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Catalysts featuring dinuclear metal sites are regarded as superior systems compared with their
counterparts with mononuclear metal sites. The dinuclear metal sites in catalysts with appropriate spatial
separations and geometric configurations can confer the dinuclear metal synergistic catalysis (DMSC)
effect, and thus boost the catalytic performance, in particular for reactions involving multiple reactants,
intermediates and products. In this review, we summarize the related reports on the design and
synthesis of both homogeneous and heterogeneous dinuclear metal catalysts, and their applications in
energy conversion reactions, including photo-/electro-catalytic hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), oxygen reduction reaction (ORR), CO, reduction reaction (CO,RR),
and N, reduction reaction (N,RR). Particularly, we focus on the analysis of the relationship between the
catalyst structure and catalytic performances, where the design principles are presented. Finally, we
discuss the challenges in the design and preparation of dinuclear metal catalysts with the DMSC effect
and present a perspective on the future development of dinuclear metal catalysts in energy conversion.
This review aims to comprehensively summarize the up-to-date research progress on the synthesis
and energy-related application of dinuclear metal catalysts and provide guidance for designing energy-
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conversion catalysts with superior performances.

1. Introduction

With the rapid growth of the global economy and population,
the huge consumption of non-renewable fossil fuels (such as
coal and petroleum) has resulted in energy- and environment-
related crises.' Therefore, the development of renewable
energy sources to replace fossil fuels is urgent, where solar,
wind and tidal energies are considered to be the most
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promising alternatives by virtue of their large capacity, environ-
mental benignity and low cost.*® However, infrastructure for
both energy storage and conversion is required for these renew-
ables because of their intermittent and distributed nature.
Thus, in the past few decades, a wide variety of energy storage
and conversion systems have been developed, among which
photo-/electro-chemical reactions, including hydrogen evolu-
tion reaction (HER), oxygen evolution reaction (OER), oxygen
reduction reaction (ORR), carbon dioxide reduction reaction
(CO,RR), and nitrogen reduction reaction (N,RR), have
attracted extensive attention.” *® However, to achieve efficient
energy conversion in these important reactions, advanced
catalysts with high performance and high stability are urgently
required.

Conventionally, catalysts can be classified into homoge-
neous and heterogeneous catalysts.'””'® Homogeneous cata-
lysts work in the same phase as the reactants and are mainly
soluble metal complexes.”*>* They feature well-defined cataly-
tic centers and maximized utilization of metal atoms, often
showing high catalytic performances. Moreover, their catalytic
mechanisms and structure-activity relationship are easier to
elucidate. A series of metal complexes with good catalytic
performances and well-recognized catalytic mechanisms in energy
conversion reactions have been reported.>>** For instance, Robert
et al. reported that an Fe-quaterpyridine complex could catalyze
CO, photoreduction with high activity and selectivity.>® Sun et al.
developed an Ru complex showing excellent OER activity.>* Our
group also synthesized a series of non-noble-metal complexes for
photocatalytic CO,RR.*”"** In contrast to homogeneous catalysts,
heterogeneous catalysts operate in different phases with the
reactants and can exist in the form of inorganic materials,
metal-organic frameworks (MOFs), covalent organic frameworks
(COFs) and graphitic carbon nitride materials.**>° These catalysts
are extensively used in energy conversion because of their high
stability and easy separation from the reaction mixtures. However,
most heterogeneous catalysts usually suffer from suboptimal

Chao Zhang obtained his BS in
2006 from Beijjing Institute of
Technology and his PhD in 2011
from Peking University. He
worked sequentially as a Post-
Doctoral Research Fellow at the
Chinese University of Hong Kong
and Peking University. He joined
the faculty of Tianjing University
of Technology in 2020 and
worked as a Professor. Currently,
his research interest is focused on
the transport mechanisms across
the macro-micro-nano scales in
energy-related catalytic reactions.

-
I-
—
A

Chao Zhang

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

metal atom utilization because only a limited ratio of metal active
sites on the catalyst surface can take part in the catalytic reactions.
Therefore, numerous efforts have been devoted to downsizing
the catalyst particles and/or regulating the surface morphology
to expose more metal active sites and improve the catalytic
efficiency.>'>*

Mononuclear metal catalysts (MMCs), including conven-
tional homogeneous mononuclear metal complexes and the
emerging heterogeneous single-atom catalysts with atomically
dispersed metals on solid supports, have received ever-growing
interest in energy storage and conversion.>*™” By virtue of the
maximized utilization of metal active sites, MMCs usually dis-
play high catalytic activities and product selectivity. Thus,
recently, significant progress has been achieved in the applica-
tion of MMCs in the HER, OER, ORR, CO,RR, N,RR, etc.>7%*
However, these catalysts are often associated with the issue of
transition states with a high free energy barrier owing to the
complicated proton-electron transfer occurring on the single
metal active site, which constrains the reaction kinetics. In this
case, dinuclear metal catalysts (DMCs), with two adjacent metal
centers as the catalytic active sites, are considered superior
counterparts to MMCs, and thus have received increasing
attention in energy storage and conversion. DMCs well inherit
the characteristics of MMCs; more importantly, the neighbour-
ing metal atoms in DMCs can give rise to a synergistic effect to
lower the free energy barrier of the transition state, thus
improving their catalytic performance.®>®°

In 1975, Sonogashira et al. reported the cross-coupling
reactions of halocarbons and acetylene using a Pd/Cu bimetal-
lic catalyst. Its catalytic activity was found to be greatly
improved after the addition of Cul to the catalytic system, given
that copper() can function as a co-catalyst, promoting the
deprotonation of terminal alkynes and the formation of
copper(r) acetylides.”*”" Afterwards, numerous efforts have been
devoted to the field of dinuclear metal synergistic catalysis.
Recently, dinuclear metal synergistic catalysis has been extensively

Tong-Bu Lu obtained his BS in
1988 and PhD in 1993 from
Lanzhou University. After two
years Post-Doctoral Fellowship
at Sun Yat-Sen University, he
Jjoined the faculty at the same
university, and became a Prof-
essor in 2000. He worked as a
Post-Doctoral Fellow in F. Albert
Cotton’s group at Texas A&M
University in 1998 and 2002,
respectively. In 2016, he moved
to  Tianjin  University  of
Technology. His current research
interests focus on the study of artificial photosynthesis, including
the design of homogeneous and heterogeneous catalysts for water
splitting and CO, reduction.

Tong-Bu Lu

Chem. Soc. Rev., 2023, 52, 3170-3214 | 3171


https://doi.org/10.1039/d2cs00368f

Published on 18 April 2023. Downloaded by Tianjin University of Technology on 5/11/2023 7:29:11 AM.

Chem Soc Rev

C02 r educﬁo‘\

Scheme 1 Scope of this review.

explored in photo-/electro-catalytic reactions (such as HER, OER,
ORR, CO,RR and N,RR) to enhance the catalytic efficiency.””””
In 2017, we first reported the dinuclear metal synergistic catalysis
(DMSC) effect in photochemical CO, reduction into CO catalyzed
by a dinuclear Co complex. The mechanistic study showed that
one Co(u) acts as the catalytic center to bind and reduce CO,, while
the other Co(u) serves as the assisting site to promote the removal
of the OH™ group from the COOH* intermediate, thus lowering
the free energy barriers of the transition states and greatly boosting
the catalytic activity.*>

For the future development of the DMSC effect to boost the
catalytic performance, it is timely to present a systematic over-
view of this field. Thus, in this review, we summarize the design
and synthesis of both homogeneous and heterogeneous dinuc-
lear metal catalysts for energy conversion reactions, including
photo-/electro-catalytic HER, OER, ORR, CO,RR and N,RR
(Scheme 1). Furthermore, a series of design protocols and
principles is highlighted to reveal the structure-property rela-
tionship of the catalysts. Finally, the persisting challenges and
future prospects on the design of dinuclear metal catalysts with
the DMSC effect in energy conversion are discussed. We hope that
this review will help garner the attention of more researchers for
DMSC for energy conversion and provide guidance for the design
of efficient energy-conversion catalysts.

