics of the
first electron transfer for *COOH intermediate generation.
Further DFT calculation indicated that the isolated diatomic Ni/
Fe can not only provide additional active sites for the activation
of the second CO,, but also weaken the binding strength of CO*
to lower the energy barrier towards CO generation (Fig. 5j).
Syngas with a suitable CO/H, ratio is a very important feed-
stock for lots of value-added chemicals. The production of
syngas through the CO,RR process is highly desirable. The
manipulation of the configuration structures of bimetallic Ni-Fe
SACs and the applied potentials was able to alter the molar ratios
of syngas CO/H, production [84]. Three electrocatalysts with
different types of bimetallic Ni-N and Fe-N centers were pre-
pared. In the FePc@NiNC (NiPc@FeNC) electrocatalyst, Ni (Fe)
atoms are anchored on the substrate NC matrix (NiNC/FeNC)
and coordinated with iron/nickel phthalein cyanide (Fe/NiPc).
The NiNC/FeNC catalyst was synthesized by simultaneously
introducing Fe and Ni salts, featured with Ni and Fe anchored
on the NC substrate in the form of Ni-N, and Fe-N,. The
resultant electrocatalytic performance indicated tunable molar
ratios of CO/H, in syngas production from ~1:3 to ~4:1
(Fig. 5k, 1). DFT calculations and experiments indicated that Fe
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atoms served as both the adsorption and reaction sites for CO,
RR. However, the strong adsorption of CO* induced by single Fe
sites resulted in a serious inactivation. The introduced Ni atoms
are suggested to alleviate the interactions between Fe atoms and
intermediate CO¥*, thereby optimizing the energy barriers and
enhancing the stability [85].

NC hosts derived from zinc-ZIF-8 are suggested to be very
flexible for the preparations of different types of Ni-Fe, Fe-Co,
and Ni-Co DASCs [85]. The resultant hierarchical carbon fra-
meworks are featured with numerous defects and N species,
which are the desirable prerequisites for the adsorption and
stabilization of distinctive dual metal ions (Fig. 6a). Then the
formation of dual-atom sites on the NC hosts through thermal
activation can be well controlled while eliminating complicated
carbonization and nitrogen doping faced by traditional pro-
cesses, i.e., co-pyrolyzing the mixture of carbon, nitrogen, and
metal precursors. Thus, the synthesis strategy provided a full
comparison among Ni-Fe, Fe-Co, and Ni-Co DASCs to deduce
the possible relationship between the N-metal configuration and
the CO,RR activity and selectivity. The Ni-Fe DASC exhibited
the most notable CO,RR activity, the highest selectivity to CO
and the superior stability. The coordination and configuration of

December 2022 | Vol.65 No. 12
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Ni-Fe DASC are most likely to exist in the form of 2N-bridged
FeN, and NiN4 moieties, i.e., (Fe-Ni)Ng (Fig. 6b). As shown in
Fig. 6¢, Ni-Fe DASC displayed excellent selectivity to CO with a
maximum FEco value of 97.8% at —0.6 V vs. RHE (Fig. 6¢),
which is notably higher than 76.3% of Fe-Co DASC and Ni-Co
DASC. Based on the assumption that metal atoms are all active
sites for CO,RR, the turnover frequency (TOF) was calculated to
evaluate the intrinsic activity of DASCs. The TOF value of Ni-Fe
DASC reached up to 2210 h™" at —0.9 V (Fig. 6d). The TOF
values of reference Fe-Co DASC and Ni-Co DASC are about
10.0, and 13.7 times lower. DFT calculations (Fig. 6e) verified
that the configuration of 2N-bridged (Fe-Ni)Ns in Ni-Fe DASCs
likely leaded to favorable *COOH adsorption and *CO deso-
rption during the CO,RR process through the synergy between
adjacent FeNy and NiN,. The calculated Ui (CO,RR)-U;(HER)
value of Ni-Fe DASCs is positive, implying a facilitated process
for CO;RR exceeding the competitive HER (Fig. 6f).
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Ni-Co DASCs
The Co-N-Ni DASCs were developed by connecting Co and Ni
atoms via a N bridge (Fig. 7a) [86]. Co-N-Ni DASCs own gra-
phene-like wrinkles and ripples, in which 70% of isolated
bimetallic sites were identified by AC-STEM image. The total
Co-Ni content is about 0.24 wt% and the molar ratio of Co/Ni is
around 1:1. Furthermore, the soft and hard XAS observations
verified the local configuration of N-bridged Co-Ni dual-atom
site, i.e,, Co-N-Ni (Fig. 7b). Compared with TOF and FEco
values of 404 h™' and 45.0% in Ni single atom and 1205 h™' and
61.5% in Co single atom (Fig. 7c), Co-N-Ni DASCs displayed a
higher TOF of 2049 h™! and FEco of 96.4% at a low potential of
0.37 V (Fig. 7d). In situ spectroscopy and DFT calculations
implied that the generation of COOH* intermediates was
accelerated by N-bridged Co-N-Ni DASCs (Fig. 7e, f), which
should be responsible for the activity promotion in CO,RR.