2. DMSC and related catalysts

2.1 Definition, synthesis and catalytic mechanism of DMSC
catalysts

Generally, DMSC catalysts are defined as dinuclear metal
centers with suitable spatial separations and coordination
configurations directly or indirectly taking part in the catalytic
process, where catalysts featuring dinuclear metal centers
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shows a notable enhancement in catalytic activity with respect
to their mononuclear counterparts.”” For dinuclear metal com-
plexes and metal-organic frameworks (MOFs) with dinuclear
metal structural units, their crystal structures can be well
analyzed via single-crystal X-ray diffraction (XRD), and thus
the metal-metal distances and the coordination configurations
can be determined with high precision via structural analysis.®””®
For heterogeneous catalysts without significant long-range order,
their structures are relatively unclear, despite the fact that their
local structures are usually inferred via aberration-corrected high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM), X-ray absorption spectroscopy (XAS),
electron energy loss spectroscopy (EELS), Mossbauer spectroscopy
and other advanced characterization techniques. Based on the
above-mentioned analysis, it is reasonable to classify DMSC
catalysts as homo-nuclear and hetero-nuclear diatomic ones.®®%
The periodic or local structures of these catalysts are often
deciphered via single-crystal XRD or aberration-corrected
HAADF-STEM and XAS. Reported examples include dinuclear
Co-Co complexes, dinuclear Co-Zn complex, and dinuclear
Cu-Cu catalyst.”” The dinuclear metal centers in these catalysts
can synergistically catalyze energy conversion reactions, demon-
strating catalytic activities tens of times higher than that of their
mononuclear counterparts. Besides, in some studies, it has been
found that two types of metals randomly dispersed in a catalyst
can also show enhanced catalytic activity over single-metal cata-
lysts in energy conversion reactions. Specifically, a synergistic
catalytic effect was identified between two metal centers, but their
spatial separations and coordination configurations are uncer-
tain. This type of catalyst is the so-called marriage-type bimetallic
catalysts.”” However, owing to the difficulty in revealing their
structure-performance relationship, these catalysts will be not
included and discussed in this review.

According to the types of dinuclear metal catalysts, the
related synthesis methods can be divided into direct synthesis,
precursor pyrolysis, and sequential deposition.®”””*® Direct
synthesis is well applicable for the dinuclear metal complexes
and MOFs with dinuclear metal structural units, which are
usually obtained via the direct reaction of metal ions and
organic ligands under specific conditions. Besides, the encap-
sulation of dinuclear metal complexes in the pores of porous
materials and anchoring dinuclear metal complexes on sup-
ports via covalent bonds or supramolecular/electrostatic inter-
actions can also be considered direct methods to obtain
supported dinuclear metal catalysts. Consequently, the hetero-
genization of molecular catalysts can be achieved, and their
durability and recycling ability can be improved, and thus their
significance for practical application can be elevated. Pyrolysis
of the precursor is an effective method for the precise prepara-
tion of heterogeneous dinuclear metal catalysts, where the
precursors are usually MOFs containing dinuclear metal struc-
tural units or dinuclear metal complexes supported materials.
Although pyrolysis destroys most parts of the MOF structures
and the dinuclear metal complex supported materials, the
essential dinuclear metal structural units are expected to be
retained on the new in situ generated carbonaceous supports

This journal is © The Royal Society of Chemistry 2023
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with nitrogen (or other heteroatom) doping. The abundant
nitrogen and carbon species resulting from pyrolysis can not
only provide a carbonaceous support but also stabilize and
regulate the coordination structures of dinuclear metal meters
through the coordination of C and/or N atoms. These annealed
catalysts with dinuclear structural units have been found to
synergistically catalyze energy conversion reactions. For example,
the precursors of bis(1,5-cyclooctadiene) diiridium(r) dichloride,
dicarbonylcyclopentadienyliron, and allylpalladium(u) chloride
dimer have been successfully used for the preparation of Ir,,
Fe,, and Pd,/mpg-C;N, DMCs”® and a diatomic Ag,/graphene
catalyst was obtained with a dinuclear Ag complex as the
precursor.®® The sequential deposition of identical or different
metal atoms via atomic layer deposition (ALD) can precisely
control the synthesis of bimetallic catalysts, where the key is to
avoid the random distribution and aggregation of metal atoms,
and thus the selective deposition of the second metal precursor
is critical. Diatomic Pt, sites anchored on graphene were
constructed via two-step sequential ALD, in which the steric
hindrance induced by trimethyl(methylcyclopentadienyl)-plati-
num(v) (MeCpPtMes) ensured the selective deposition of the
second Pt in close proximity to the first Pt atom.®"

The synergistically enhanced catalytic activity of dinuclear
catalysts has attracted considerable research interest. Their
synergistic catalysis mechanisms have also been studied in
depth. Remarkably, the specifically synergistic catalysis mecha-
nism of dinuclear metal catalysts is dependent on the catalyst
itself, as well as the type of energy conversion reactions.
Generally, there are two types of synergistic catalysis modes
employed by dinuclear catalysts in catalyzing energy conversion
reactions. The first mode features both metal centers directly
binding with the substrate molecules or the reaction inter-
mediates. In this case, the substrate molecules are activated by
both metal centers, or the reaction intermediates are stabilized
by both metal centers."***%* The second mode features only
one metal center directly binding and activating the substrate
molecules and reaction intermediates, with the neighboring
metal center not taking part in the activation or stabilization of
the reaction intermediates; nonetheless, this type of structure
can slightly modulate the electronic structure of the adjacent
metal center, thereby indirectly contributing to boosting the
catalytic activity.®* Most dinuclear metal electrocatalysts cata-
lyze energy conversion reactions in this mode. In addition, the
neighboring metal center can also bind with H,O or other
molecules, and the bonded H,O can form hydrogen bonds with
the reaction intermediates attached to the adjacent metal
center and stabilize the reaction intermediates, thus also
indirectly facilitating the catalytic process.®*

2.2 DMSC for energy conversion reactions

As discussed above, dinuclear metal catalysts not only inherit
the advantages of mononuclear catalysts, but also have more
diverse functionalized sites, thereby meeting the demands of
complex reactions. The energy conversion reactions typically
include photo-/electro-catalytic HER, OER, ORR, CO,RR, and
N,RR.*> %9777 Designing dinuclear or multinuclear metal

This journal is © The Royal Society of Chemistry 2023
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catalysts for these reactions may be related to the discoveries
in biological studies. It has been found that in biological
systems, many catalytic active centers of metalloenzymes have
dinuclear metallic complexes as their essential parts, such as
[NiFe,(OH)S,] cluster-based carbon monoxide dehydrogenase
(CODHs), CaMn,0, oxygen evolving center in photosystem II,
dinuclear-Fe-based hydrogenase, dinuclear-Cu-based tyrosi-
nase and laccase.®*®® These metalloenzymes are involved in
diverse physiological functions in biological systems by metal-
metal cooperation to achieve substrate recognition and trans-
formation. Actually, all the above-mentioned energy conversion
reactions are related to the formation or activation of stable
chemical bonds. For instance, the HER involves the H-H bond
formation process. In particular, for the proposed Tafel step
after the Volmer step, two adsorbed *H are combined into
adsorbed *H,, which eventually desorbs to form free H,.*® The
OER process also involves bond formation.”” The typical cata-
Iytic pathway of dinuclear metal complexes for the OER is
dinuclear cooperative catalysis following the I,M mechanism,
in which two M-O units interact to form an O-O bond. The
ORR, CO,RR, and N,RR processes involve the activation of
di-/tri-atomic molecules of O,, CO,, and N,.°®”*7® The coordi-
nation interactions of dinuclear metal centers in dinuclear
metal catalysts with suitable metal-metal separation and
configuration can contribute to their adsorption and activation,
as well as the subsequent stability of the generated reaction
intermediate, and thus conducive to the reduction of these
molecules.

3. DMSC for energy conversion in
homogeneous catalytic system

As the most representative homogeneous catalysts, metal com-
plexes are constructed from metal ions and organic ligands via
coordination bonds and have been widely used for photo-/
electro-chemical energy conversion reactions.”® Benefiting
from the maximized utilization of metal active sites, metal
complexes are often efficient and selective for these reactions.
In particular, dinuclear metal complexes with suitable metal-
metal separations and spatial configurations have recently
been scrutinized with increasing interest because the dinuclear
active sites show a synergistic catalysis effect to further enhance
the catalytic efficiency.®®

In this section, dinuclear metal complexes for photo-/
electro-catalytic HER, OER, ORR, CO,RR, and N,RR in homo-
geneous catalytic systems will be summarized and discussed.
The contents of this section are divided into five parts.

3.1 HER

Hydrogen, as a promising renewable high-energy fuel, has been
considered an ideal alternative to conventional fossil fuels.®’
Electrochemical HER provides a promising solution to produce
high-purity hydrogen gas.’® However, to implement this impor-
tant reaction, electrocatalysts with high efficiency are required.
Recently, a wide library of homo-dinuclear complexes has
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demonstrated the cooperativity of metal active centers in
electrocatalytic HER.”' % For example, Peters et al. prepared
a variety of dinuclear cobalt macrocycle complexes using
Co(OAc),, dioxime precursors and BF;-Et,O, which could be
used as highly active electrocatalysts for proton reduction.
Because of the directing cooperative substrate binding between
the adjacent Co atoms, these dinuclear cobalt macrocycle
complexes exhibited excellent electrocatalytic performances
with relatively low overpotentials.”® Apfel et al reported a
bimetallic macrocycle complex featuring two cofacially linked
Ni-porphyrins for electrochemical HER. Compared with the Ni
hangman porphyrin, the dinuclear Ni macrocycle complex
achieved two-times higher HER activity with a faradaic effi-
ciency (FE) of 95% and H, production rate of 1.4 mmol g~* h™",
The improved catalytic efficiency can be attributed to the
synergistic effect between the two Ni centers.”” Zhan et al.
synthesized a dinuclear copper complex from Cu(OH), and
N,N’-bis(3-aminopropyl) oxamido ligand, which could work as
a bifunctional electrocatalyst for both water oxidation and
reduction. The electrochemical results demonstrated that water
oxidation could be initiated at an overpotential of 0.289 V with
a TOF of 6.7 s, and the water reduction could be driven at the
overpotential of 0.689 V with a TOF of 1383 h™". This dinuclear
copper complex also showed high stability for water reduction
for over 72 h electrolysis with an FEy, of 97.4%.%%

In addition, Cao et al. designed and synthesized a nickel(n)
porphyrinic complex (Ni-P, P = porphyrin) bearing four meso-
CeFs groups for the HER. In the catalytic HER cycle, rapid
bimetallic-site-catalyzed homolysis to produce H, was achieved,
as shown by experimental and theoretical studies. The experi-
mental results revealed that Ni-P exhibits high catalytic activity
and stability, with a remarkable i./i, ratio of 77 (i. is the
catalytic current and i, is the peak current). The theoretical
calculations demonstrated that the intermediate [H-Ni-P]
undergoes homolysis to generate H, with a very low activation
energy barrier of 3.7 kcal mol ', which suggests fast reaction
kinetics.”* To further confirm the homolytic H-H bond for-
mation mechanism, the same team prepared three nickel(u)
porphyrinic complexes by introducing bulky amido moieties in
the ortho- or para-position of meso-phenyl groups. The complex
bearing amido moieties at the para-position showed much
smaller steric resistance at the direction perpendicular to
the porphyrin ring, which underwent bimetallic homolysis to
yield H,.”> Moreover, Sakai et al. found that mononuclear
platinum(un) complexes formed dimeric structures with a
metal-metal bond when they are used to catalyse H, generation
from water. Furthermore, chloride ions were introduced in the
platinum(u) complexes to minimize the coulombic repulsion
between the two mononuclear units, which enhanced
the capability of forming a dimer, thus improving the HER
activity.®®

Besides, some hetero-dinuclear metal complexes have been
synthesized for the HER with the DMSC effect. For instance,
Darensbourg et al. prepared an Ni-Fe bimetallic complex from
CpFe(CO),I and Ni(N,N-bis(2-mercaptoethyl)-1,5-diazacycloheptane)
for electrochemical HER. This Ni-Fe bimetallic catalyst displayed
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excellent catalytic performance for H, generation with a turnover
number (TON) and FE of 0.26 & 0.01 and 96.0 + 2.9%, respectively,
which are superior to that of the homo-dinuclear Fe-Fe catalyst
(TON = 1.92 and FE = 77.2%). The computational investigation
demonstrated controlled proton-electron and proton-hydride
coupling by the [NiFe]-hydrogenase active site to promote H,
production.’”

3.2 OER

The OER is a very important half reaction for energy conversion
and storage.'®" However, this reaction is rather challenging
owing to the transfer of four protons and four electrons.
Dinuclear metal complexes have attracted broad attention in
water oxidation because the two metal centers can activate
different water molecules simultaneously to achieve O-O cou-
pling. In recent years, many homo-dinuclear metal complexes
have shown outstanding performance for electrocatalytic water
oxidation.’®>™'® In 2012, Mayer et al. prepared the dimeric bis-
p-hydroxide cation [(bipyridine)Cu(p-OH)],** for the OER. The
catalytic results demonstrated that this dinuclear complex
shows large and irreversible currents at pH 11.8-13.3, indicat-
ing its high catalytic activity. The overpotential was 750 mV at
pH 12.5, and the catalytic TOF was 100 s~ *, suggesting very fast
kinetics. This is the first copper-based homogeneous catalyst
for water oxidation.'” Moreover, Zhang et al. synthesized a
robust dinuclear copper catalyst for water oxidation from
Cu(CF;S03), and 2,7-[bis(2-pyridylme-thyl)aminomethyl]-1,8-
naphthyridine (BPMAN). The catalytic results demonstrated
that this catalyst showed high activity with an overpotential
of 0.8 V in phosphate buffer (pH = 7). DFT calculations revealed
that the two Cu centers have a cooperative interaction to form
0-O bonds, thus efficiently catalyzing water oxidation.'®®
In addition, Zhang et al. prepared three copper-based com-
plexes involving mononuclear, dinuclear and trinuclear copper
clusters for electrocatalytic water oxidation. The trinuclear cop-
per complex exhibited excellent activity with TOF of 20 000 s,
which is 15 times and 150 times higher than that of dinuclear
and mononuclear copper complexes, respectively. Control
experiments together with theoretical calculations showed that
the cooperation between multiple metals plays a crucial role in
0-0 bond formation."*

Besides, Kieber-Emmons et al. prepared a dinuclear copper
complex, {[(Me,TMPA)Cu(u)],(1-OH),}OTf),, via the metalation
of Me,TMPA (Me,TMPA = bis((6-methyl-2-pyridyl)methyl)(2-
pyridylmethyl)amine) for electrocatalytic water oxidation. This
catalyst displayed a high FE of 90% and moderate TOF of 33 s~
at ~1.0 V (vs. NHE). The kinetic isotope effect of the catalyst
was calculated to be 20 at 1.5 V (vs. NHE), suggesting that
proton-coupled electron transfer is the rate-determining step
(RDS). DFT calculations revealed that both the nucleophilic
attack of intermolecular water and redox isomerization of
{[LCu(m)],(n-O),}*" are energetically accessible pathways for
0-0 bond formation.'®> Maayan et al. also fabricated a dinuc-
lear copper catalyst for water oxidation, which demonstrated
high performance and stability (Fig. 1). The TOF reached 129 s~
(peak current measurements) or 5503 s (foot-of-the-wave

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2cs00368f

Published on 18 April 2023. Downloaded by Tianjin University of Technology on 5/11/2023 7:29:11 AM.