A pure theoretical approach of DFT and computational
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Figure 7 (a) Schematic models of different Co-N-Ni diatomic distances at different angles. (b) WT plots at the Co and Ni K-edges. (c) FEco at different
applied potentials. (d) TOF comparison of different samples. (e) Structure and adsorption configurations of key intermediates on Co-N-Ni. (f) Free energy
diagrams for CO,RR to CO. Reproduced with permission from Ref. [86], Copyright 2021, the Royal Society of Chemistry. (g) DFT-optimized structures of
NiL,@C,N, Co,@C,N and NiCo@C,N along the primary reaction pathway of CO,RR towards CH, formation. Reproduced with permission from Ref. [87],

Copyright 2019, American Chemical Society.

hydrogen electrode was developed to explore the synergy of
heterometallic NiCo@C,N graphene matrix, homometallic
Ni,@C,N graphene matrix and Co,@C,N graphene matrix for
catalyzing CO,RR (Fig. 7g) [87]. The heterometallic NiCo@C,N
was suggested to be most active in converting CO, molecules
towards CH, by evaluating the limiting potentials. The intimate
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metal-metal bonding and the 3d-state electronic resonance in
Ni-Co dimer sites were demonstrated to elicit the synergy effects
in NiCo@C,N.

Cu-Fe DASCs
Copper(II) phthalocyanine (CuPc)-modified Fe-ZIF-8 (PcCu-

December 2022 | Vol.65 No. 12
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Fe-ZIF-8) was used as the precursor to prepare a dual-atomic-
site Cu-Fe electrocatalyst through the pyrolysis procedure under
Ar atmosphere (Fig. 8a) [88]. The activities of the intended Cu-
Fe-Ns-C and the reference Cu-N-C and Fe-N-C were tested for
CO,RR in CO,-saturated 0.1 mol L™ KHCOj5 (Fig. 8b). Cu-Fe-
N,-C displayed an FEco value of 98% at —0.7 V, which is higher
than 65% of Fe-N-C at —0.9 V and 21.7% of Cu-N-C at —0.6 V.
The electrochemical impedance spectroscopy (EIS) and Tafel
plots indicated a faster CO,RR kinetics for Cu-Fe-Ns-C. The X-
ray photoelectron spectroscopy (XPS) and EXAFS results indi-
cated that the coordination states in Cu-Fe DASCs should exist
in three types of Fe-N, Cu-N, and Cu-Fe (Fig. 8c). However, it is
hard to discriminate the relative spatial location of Cu and Fe by
EXAFS. Based on the spectroscopic results, the structural model
of CuNj-FeN; (Cu-Fe-Ng-C) was built to unveil the potential
structure-activity relationship in Cu-Fe DASCs for CO,RR. DFT
calculations further verified that the Fe site breaks C-O in
COOH* to form CO*, while the OH* transfers to the adjacent
Cu site (Fig. 8d). The bifunctional roles of Cu-Fe-Ns-C in pro-

Cu-Fe-Ne-C

moting CO,RR activity were proposed through facilitating the
adsorption of CO, and decreasing the breaking barrier of C-O
bonds.

The pyrolysis of Cu- and Fe-doped ZIF-8 was also developed
for preparing CuFe-Ns (Cu-Fe DASCs) anchored on nitrogen-
carbon substrate catalysts (Fig. 8e). The CuFe-Ns diatomic cat-
alysts showed maximum FE¢o of 95.5% at —0.40 V vs. RHE and
a relatively high energy efficiency of about 78.3% (Fig. 8f) [89].
The EXAFS result indicated the presence of Cu-N, Fe-N and
Cu-Fe bonds with coordination numbers of ~3, ~3 and ~1,
respectively. The conversion step from CO, to *COOH was
suggested to be the rate-limiting step for CO,RR in the case of
CuFe-Ng. The simulation indicated that CuFe-Ns can present
enhanced adsorption for *COOH intermediates. Simulta-
neously, the coordinated Cu with Fe is favorable to mediate the
C-Fe bond, leading to a moderate adsorption energy for
*COOH. In addition, the extra pyridine N sites are also active
for the CO,RR pathway. The above cooperative effects in CuFe-
N demonstrate the fast kinetics and the optimal intermediate
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adsorption for CO,RR.