Review Article

HO HO
I HO\B_,.‘\OH
wNH HO" \OH 2H* + 2e°

xV@ I_HM:} a ......... K

\\_/N .
}N 2 Bioinspired

11 Intramolecular
Cooperativity

O Proton acceptor

Dual catalytic sites

Non-innocent buffer ﬁ

< ~
FE%: 95% -
TOF: 5503 s R o

TON: 51.8 in 2 hours . ﬁe_e

Fig. 1 Schematic illustration showing the cooperative water oxidation
process with high activity over a dinuclear copper complex. Reproduced
from ref. 106 with permission from the American Chemical Society,
Copyright 2021.

analysis). The experimental TON value was 21.8 with FE of 95%
in 2 h at an overpotential of ~600 mV. This catalyst could work
stably for at least four cycles of potentiostatic electrolysis, as
confirmed via spectroscopic and electrochemical techniques.
The high catalytic performance of this dinuclear copper catalyst
can be attributed to the cooperative interactions between
the two Cu sites, as well as the -OH groups of the ethanolic
side chains promoting proton transfer and borate species
coordinated on one of the Cu sites, thus facilitating O-O bond
formation."*®

In addition to dinuclear copper complexes, some other
dinuclear metal complexes have been constructed for electro-
catalytic water oxidation. For instance, Zhang et al. synthesized
a dinuclear cobalt complex bearing five- and six-coordinated
sites, which can be used as a stable and efficient water oxida-
tion catalyst. Different from O-O coupling, this catalyst has a
“one-site catalysis with two-site oxidation” mechanism, that is,
water oxidation occurs on two metal sites and the O-O bond is
formed on one site with an FE of over 90% under neutral
conditions.'®” Akermark et al. prepared a series of dinuclear
manganese complexes with different substituents in the ligand
scaffold for electrocatalytic water oxidation. It was found that
all these complexes can oxidize H,O to O,, among which the
manganese-based complex containing distal carboxyl group
exhibited the highest catalytic activity. The significantly improved
performance is attributed to the hydrogen bonding between the
Mn-hydroxy group and distal carboxyl group, which promotes the
proton-coupled electron transfer, thus accelerating O-O bond
formation during H,O oxidation.'*®

3.3 ORR

The ORR is of utmost importance for energy storage and
conversion technologies, such as fuel cells and metal-air
batteries."”” In 1964, Jasinski et al. synthesized a cobalt-phtha-
locyanine complex, which was first used as a molecular catalyst
for the ORR under alkaline conditions.''® Afterwards, a wide
library of molecular catalysts has been developed for this
reaction, among which dinuclear metal complexes have
attracted considerable attention due to the synergistic effect
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of two metal centers promoting the activation and catalytic
conversion of 0,."*°'*” Duboc et al. synthesized a dinuclear
non-heme iron complex from Fe(BF,),6H,0 and 2,2'-(2,2'-
bipyridine-6,6’-diyl)bis(1,1-diphenylethanethiolate) ligand,
which can act as a high-efficiency ORR catalyst for the
selective reduction of O, into H,O, or H,O. Under conven-
tional chemical conditions, H,O, is the main product with a
selectivity of 95%, whereas under electrochemical condi-
tions, H,O is dominant, with <10% H,0, produced. Theo-
retical calculations demonstrated that the production of
H,0, is thermodynamically and kinetically feasible under
chemical conditions. When electrochemically driven, H,O, is
further reduced to H,O owing to the fast electron transfer
occurring in the reaction diffusion layer to break the O-O
bond."® Moreover, Tanaka et al. prepared a dinuclear iron
complex with both Fe-porphyrin and Fe-phthalocyanine as
the catalytic centers for electrochemical ORR. This complex
could catalyze the four-electron reduction of O, into H,O
with an onset potential of 0.78 V (vs. RHE). The excellent
catalytic efficiency of the catalyst can be attributed to the
electrostatic repulsion between the active metal center and
the adjacent ammonium cations."*°

In 2018, Maron et al. constructed a dinuclear cobalt complex
based on a dianionic pentadentate ligand for the electro-
chemical reduction of O, to H,O. This complex contained a
diamagnetic Co™-0-0-Co™ peroxo dimer, with an O-O dis-
tance of 1.43 A, which is longer than that in O, (1.21 A). This
suggests a formally doubly reduced peroxo complex. Both the
experimental and computational results demonstrated facile
0-0 bond cleavage and formation in the catalytic process, and
the dianionic nature of the ligand plays a central role in the
0-0 bond cleavage to form H,O. This is a new reaction pathway
for the reduction of O, to H,O by Co™-0-0-Co™ peroxo
intermediates.'®" Furthermore, Cao et al. designed and synthe-
sized an asymmetrical Pacman dinuclear cobalt complex with
the face-to-face configuration of two porphyrin moieties for
electrochemical ORR (Fig. 2a). The catalytic results demon-
strated that this complex is more efficient and selective than
the corresponding mononuclear cobalt complex and symme-
trical dinuclear cobalt complex for the four-electron reduction
of O, to H,O (Fig. 2b). The enhanced catalytic activity of the
dinuclear cobalt complex is attributed to the cooperation
between the two Co ions, that is, one Co-porphyrin moiety is
likely the O, binding and reduction site, while the other may be
used as a Lewis acid to assist the O, binding and activation
(Fig. 2c)."** Similarly, a series of other dinuclear cobalt cofacial
porphyrin-corrole dyads have been constructed, which dis-
played good activities for electrochemical O, reduction.'**™'?*

Besides, Cao et al. also prepared a water-soluble binuclear
cu" complex for the reduction of O, into H,O under neutral
aqueous solution. The electrocatalytic results demonstrated
that one Cu" center is first reduced by one electron to form
cu"Cu’ species, which can activate an O, molecule to generate
0,°". Then, O,*" is further reduced at the dicopper site to give
H,0. These results suggest the cooperation between the two Cu
atoms for the ORR."*® Mirica et al. synthesized a mononuclear
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Fig. 2 (a) Molecular structures of asymmetrical (left) and symmetrical (right) dinuclear cobalt complexes. (b) Rotating ring-disk electrode measurements
for the ORR with asymmetrical (black) and symmetrical (red) dinuclear cobalt complexes, as well as mononuclear cobalt complex (blue) in O,-saturated
0.5 M H,SO4 solution. (c) Proposed catalytic cycle for the ORR over asymmetrical dinuclear cobalt complexes. Reproduced from ref. 122 with permission

from The Royal Society of Chemistry, Copyright 2020.

palladium complex as a molecular homogeneous electrocata-
lyst for the selective reduction of O, into H,O. This catalyst
exhibited elevated ORR kinetics with a low overpotential of
0.32 V and high FE of 70% in MeCN solution. The electro-
chemical results imply that a dinuclear Pd™ intermediate, most
likely a Pd™-peroxo-Pd™ species, was formed in solution,
which dictates the thermochemistry of the ORR process."*’

3.4 CO,RR

CO,RR, powered either photochemically or electrochemically,
has been regarded as promising technology to achieve carbon
neutrality."*® The activation of the CO, molecule and the
stabilization of the reaction intermediates are the crucial
issues. DMCs have been found to be unique for binding,
activating and converting CO, molecules. A series of homo-
and hetero-bimetallic complexes has been designed for photo-
and electro-catalytic CO,RR with the DMSC effect between two
metal centers.