Another MOF-derived hetero-nuclear Fe-Cu DASC showed a
superior FEco of >95% from —0.4 to —1.1V vs. RHE and
reached the maximum 99.2% at —0.8 V vs. RHE [63]. The TOF
value was estimated to be 5047 h™' at —1.1 V vs. RHE. Further
DFT calculations suggested that the position of d-band center in
metal sites can be effectively modulated through the interactions
between the adjacent Fe and Cu diatoms, thus optimizing the
*COOH formation energy and *CO desorption energy in the
CO;RR reaction route towards CO.

Ni-Cu DASCs

Ni-Cu DASCs were prepared based on Ni-Cu bimetallic MOFs,
in which Ni and Cu served as the metal nodes. When compared
with the strategies of mixing metal anchoring and two-step
doping, the relative spatial position and distance between
bimetallic Cu and Ni active centers can be well classified and
adjusted (Fig. 9a) [90]. The Ni-Cu DASCs demonstrated well-
arranged neighboring Cu and Ni sites with Cu-N4 and Ni-N,
coordination conditions (Fig. 9b). When the catalysts were tes-
ted in CO,RR, the FE¢o of Ni-Cu DASCs reached up to 99.2% at
—0.79 V vs. RHE and was stably higher than 95% in the range of
measuring overpotentials from —0.39 to —1.09V wvs. RHE,
achieving remarkable catalytic activity and selectivity (Fig. 9¢).
The DFT calculations and Tafel results showed that the gen-
eration of *COOH was the rate-limiting step for converting CO,
to CO in this catalysis system (Fig. 9d). In detail, the adsorption
of *COOH was suggested to be preferential on the Ni sites of Ni-
Cu DASCs. The neighboring Cu-Nj sites can lead to a synergistic
effect towards Ni by lowering the energy barrier for CO, acti-
vation. Thus, the formation rate of rate-limiting *COOH
intermediates was accelerated in Cu-N4/Ni-N; diatomic cata-
lysts.

The same coordination configuration of Cu-N4 and Ni-Nj in
Ni-Cu DASCs was also constructed by the sequential electro-
spinning and chemical vapor deposition technologies [91]. The
Ni-Cu DASCs displayed a notable FEco of 99.6% at an operated
potential of —0.98 V vs. RHE. The activity promotion in this case
was discussed from the perspective of electronegativity offset
between the neighboring Ni and Cu atoms. Specifically, the
electronegativity compensation can trigger strong electron
interactions in Ni-Cu DASCs, which can accelerate the forma-
tion of the *COOH intermediate, thereby decreasing the reac-
tion energy barrier for CO,RR.

A novel Ni-Cu DASCs with quasi-covalently coupled Ni-Nj
and Cu-Nj; configurations was prepared through the pyrolysis of
Cu/1,10-phenanthroline complex-doped Ni-ZIF-8. The theore-
tical screening indicated that the introduction of secondary Cu
atom into the Ni SAC can lead to a promoted *COOH forma-
tion, i.e., the rate-determining step for CO,RR in this case, by
ascending the orbital energy of the Ni 3d to the Fermi level. In
addition, the presence of Cu can inhibit the competing HER due
to its intrinsic inactivity towards water dissociation. Thus, the
synergistic effect in Ni-Cu DASCs with Ni-N3 and Cu-Nj3 con-
figuration displayed a record-high TOF value of 20,695 h™' and
FEco of 97.7% at —0.6 V vs. RHE [92].

Ni-Sn DASCs

Sn-based CO,RR electrocatalysts have been previously reported
for formate production. Ni-Sn DASCs was reported as one of the
few catalysts that can produce formate [62]. The Ni-Sn dual
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atomic sites were prepared via continuous pyrolysis treatment of
Zn-MOF arrays and the mixture of metal source and NC
nanosheets (Fig. 9¢). The HAADF-STEM and XAS character-
izations verified the atomically accurate N4-Ni-Sn-Ny config-
uration in Ni-Sn DASCs (Fig. 9f). Ni-Sn DASCs displayed an
FEformate Of 86.1%, which is notably higher than 70.4% of Sn-SAC
and <1% of Ni-SAC at —0.82V vs. RHE with 0.5 mol L™!
KHCO; as the electrolyte (Fig. 9g). An in situ electrochemical
method was used to quantitatively characterize the active site
density. The availability of active sites in Ni-Sn DASCs reached
up to 57.9%, which was almost twice as large as the powder
sample (32.7%). DFT calculations concluded that the intrinsic
active site for converting CO, to formate in Ni-Sn DASCs was
the Sn site, and the neighboring Ni site enabled positively
charged Sn site in Ni-Sn DASCs (Fig. 9h). Interestingly, the
synergy of Ni and Sn can not only facilitate the CO, adsorption
but also impose a spontaneous thermodynamic transformation
of *OCHO. Thus, Ni-Sn DASCs demonstrated a synergistic
advantage in handling complex multiple-intermediates and
multiple-electron-involved reactions, which will shed light on
the design of CO,RR electrocatalysts towards a richer range of
products.

Zn-Co DASCs

The neighboring Zn and Co monomers coordinated on NC
(ZnCoNC) were prepared through the pyrolysis of mixed zinc
source, cobalt source, carbamide and carbon black [93]. The
collaboration of inductively coupled plasma optical emission
spectroscopy (ICP-OES), XPS and energy dispersive spectro-
scopy (EDS) mapping indicated a composition of Zn-0.35 wt%,
Co0-0.72 wt%, N-3.12 wt% and C-95.42 wt% in ZnCoNC. The
coordination environment and the electron effects of Zn and Co
monomers were explored by XANES and EXAFS. The peak
position and the fitting plot confirmed that the Zn and Co were
both coordinated on NC (Zn-N and Co-N) in a tetra-coordi-
nated form (Zn-N, and Co-Ny). The direct metal-metal bonding
between Zn and Co and the metal-C coordination were exclu-
ded. Most of Co and Zn atoms in ZnCoNC interact indirectly
through N atoms. Thus, the resultant ZnCoNC can serve as an
ideal model to investigate the electronic effect of two neigh-
boring isolated atoms for electrocatalytic CO, reduction. Nota-
bly, compared with the reference single-atom Co (CoNC) and
Zn (ZnNC) samples, ZnCoNC displayed lower onset potentials
and higher current densities. The FE of ZnCoNC reached up to
93.2% at —0.5 V in CO,-saturated 0.5 mol L=! KHCOj; solution,
markedly outperforming 56.3% of ZnNC and 67.3% of CoNC
(Fig. 9i). A 30-h test of long-time stability indicated no decay of
FE (over 90%) and CO partial current density (about
26 mA cm™2). Based on attenuated total reflectance-infrared
spectrometer (ATR-IR) measurements and DFT calculations, the
authors analyzed the overall reaction rate by considering the key
processes of *COOH adsorption and *CO desorption on the Zn
and Co monomers (Fig. 9j). The single-atom sites in CoNC and
ZnNC do not handle with the adsorption and desorption of the
two different intermediates very well. The close isolated diatomic
Zn and Co in ZnCoNC were suggested to balance the reaction
pathway by mediating the transfer and conversion of *COOH
and *CO. The *COOH should firstly adsorb on the Co site and
convert to *CO, and then the *CO transfers to the Zn site and
dissociates from Zn, thus offering an optimized activity in
electrocatalytic CO, reduction.
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Figure 9 (a) Schematic illustration of Ni/Cu-N-C (Ni-Cu DASCs) fabricat

ion. (b) K-edge EXAFS fitting curve of Ni/Cu-N-C in the R space. (c) FEco and

calculated TOF for catalysts at different potentials. (d) Free energy profiles of the CO,RR. Reproduced with permission from Ref. [90], Copyright 2021,

American Chemical Society. (e) Scheme illustration for Ni-Sn DASCs. (f)
(h) Free energy diagrams in CO,RR for formate production. Reproduced

EXAFS WT image of Ni-Sn DASCs. (g) FEfrmate at various applied potentials.
with permission from Ref. [62], Copyright 2020, Wiley. (i) Maximum FE at

corresponding potentials of Ni-Sn DASC:s. (j) Calculated free energy for CO,RR pathway. Reproduced with permission from Ref. [92], Copyright 2020, Wiley.