3.4.1 Photocatalysis. In 2017, we synthesized a dinuclear
CoCo complex by confining two Co atoms in a cryptand for
efficient CO, photoreduction to CO in CH3;CN/H,O solution
(Fig. 3a). This dinuclear CoCo complex could rapidly absorb
CO, in its cavity to form carbonate with coordinated OH™, as
confirmed by single-crystal XRD. Therefore, it exhibited an
extraordinarily high catalytic performance for CO,-to-CO con-
version, with a TON and TOF of 16 896 and 0.47 s~ *, which are
much higher than that of the corresponding mononuclear Co
complex (Fig. 3b and c), respectively. The enhanced catalytic
efficiency is due to the DMSC effect between two Co, that is, one
Co serves as a catalytic center to bind and reduce CO,, and the
other acts as an assisting catalytic site to facilitate the C-OH
cleavage of the [0=C-OH]* intermediate and removal of the

3176 | Chem. Soc. Rev., 2023, 52, 3170-3214

OH™ group, thus promoting CO production. This has been well
supported by the DFT result, where it can be seen that the C-
OH cleavage of the [0—=C-OH]" intermediate is the RDS of the
CO, reduction reaction, and in this step the dinuclear CoCo
complex has a much lower energy barrier than its mononuclear
counterpart (Fig. 3d).*> Then, Robert et al. prepared a dinuclear
Co complex bearing a bi-quaterpyridine ligand, which could
selectively catalyze photochemical CO, reduction into HCOO™
or CO by two Co atoms acting in synergy towards CO,. In this
work, HCOO™ was produced with a selectivity of 97% and TON
of 821 in basic acetonitrile solution, while CO production was
achieved with a selectivity of 99% and TON of 829 in the
presence of a weak acid. DFT calculations showed that this
dinuclear Co complex undergoes different reaction pathways to
reduce CO, to HCOO™ and CO.'?° Moreover, Tschierlei et al.
designed and synthesized a dinuclear Re complex, in which two
(bipyridine)Re(CO);Cl fragments are linked by a xanthene back-
bone. The catalytic results demonstrated that this dinuclear Re
complex displayed significantly increased activity for photoche-
mical CO,-to-CO conversion compared to its mononuclear
parent complex. The enhanced catalytic performance was
attributed to the cooperative reaction mechanism between the
two Re centers, where one Re center functions as a photosensi-
tizer to assist the second active Re to accomplish CO,
reduction.”®® In addition, Wang et al. prepared a dinuclear
nickel complex for visible-light-driven CO, reduction. By using
50 uM dinuclear nickel complex, 3.25 pmol of CO and a
selectivity of 99% were achieved, which are higher than 100
UM of the corresponding mononuclear Ni complex (2.60 pmol
and 90%, respectively). The enhanced catalytic efficiency of the
dinuclear nickel complex can be attributed to the synergy
between two Ni sites."*!

This journal is © The Royal Society of Chemistry 2023
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Besides homo-dinuclear metal complexes, hetero-dinuclear
ones have also been shown to reduce CO, in synergy. As is
known, zinc complexes usually exhibit only marginal photo-
catalytic activity for the CO,RR, but Zn(u) has a strong binding
affinity to the OH™ group, which is expected to be an ideal
assisting catalytic site to promote the cleavage of the C-OH
bond in the process of CO, reduction, thus improving the
catalytic efficiency. Therefore, based on the fact that dinuclear
CoCo complexes synergistically catalyse CO, reduction to CO,
we further designed and synthesized a dinuclear heterometallic
CoZn complex for photochemical CO,-to-CO conversion.
As expected, this CoZn complex showed extremely high photo-
catalytic activity with TON and TOF values of 65 000 and 1.8 s,
which are 4- and 19-fold higher than that of the homo-
dinuclear CoCo and ZnZn complexes, respectively. DFT calcula-
tions revealed that the DMSC effect between Co and Zn is
significantly strengthened with respect to the Co/Co and Zn/Zn
counterparts, therefore dramatically lowering the activation
barriers of the transition states, and subsequently increases
the catalytic activity for photochemical CO, reduction to CO.*?
Additionally, Kojima et al. synthesized a mononuclear Ni
complex based on S,N,-tetradentate ligand with two non-
coordinated pyridine pendants, in which the pyridine pendants
can capture Lewis-acidic metal ions by coordination to form
hetero-binuclear metal complexes for photocatalytic CO,RR
(Fig. 4a). Consequently, the Mg, Ca or Zn-bound Ni complexes
showed significantly enhanced photocatalytic performance for

This journal is © The Royal Society of Chemistry 2023

the reduction of CO, to CO compared to that of their mono-
nuclear Ni complex without pyridine pendants, which can be
ascribed to the cooperativity between the Ni and Mg, Ca or
Zn centers for the stabilization of the Ni-CO, intermediate
(Fig. 4b and c)."*?

Besides, hetero-dinuclear metal complexes containing noble
metals can also exhibit the DMSC effect in photocatalytic
CO,RR, but the synergistic catalysis mechanism is different
from that discussed above. For example, Kuramochi et al.
prepared a dinuclear heterometallic complex by covalently
connecting an Re complex and Zn-porphyrin complex for
photocatalytic CO, reduction. Because of the rapid electron
transfer from the Zn-porphyrin to the Re complex, this hetero-
dinuclear metal complex exhibited high activity and selectivity
to afford CO, with a TON of >1300 and selectivity of >99.9%,
while the mixed system of the Re complex and the Zn porphyrin
barely gave any CO."*® A similar conclusion was reported by
Schwalbe et al. They constructed a series of hetero-dinuclear
complexes based on a phenanthroline extended tetramesityl
porphyrin ligand, in which the porphyrin center was implanted
with Cu, Pd, Zn, Co, or Fe, and the phenanthroline was
coordinated by an Re tricarbonyl chloride unit. Among them,
the hetero-dinuclear ZnRe complex showed high photocatalytic
performance for CO,-to-CO conversion with a TON of 13 with-
out other noble metal photosensitizers, while the other hetero-
dinuclear complexes are inactive under the same condition.
These results suggest that cooperative catalysis is possible by
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the choice of the appropriate metal implanted in the porphyrin
moiety. The synergistic mode in these examples is the cova-
lent connection of the catalytic center and photosensitive
center, thus accelerating the electron transfer from the photo-
sensitizing center to the catalytic center and boosting the CO,
reduction.'®*

3.4.2 Electrocatalysis. Electrocatalytic CO, reduction into
valuable fuels and chemicals over dinuclear metallic complex
catalysts has also attracted considerable research interest.*>"*°
In 2018, we designed and synthesized a dinuclear Ni complex,
which can serve as an electrocatalyst for the reduction of CO, to
CO. The TON and TOF values reached as high as 4.1 x 10° and
190.0 s, respectively, which are 38-fold improvement of that
of the corresponding mononuclear Ni complex. Moreover, the
FEco was 95%, which is also higher than that of the mono-
nuclear Ni complex (62%). The experimental observations
together with DFT calculations demonstrated that the signifi-
cantly improved catalytic efficiency for the electrochemical
CO,-to-CO conversion of the dinuclear Ni complex can be
attributed to the DMSC effect between the two Ni centers."*”
Furthermore, Polyansky et al. prepared a mononuclear macro-
cyclic Co complex for electrocatalytic CO,RR. A series of experi-
mental characterizations and DFT calculations revealed that a
bimetallic intermediate was in situ generated from two reduced