Fe-Co DASCs

The cases above are all based on in-plane DASCs catalysts. Here
we would like to categorize separately a case in order to inspire
the design of non-planar DASCs catalysts. The non-planar
CoPc©Fe-N-C was prepared through a sequential pyrolysis and
post-impregnation strategy (Fig. 10a) [94]. Firstly, Fe-N sites

were prepared through the pyrolysis of Fe-ZIF-8. After that,
cobalt phthalocyanine (CoPc) was impregnated into the Fe-N-C.
Compared with CoPc and CoPc©Zn-N-C reference samples, the
characterizations indicated the promoted oxidation state and the
decreased symmetry in CoPc of CoPc©Fe-N-C. The observation
strongly indicated a notable interaction between the CoPc
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molecule and Fe-N-C substrate in CoPc©Fe-N-C (Fig. 10b). The
synergy between non-planar single atom Co and Fe in CoPc©Fe-
N-C displayed a high FEco over 90% in a wide potential range
from —0.13 to —0.84 V vs. RHE, and approximately 10- and 2.5-
times promotion in CO current density was observed when
compared with Fe-N-C and CoPc©Zn-N-C, respectively
(Fig. 10c). DFT calculation results implied that the adjacent
CoPc can not only promote the CO desorption, but also sup-
press the competing HER at Fe-N sites (Fig. 10d). Therefore, the
non-planar CoPc©Fe-N-C DASCs catalysts offered an inspiring
collaboration toward CO,RR.

Homo-nuclear DASCs for CO,RR

Cu, DASCs

A stable Cu, atom-pair anchored on the surface of Pd;(Te; alloy
nanowires by Te defects was developed for CO,RR (Fig. 11a)
[95]. It should be noted that this is one of the few cases where a
diatomic catalyst has been constructed without using NC as the
substrate. The actual loading ratio of Cu was determined to be
0.10 wt%. XAFS spectroscopy and theoretical calculation results
verified that the Cu species are atomically dispersed with the
bonding of Cu-O, Cu-Cu and Cu-Pd. Moreover, the partially
oxidized Cu** also exists. The most probable conformation of Cu
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was suggested to be Cuy-O,, where the two Cu atoms at the
bottom are responsible for stabilizing Cuy, and the surface Cu,
acts as the active sites to directly participate in CO,RR. Specially,
one atom in Cu, exists in the form of Cu** by binding with O,
which further coordinates with an adjacent Cu to establish Cu,’-
Cuy™* atom pair catalyst (Cu-APC) (Fig. 11b). The dynamics of
the atomic structure in Cu-APC was investigated at the solid-
liquid interface during the electrocatalysis. The results con-
firmed that Cu;* in Cu-APC adsorbs water molecules, which
leads to the synergistic adsorption of CO, molecules by the
neighboring Cu,’, thus achieving efficient activation of CO,
molecules. As for the catalytic activity in CO,RR, the undoped
Pd;¢Te; nanowires present a low FEqo of below 17% but strong
hydrogen evolution under all applied potentials. The FEco of
doped Cu-APC nanowires with optimal Cu-0.10% loading
reached up to 92% at —0.78 V in 0.2 mol L™! NaHCOj; solution
(pH 7), and the HER was greatly suppressed judging from
merely 3% of FEy;, (Fig. 11c). The 3-h stability assessment of Cu-
APC at —0.78 V displayed virtually unchanged current density
and a satisfactory FEco of 80%, indicative of robust Cu-APC in
CO,RR. As indicated by the results of experiments and DFT
calculations (Fig. 11d), Cu,’-Cu;® in Cu-APC can simulta-
neously promote both the kinetics and thermochemistry for CO,
activation through lowering the free energy barrier (AG) and
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stabilizing the negative charge on chemisorbed CO,, respec-
tively.

Fe, DASCs

As for non-noble Fe single atoms, typically with a Fe-N-C
configuration, they demonstrated low overpotentials for CO,
conversion to CO [96]. However, the strong adsorption of *CO
intermediate on Fe-N-C sites hindered the CO desorption, thus
resulting in sluggish reaction kinetics. In order to break the
linear scaling relationships in the case of Fe-SAC, dual-atom Fe,
anchored on NC matrix was developed by pyrolyzing Fe-ZIF-8
(Fig. 12a) [97]. The configuration of Fe,-Ng-C was confirmed by
XAFS measurements (Fig. 12b). In addition, The DFT calcula-
tions and the CO, and CO temperature-programmed desorption
(TPD) experiments certified the difference in CO, and *CO
adsorption between Fe-N-C and Fe,-Ne-C structures (Fig. 12¢).
Especially, compared with the strong adsorption of *CO on
single-atom Fe, the orbital coupling between the dual-atom Fe,-
No-C reduces the energy gap between the antibonding and
bonding states of Fe-C bond, thereby facilitating the desorption
of *CO. The Fe,-Ns-C achieved higher FEco of over 80% in a
wide range of tested potentials from —0.5 to —0.9 V vs. RHE,
compared with single-atom Fe-N-C counterparts (Fig. 12d). The
TOF value of Fe,-N4-C was up to 26,637 h™ (at —1.0 V), which
was 2.84 times that of Fe-N-C. Moreover, compared with the
notable decay in both FEo and current density in Fe-N-C, Fe,-
Ni-C retained about 95.85% of the initial FEqo and displayed
imperceptible change in the total current density during 21 h of
continuous operation.

Pd, DASCs

Pd-based CO,RR electrocatalysts have demonstrated high cata-
lytic activity and high selectivity towards CO. However, the
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easily formed PdH species make HER highly competitive at the
operated electrochemical potentials. The FEco for Pd-based
SACs is generally less than 60%, which is far from satisfactory.
Recently, Wang’s group [98] reported a Pd, DASCs for the first
time towards CO,RR (Fig. 13a). The Pd, dual-atom sites were
anchored on acetylene black through an anion replacement
deposition-precipitation strategy. The AC HAADF-STEM image
confirmed the isolated Pd dual atoms and the EXAFS spectrum
verified the unchanged coordination environment of Pd; SAC
and Pd, DASCs during the preparation procedure (Fig. 13b).
The maximum values of FEco for the reference Pd nanoparticle
(Pdxp) and Pd; SAC samples were below 80% and 65%,
respectively, in the potentials from —0.7 to —0.95 V. By contrast,
the Pd, DASCs exhibited a consistent high FEco of >80%, and a
maximum FEco value of 98.2% was achieved at —0.85 V vs. RHE
(Fig. 13c). The Tafel slop results proved that the activation of
CO, molecules was the rate-limiting step. The DFT calculations
of Pd;, Pd,, and Pdyp models indicated that the Pdyp presented
strong CO* adsorption while the Pd; owned weak CO*
adsorption (Fig. 13d, e). The moderate adsorption strength of
CO* was observed on the Pd, DASCs sample, almost located at
the top of the volcano plot. In addition, Bader charge analysis
indicated that Pd, DASCs had the lowest oxidation state and
transferred more electrons to CO* due to the presence of elec-
tron transfer between Pd, atoms (Fig. 13f).

Ni, DASCs

The Ni, DASCs were synthesized by a dinuclear-cluster-derived
strategy, which can be summarized in two steps. Firstly, ligand-
protected Niy(dppm),Cl; (dppm = bis(diphenylphosphino)
methane, Ph,PCH,PPh,) diatomic cluster was prepared as the
metal precursor (Fig. 14a) [64]. Ni, DASCs were then achieved
after the pyrolysis carbonization of Ni,(dppm),Cl; impregnated
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ZIF-8-derived porous NC substrate. The Ni content for Ni,
DASCs (Ni,/NC) was measured to be approximately 0.18 wt%
according to the ICP-OES analysis. HAADF-STEM image
indicated the existence of dinuclear Ni, site, and the spatial
distance between the neighboring Ni atoms was about 2.9 A,
which well retained the pristine 2.63 A distance in Niy(dppm),
Cls. The configuration of Ni, in Ni, DASCs was suggested to be
Ni,-Ng, in which two N atoms bridged the adjacent two Ni;-Ny
configurations (Fig. 14a). As for the activity of Ni, DASCs in
CO;RR, 94.3% FEco was obtained at the current density of
150 mA cm™2 in the CO,-flowed 1.0 mol L' KHCO; electro-
lytes, which was about 1.3 and 10.6 times higher than those of
Ni;/NC and NC reference samples, respectively (Fig. 14b). After
50 h of continuous electrolytic operation, approximately 91%
FEco was still maintained, implying the reasonable structural
stability of Ni, DASCs. Operando XAFS characterization indi-
cated that the applied voltage can trigger the transformation of
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Ni, configuration from static Ni,-Ns to O-Ni,-Ng via oxygen-
bridge adsorption. As the applied voltage became more negative,
the distance between two adjacent Ni atoms will be further
compressed by the oxygen-bridge adsorption, leading to an
optimized structure and enhanced Ni-Ni interaction. The O-
Ni,-Ns configurations were suggested to significantly promote
the performance of Ni, DASCs in CO,RR towards CO by low-
ering the energy barrier for the activation of CO, reactant to
COOH* intermediate (Fig. 14c). It is noteworthy that in this
study the authors applied a comprehensive collection of oper-
ando XAFS, operando Fourier transformed infrared spectro-
scopy (FTIR), XANES simulation, and DFT calculation for the
first time to elucidate the changes in dinuclear active site and
intermediate conformation throughout the reaction process.
The Ni, DASCs with different Ni, configurations were pre-
pared by a two-step electrostatic spinning-pyrolysis method
(Fig. 14d) [99]. The HAADF-STEM and XAFS characterizations
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displayed that as the calcination temperature increased from
900, 1000, to 1100°C, the microstructure of Ni/NC catalysts
witnessed a gradually decreased content of coordinated nitrogen
for the anchored nickel atoms, accompanying a configuration
evolution from single nucleation site (Ni-N3-C), dinuclear
bridging structure (Ni,-N4-C,), to nickel metal cluster (Nis-N-
C), respectively (Fig. 14d). Particularly, the Ni,-N4-C, config-
uration featured Ni-Ni bonding bridged two adjacent Ni-N,-C.
Ni, DASCs-1000 achieved above 87.0% of FEco at the overall test
potentials from —0.6 to —1.0 V, and the maximum value of FEco
was 96.6% at —0.8 V in 0.5 mol L™! KHCO; solution (Fig. 14e).
The unique metal-metal bridging structure and the proper N
coordination number in Ni,-Ny-C, were suggested to be
responsible for the superior activity. Further DFT calculation