3178 | Chem. Soc. Rev., 2023, 52, 3170-3214

mononuclear Co species bridged by a CO, molecule, which is
more beneficial for the CO, reduction to CO compared with the
mononuclear pathway.'*

In addition to transition metal centers, the DMSC effect
between dinuclear noble metal sites in the electrocatalytic
CO,RR has also been studied. For example, Jurss et al. designed
and synthesized two anthracene-bridged dinuclear Re com-
plexes with cis- and trans-conformers, as well as a mononuclear
Re complex for electrocatalytic CO, reduction. The catalytic
results showed that the dinuclear Re complex with cis-conformer
achieved the TOF value of 35.3 s~* for the reduction of CO, to
CO, which is larger than that of the trans-conformer (22.9 s~ )
and mononuclear catalyst (11.1 s~ ') (Fig. 5a). The UV-vis
spectroelectrochemical experiments indicated that a broad
band at around 850 nm emerged for the trans conformer,
suggesting the formation of an Re-Re bonded dimer (Fig. 5b).
However, this signal was absent for the cis-conformer, imply-
ing there was no intermolecular Re-Re bond (Fig. 5¢). Thus,
the two Re centers in cis-conformer can bind a CO, via the
synergistic mode."*’

3.5 N,RR

Photocatalytic or electrocatalytic N,RR is now becoming a
promising approach to producing ammonia under mild

This journal is © The Royal Society of Chemistry 2023
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conditions. However, N, is thermodynamically stable owing to
its extremely strong triple bond (941 kJ mol '), which requires
highly efficient catalysts to achieve N,RR.'*® Dinuclear metal
complexes have been demonstrated as outstanding catalysts for
the reduction of N, molecules. For example, Arnold et al
synthesized dinuclear uranium and thorium complexes with
narrow cavities, which could bind N, molecules by two metal
centers and mediate their reduction. In the presence of a weak
acid and alkali metal reductant, the reactions produced ammo-
nia at a slow reaction rate. When an excess of reductant and
electrophile was added, this catalyst converted N, to a second-
ary silylamine. The bridging ligands may play a key role in
controlling product formation because it can provide two
protons to take part in N, reduction.'*! Furthermore, Schneider
et al. constructed a dinuclear N,-bridged rhenium complex,
which was used as an excellent catalyst for the reduction of N,
to benzamide/benzonitrile with an overall yield of 61%. A three-
step cycle was demonstrated for N, reduction with a complex
mechanism, involving rapid Re™/Re-reduction, N,-binding,
halide loss, Re'/Re'-reduction, and Re'/Re™-comproportio-
nation. The cooperating pincer ligand can act as a 2e /2H"
reservoir for nitrogen hydrogenolysis and electrochemical rehy-
drogenation to promote N, reduction.*?

This journal is © The Royal Society of Chemistry 2023

4. DMSC for energy conversion in
heterogeneous catalytic systems

Besides homogeneous DMCs, heterogeneous DMCs have also
been extensively studied for energy conversion reactions because
of their superiority in terms of separation and recycling.”>”®
Thus, there are more corresponding reports on the latter.
To date, many strategies have been developed to design and
prepare heterogeneous DMCs to achieve efficient energy con-
version. In this section, heterogeneous DMCs for photo-/
electro-catalytic HER, OER, ORR, CO,RR, and N,RR will be
reviewed and discussed. The contents in this section will also
be divided into five parts.

4.1 HER

4.1.1 Photocatalysis. Heterogeneous photocatalytic water
splitting to produce H, is a decades-old topic since the pioneer-
ing work of Fujishima and Honda, who found that a TiO, single
crystal electrode can decompose water under illumination.*?
This aroused the interest of scientific and technological work-
ers in photocatalytic water splitting. Many inorganic catalysts
including metal oxides and sulfides have been developed.™**'**
Actually, besides inorganic catalysts, organic catalysts have also
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been explored, where the typical example is graphitic carbon
nitride (g-C3N,). g-C3N, is a well-known non-metallic organic
polymer semiconductor. It has attracted broad attention in
energy conversion reactions, not only due to its own good
photocatalytic performance, but also for its supporting func-
tion to stabilize metal active sites by abundant N atoms.™*®
Accordingly, Li et al. fabricated an Fe-Co DMC for photocata-
lytic HER by loading Fe and Co single atoms on mesoporous
2-C3N, via a freeze-drying method. Aberration-corrected high-
angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) demonstrated that many bright spots
were evenly distributed on mesoporous g-C;N,, which were
identified as Fe and Co single atoms. The photocatalytic
hydrogen production rate over Fe-Co DMC was 1958 umol g,
which is 10 and 2.4 times higher than that of its monometallic
Fe and Co counterparts, respectively. The significantly improved
catalytic performance of Fe-Co DMC is attributed to the syner-
gistic effect between Fe and Co.'*” Furthermore, Lei et al. con-
structed Co(u)-modified P-doped g-C;N, nanosheets via a low-
temperature phosphating method. In the photocatalytic HER
process, Pt nanoparticles were in situ deposited on the
nanosheets. The resulting catalyst exhibited excellent catalytic
activity with a hydrogen production rate of 774 pmol g~ ' h™*,
which is 8.6 times higher than that of pure g-C;N, nanosheets.
In the synergistic effect between Pt and Co, Pt serves as an
electron transfer cocatalyst and Co acts as a hole transfer
cocatalyst, thus promoting the separation of photogenerated
e and h', and greatly boosting the photocatalytic HER
activity."*®

An et al. synthesized two heteronuclear Pt-Au DMCs for
photocatalytic water splitting, which was achieved by disper-
sing Pt and Au atoms on TiO, with exposed {001} and {101}
facets via a two-step deposition—precipitation method. Aberration-
corrected HAADF-STEM of PtAu/{001}-TiO, showed numerous
bright points, suggesting the even distribution of Au and Pt
atoms. However, a few clusters were observed for PtAu/{101}-
TiO,. Normalized Pt L;-edge X-ray absorption near-edge struc-
ture (XANES) spectroscopy demonstrated dominant peaks at
~1.6 A for both PtAu/{001}-TiO, and PtAu/{101}-TiO,, which
can be assigned to Pt-O coordination. The Au L;-edge XANES of
PtAu/{001}-TiO, only showed the Au-O scattering path, whereas
the characteristic peak of PtAu/{101}-TiO, is similar to Au foil,
implying the existence of Au nanoparticles in PtAu/{101}-TiO,.
These results agree well with the HAADF-STEM results. The
photocatalytic results showed that the H, evolution rate of
PtAu/{001}-TiO, (61.3 mmol h™" g~ ') is 4-times higher than
that of PtAu/{101}-TiO, because the unsaturated Ti** in {001}-
TiO, are prone to accommodate Pt and Au single atoms.
Moreover, benefiting from the synergistic DMSC effect between
Pt and Au, PtAu/{001}-TiO, achieved 3 and 5 times improve-
ment in catalytic activity than that of its Pt/TiO, and Au/TiO,
single-atom counterparts, respectively.**® Zhou et al. prepared a
Cu;-Ti dual-site catalyst (Cu;-Ti/TiO,) by depositing atomic Cu
on TiO, with abundant surface oxygen vacancies (Ti/TiO,).
The aberration-corrected HAADF-STEM image of Cu;-Ti/TiO,
showed some bright dots, implying the presence of isolated Cu
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atoms on the surface of Ti/TiO,. The Cu K-edge spectrum in
Fourier-transformed extended X-ray absorption fine structure
(FT-EXAFS) exhibited a main peak at around 1.5 A, which can
be attributed to Cu-O coordination. No signal of Cu-Cu bond
was detected, further suggesting that Cu atoms were single-
atomically distributed. The catalytic results demonstrated that
Cu,-Ti/TiO, achieved superb activity for photocatalytic HER
with an H, evolution rate of 3830 umol g~ * h™*, which is 7.3 and
26.6 times higher than that of Cu,/TiO, and Ti/TiO,, respec-
tively. DFT calculations revealed that the introduction of Cu
atoms offers active sites for the HER to promote the dissocia-
tion of water, thus boosting the catalytic performance.'>°