December 2022 | Vol.65 No.12
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verified that the Ni-Ni bridging structure played a positive role
in modulating the electronic structure of d-states in Ni,-Ny-C,,
thus leading to more favorable adsorption for CO, molecules
and more profitable desorption for *CO intermediates.

Ag, DASCs

A dual-atom Ag,/graphene catalyst (Ag,-G DASCs) was pre-
pared with binuclear Ag complex {[Ag(NOs-O)(phtz-N)],(p-
phtz-N,N'),} as the precursor (Fig. 15a) [100]. For comparison
purposes, single-atom Ag;-G and Ag nanoparticles-G catalysts
were achieved with mononuclear Ag complex ([Ag(phen),]NO;)
and AgNOs; as the precursors, respectively. The m-m interaction
between the graphene surface and the large planar aromatic
structures in binuclear Ag complex enable the strong adsorption
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of precursor on the substrate. The large ligands can also provide
spatial isolation for Ag, to prevent aggregation and separation.
XANES and EXAFS results indicated the existence of Ag-Ag
bond and Ag-N bond in Ag,-G DASCs in a coordination con-
figuration of AgN3-AgNj; (Fig. 15b). DFT calculations displayed
that the Ag atom was anchored through ortho-C and para-C of
graphene. The CO,RR activity test of Ag,-G DASCs showed a
low potential —0.25 V vs. RHE to drive CO, reduction in CO,-
saturated 0.5 mol L™ KHCOj electrolyte. The FEqo reached up
to 93.4% at —0.7 V vs. RHE, which was higher than 79% FEco of
Ag;-G and <20% FEco of Ag nanoparticles-G (Fig. 15¢, d). The
competing HER was suppressed as indicated by <7% FEp, at
—0.7 V. The current density of 11.8 mA cm™2 and FEcq of 90%
in Ag,-G DASCs can be stabilized for up to 36 h, demonstrating
superior long-term stability (Fig. 15e). Further DFT calculations
suggested that the neighboring dual-atomic site in Ag,-G can
simultaneously activate the carbon and oxygen atoms in CO,
molecules, thereby decreasing the formation barrier of *COOH,
the key intermediate to CO product, by stabilizing the *CO,
(Fig. 151).

Generally, the spatial distance and the electronic configuration
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between the dual metal centers in DASCs dominate the selec-
tivity and activity towards CO,RR. Although the current product
is dominated by C;-CO, the three types of DASCs present dif-
ferent reaction mechanisms. For example, marriage-type DASCs
that include two spatially separated different single-atom active
sites demonstrate synergetic effects in CO,RR. However, the
spatial distances between dual metal centers are discrete, which
severely impedes the proposal of accurate reaction mechanism.
As for homonuclear DASCs, the adjacent two identical metal
atoms can well regulate the adsorption energy and the state of
intermediates in CO,RR, thus achieving high selectivity to pre-
ferable product. By contrast, heteronuclear DASCs offer more
opportunities for CO,RR research due to the fact that two dif-
ferent metal atoms with varied atom sizes, electronegativities
and electronic structures can be combined in a variety of forms.
The position of d-band center can be effectively tuned by the
neighboring heterogeneous atoms, thus optimizing the interac-
tion between the active sites and intermediates in CO,RR. The
difference in the electronic configuration of heteronuclear
DASCs indicates great advantages in breaking the linear scaling
relationship.
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CONCLUSIONS AND PERSPECTIVE