4.1.2 Electrocatalysis. Electrochemical HER provides a tan-
gible approach to produce H,, given that it can continuously
generate clean H,, where DMCs have been widely considered as
promising electrocatalysts.’>*'°° For instance, Cui et al. pre-
pared tungsten atomic clusters anchored on P-doped carbon
support using W single atoms as the parent material via a
thermal migration strategy. The corresponding magnified
HAADF-STEM images revealed numerous paired bright spots,
which were identified as W, atom pairs. The R-space plots of
the FT-EXAFS profiles presented a weak metal-metal peak,
indicating the presence of W-W bonds. The results of alkaline
electrochemical HER demonstrate that the synthesized tungsten
atomic clusters display outstanding activity with an overpotential
of 53 mV at 10 mA cm ™~ and a Tafel slope of 38 mV dec™ ', which
is a remarkable enhancement in HER activity with respect to
both tungsten single atoms and tungsten carbide nanoparticles.
DFT calculations revealed that the W-W dual-sites of the tung-
sten atomic clusters facilitate the desorption kinetics of the H*
and OH* intermediates, thus accounting for the excellent alka-
line HER activity.">"

Beside W-W DMCs, studies showed that doping other
metals can also form W-based heteronuclear DMCs for electro-
chemical HER. Fan et al. prepared a W-Mo DMC (W;Mo;-NG)
with the W-O-Mo-O-C configuration via a facile two-step
method. Specifically, the hydrothermal reaction of Na,WO,-
2H,0, (NH,)¢Mo0,0,,-4H,0 and graphene oxide (GO) produced
a precursor solution, which was further freeze-dried to produce
a spongy column. Subsequently, the sponge column was trea-
ted by chemical vapor deposition (CVD) in NH;/Ar gas at 800 °C
to obtain the W;Mo;-NG DMC (Fig. 6a). The aberration-
corrected HAADF-STEM image clearly showed some isolated
heteronuclear W-Mo atoms with a distance of ~ 3.6 A, which is
much longer than the Mo-Mo/W-Mo/W-W bonds (~3.0 A),
suggesting that there are extra atoms to bridge W and Mo
atoms (Fig. 6b and c). The results of FT-EXAFS spectroscopy and
DFT calculations demonstrate that the heteronuclear W-Mo
atoms are anchored in N-doped graphene by four O and two C
atoms to form a W-O-Mo-O-C configuration (Fig. 6d). Conse-
quently, the W;Mo,-NG DMC exhibited an excellent catalytic
performance for electrochemical HER with an overpotential of
24 mV at the current density of 10 mA cm™? in acidic electrolyte,
which is lower than that of Mo, N-doped graphene (145 mV),
W, N-doped graphene (156 mV), and pristine N-doped graphene
(200 mV) electrocatalysts (Fig. 6e). DFT calculations further

This journal is © The Royal Society of Chemistry 2023
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revealed that heteronuclear W-Mo DMC affords the desirable
adsorption strength of H and good HER kinetics, thus facilitating
the HER process."*

In 2019, Luo et al. designed and synthesized Cr-doped Co,N
nanorod arrays on carbon cloth for electrocatalytic HER in
alkaline electrolyte. The obtained material displayed promising
catalytic activity with an overpotential of 21 mV at the current
density of 10 mA cm 2, which is much better than the com-
mercial Pt/C electrocatalyst. DFT calculations together with
experimental results revealed that the introduction of Cr
increased the H,O adsorption and dissociation ability, which

This journal is © The Royal Society of Chemistry 2023

is beneficial for both the alkaline Volmer and Heyrovsky steps,
thus leading to the high performance.'>® Moreover, Chen et al.
developed a facile method to construct a conductive bimetallic
electrocatalyst by the introduction of Co atoms in conductive
Cu-catecholate nanorod arrays on carbon cloth for the HER.
The catalytic results demonstrated that the synthesized bi-
metallic electrocatalyst exhibited excellent activity with over-
potentials of 52 and 143 mV at a current density of 10 mA cm 2
in alkaline and neutral media, respectively, which is signifi-
cantly lower than that of the benchmark Pt/C electrocatalyst.
DFT calculations revealed that Co doping can optimize the
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adsorption energies of both water and hydrogen, facilitating
the Volmer step in the HER process.'>*

Pt has been regarded as the most efficient catalyst for the
HER, but its high cost limits its large-scale applications.
Accordingly, the integration of Pt and other metals to form
DMCs is a promising strategy to lower the use of Pt and
enhance the catalytic efficiency of Pt-based catalysts. For
instance, Yao et al. fabricated a Co-Pt DMC with 0.16 wt% of
Pt by annealing a cobalt-based MOF and dicyandiamide. This
catalyst displayed ultrahigh activity for electrochemical
HER with an overpotential of only 27 mV in acidic media and
50 mV in alkaline media at 10 mA cm™?, which are superior to
that of the commercial Pt/C (59 mV and 65 mV, respectively).
The excellent catalytic performance of Co-Pt DMC was attri-
buted to the synergistic effect of atomic Pt and Co, which
induced charge polarization around the atomic Co and lowered
the Gibbs free energy change of the intermediates, thus boost-
ing the catalytic activity, as supported by DFT calculation."
Moreover, Qian et al. prepared well-dispersed PtNi alloy nano-
particles implanted on N-doped carbon via the carbonization of
polyaniline-containing Pt and Ni ions. The transmission elec-
tron microscopy (TEM) image demonstrated that numerous
PtNi nanoparticles were anchored on the surface of the carbon
substrate with a size of ~6.5 nm. The electrocatalytic results
showed that the optimized PtNi catalyst displayed an outstand-
ing HER performance with the current density of 3.78 A mgp,
in 1.0 M KOH, which is 13-times higher than that of the
benchmark 20% Pt/C catalyst. DFT computations revealed that
the incorporation of Pt and Ni elements could help modify their
mutual electron distributions and d-band center positions to
promote the dissociation of *H,O, thereby enhancing the HER
activity.'*®

Besides, Li et al. synthesized a Pt-Cu DMC containing
1.5 atom% Pt via a two-step approach for electrocatalytic HER.

a First step: Pt ALD
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PO I S e ey g\ a"ata"‘a"a"w
o0 %0 %0%s > *o%e a‘w‘ta‘
a2 9?9 %9%e #° PAD e a9 %0%d
a2 a0 a®a®a, P T o B R
L e R Ty S SV

N-doped carbon nanotube
(NCNT)