The electrochemical transformation of excessively emitted CO,
to high-value-added fuels and chemicals provides a promising
approach towards an sustainable carbon-cycle utilization. The
development of high-performance catalysts with rapid reaction
kinetics and high selectivity is highly desirable. In this review, we
summarize the latest research advances on DASCs for CO,RR.
The classification, synthesis, and identification of DASCs are
highlighted. Based on the difference in the configuration of dual-
atomic active sites, the precise control of spatial distance and
coordination configuration of adjacent dual-atomic sites
requires both rational selection of precursors and appropriate
synthesis strategies. Catalysts are categorized into marriage-type,
heteronuclear, and homonuclear DASCs. The accurate identifi-
cation of geometric structure and electronic configuration of
dual-atomic sites is crucial for investigating CO,RR activity of
DASCs. The structure-activity relationship is in the spotlight by
in-depth discussing the abilities of dual-atomic sites in manip-
ulating CO, adsorption, intermediates identification and stabi-
lization, product desorption, and HER inhibition.

Although some progress has been made, the development of
DASCs is still in its early stages and faces numerous challenges
in terms of synthesis, characterization, reactivity and inter-
pretation of structure-activity relationships. (1) The develop-
ment of DASC:s still requires continuous efforts to develop new
synthetic strategies for the precise preparation of uniform dual-
atom sites with well-defined coordination and electronic struc-
ture. Uniform defects or cavities are the prerequisite for reg-
ulating the coordination, configuration, and spatial distance of
DASCs [56,95,101-104]. The most commonly reported DASCs

are composed of the bimetallic active sites and carbonaceous
substrate with metal-C and metal-N coordination environment.
It is highly desirable to expand the research on metal-nonmetal
bimetallic active sites and non-carbonaceous substrate catalysts.
(2) We have already described the advantages and disadvantages
of the currently used AC HAADF-STEM, XAS, EELS and
Mossbauer spectroscopy. The precise identifications of geo-
metric structure and electronic configuration of dual-atomic
active sites are still in its infancy. The cooperation of DFT cal-
culations and EXAFS simulations should be more effective to
elucidate the structures of DASCs. CO, and CO TPD experi-
ments should be helpful to the analysis of the adsorption dif-
ference in CO, and *CO on DASCs [97,105]. Scanning
tunneling microscopy (STM) as an important equipment for
surface science investigation can potentially be applied to collect
the data about electronic structure and molecular adsorbates on
the dual-atom sites [72,106]. In addition, some new character-
ization and analytical tools at the atomic and molecular scale,
such as high-resolution scanning electrochemical cell micro-
scopy and electron backscatter diffraction [106], can be devel-
oped for the accurate structure clarification. (3) Very recent
report indicated that the dynamic transformations of coordi-
nation environment and composition of CO,RR catalyst have
been verified by operando XAFS characterization [107,108]. The
monitoring of real-time structural information of dual-atomic
active sites under dynamic CO,RR operating conditions should
be further exploited by single or multiple in-situ or operando
techniques to unveil the underlying reconstruction or deactiva-
tion of dual-atomic active sites [109-112]. Moreover, articulat-
ing the adsorption configuration of key intermediates is also
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very important for the analysis of reaction process. Besides the
commonly used first-principles calculations approach, the
molecular dynamic simulations should be more conducive to
explaining the evolution process of structures [112,113]. The
principles in depressing the competing HER should be well
summarized. Furthermore, the relationship between how to
break the linear relationship and the design concept of DASCs
should be highlighted [114,115]. (4) It should be highly
emphasized that although theoretical studies predict the great
potentials of DASCs to obtain multi-carbon products [53,55,74],
the current product is essentially CO. It is highly desired to
design and develop new geometric structure and electronic
configuration in DASCs, particularly referring to the types of
support and dual atoms, for orderly manipulating the coupling
of multi-electron and multi-proton processes towards senior
products. (5) Taken all, as shown in Fig. 16, on the basis of the
precise synthesis for dual-atom sites in DASC, the systematical
analysis of measured properties of catalyst (geometric, electronic
and confinement effects) [116] and the scientific handling of big
data (activity, selectivity, conditions, spectral information, and
so on) [110] present significant importance and challenges for
the design of novel and efficient catalysts for high-grade pro-
ducts.
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