=]
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Pt-Ru dimers on NCNT
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Firstly, atomically dispersed Cu on Pd nanosheets was prepared
by adding CuCl,-2H,0 aqueous solution to Pd nanosheets; then
the mixture was injected into K,PtCl, solution to obtain the
Pt-Cu DMC. The Pt Lj;-edge FT-EXAFS spectrum showed two
main peaks at 2.05 and 2.56 A, which can be assigned to Pt-Cu
and Pt-Pd paths, respectively. These results suggest the presence
of Pt-Cu dual sites on the Pd nanosheets. Electrochemical tests
showed that the Pt-Cu DMC exhibited outstanding HER activity,
with an overpotential of 22.8 mV at 10 mA cm > and mass
current density of 3002 A g™ ' (paspy at —0.05 V (vs. RHE)."”” Sun
et al. prepared Pt-Ru dimers with 0.9 wt% of Pt via a two-step
ALD process for electrocatalytic HER. As shown in Fig. 7a, the Pt
single atoms were first deposited onto N-doped carbon nano-
tubes (NCNTs) using trimethyl(methylcyclopentadienyl) platinum
(MeCpPtMej) as the precursor for ALD. The aberration-corrected
HAADF-STEM image indicated a large number of Pt atoms
anchored on NCNTs. Subsequently, the deposition of Ru atoms
on the Pt single atoms to form Pt-Ru dimers was achieved by ALD
using bis(ethyleyclopentadienyl)ruthenium as the precursor. The
aberration-corrected HAADF-STEM revealed a number of paired
bright and dark spots, implying that Pt-Ru dimers were con-
structed (Fig. 7b and c), as further confirmed via X-ray absorption
spectroscopy. The prepared Pt-Ru dimers showed higher catalytic
activity for the HER than Pt single atoms and commercial Pt/C
catalysts (Fig. 7d and e). DFT calculations revealed that the
synergetic effect between Pt and Ru modulates the electronic
structure, resulting in the high HER performance.'*®

4.2 OER

It is well-known that the OER is the bottleneck of water splitting
owing to the four-electron- and proton-transfer steps, which
requires efficient and stable catalysts to achieve this half
reaction. A series of heteronuclear DMCs demonstrated that
dinuclear metal sites can overcome the obstacles and promote
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electrocatalytic OER."*'™"”° In 2019, Hu et al. synthesized an
Fe-Co DMC via an in situ electrochemical method for the OER.
Firstly, a single-atom Co precatalyst (Co-N-C) was prepared
by calcining a mixture of Co complex, phenanthroline and
Mg(OH),, in which Mg(OH), was used as a template and
dispersing reagent. Then, Co-N-C was tested for the OER in
1 M KOH solution with and without Fe(NO;);-9H,0. The
catalytic results demonstrated that the overpotential is 495 mV
at 10 mA cm ™2 in Fe-free KOH solution, whereas it is 308 mV at
10 mA cm™? in Fe-containing KOH solution. A series of experi-
mental characterizations (XAS, in particular) revealed that Fe
was electrochemically incorporated in Co-N-C to yield an Fe-
Co double-atom catalyst, which consisted of Fe-Co active sites
for the OER. The significantly enhanced catalytic activity of the
Fe-Co catalyst over the single-atom Co catalyst can be attrib-
uted to the synergetic effect between Fe and Co.'®! In addition,
Bu et al. constructed an Fe-Co DMC embedded in N-doped
graphitic carbon by high-temperature annealing ZIF-8 contain-
ing bimetallic phthalocyanines macromolecules (FeCoPc). The
aberration-corrected HAADF-STEM image demonstrated many
paired bright spots, which can be assigned to Fe-Co atom pairs.
The FT-EXAFS of Fe-Co DMC at Fe and Co K-edges only
displayed Fe-N and Co-N scattering paths, suggesting the
atomic dispersion of Fe and Co. The catalytic results showed
that the Fe-Co DMC exhibited outstanding activity for the OER
in N,-saturated 1.0 M KOH, with an overpotential of 370 mV at
10 mA ecm ™%, much lower than that of Fe MMC (440 mV) and Co
MMC (398 mV). DFT calculations demonstrated that the syner-
getic effect between Fe and Co optimized the d-band center
position of the metal sites and lowered the energy barrier of the
RDS, thereby improving the OER performance.'®> Xu et al. also
designed and synthesized an Fe,Co DMC using the classical
host-guest delocalization strategy. The Fe,Co trinuclear metal
complex was first immobilized on a zinc-based MOF precursor,
followed by pyrolysis of Fe,Co@MOF to form Fe,Co DMC. In
the aberration-corrected HAADF-STEM image, some paired and
isolated spots were observed, corresponding to the dual iron
atoms and single Co atoms, respectively, as further confirmed
via EELS. The electrochemical measurements demonstrated
that the Fe,Co DMC had good catalytic activity for the OER
with an overpotential of 350 mV at 10 mA cm ™2, which is much
lower than that of the Fe; catalyst (447 mV), FeCo DMC
(>480 mV) and IrO, (420 mV)."®?

Besides Fe-Co, Fe-Ni DMCs have also been investigated for
electrocatalytic OER. In 2018, Sun et al. prepared a series of
Fe-Ni DMCs (Ni-MOF@Fe-MOF) with different Ni/Fe atomic
ratios by decorating hybrid Ni-based MOF nanosheets with
Fe-MOF nanoparticles for the OER. Compared with the pure
Ni-based MOF, the catalytic activity dramatically increased after
the introduction of Fe-MOF nanoparticles. The optimal cataly-
tic activity was achieved with an Ni/Fe atomic ratio of 3.5/1,
with an overpotential of 265 mV at 10 mA cm > in 1 M KOH.
This overpotential is much lower than that for Ni-MOF
(370 mV) and IrO, (365 mV). The current density of Ni-MOF@
Fe-MOF was 12.8 mA ¢cm > at 1.50 V (vs. RHE), which is 10-
times higher than that of Ni-MOF (1.0 mA cm™?). During the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

OER process, NiO nanograins with the size of ~5 nm were
observed in the HRTEM image, which acted as OER active
centers. The high catalytic performance of Ni-MOF@Fe-MOF is
due to the synergistic effect between the Ni active centers and
Fe species.'®® Furthermore, Peng et al. synthesized Fe/Ni single
atoms embedded in an N-doped carbon (NC) matrix (FeNi
SAs/NC) by annealing FeNi-MOF with coated polydopamine
(PDA), following by acid etching to remove the Fe and Ni
nanoparticles, forming Fe-Ni DMCs for electrocatalytic OER
(Fig. 8a). The aberration-corrected HAADF-STEM image evi-
denced the existence of Fe-Ni atomic pairs (Fig. 8b). The FT-
EXAFS spectrum of Fe K-edge of FeNi SAs/NC in the R-space
showed two strong peaks at 1.50 and 2.27 A, which were
assigned to the Fe-N and Fe-Ni bonds, respectively (Fig. 8c).
XANES together with DFT calculations further confirmed an
Fe-Ni-N; structure in this heteronuclear DMC. The prepared
Fe-Ni DMC exhibited a high performance for the OER, with a
low overpotential of 270 mV at 10 mA cm™ 2, which is much
lower than that of FeNi NPs/NC (290 mV), NC (350 mV) and
RuO, (310 mV) (Fig. 8d). DFT calculations further demon-
strated that the Ni sites modulated the electronic structure of
the Fe active center, which facilitated the four-electron transfer
process and lowered the energy barrier of the RDS, thus
improving the catalytic efficiency (Fig. 8e).'®® Also, Duan et al.
constructed an Fe-Ni dual-site catalyst via the pyrolysis of ZIF-8
containing Fe*" and Ni** ions through a theory-guided atomic
design and fabrication strategy. The aberration-corrected
HAADF-STEM images demonstrated the formation of Fe-Ni
dual sites. The FT-EXAFS spectrum of Fe displayed two main
peaks at 1.52 and 2.48 A, and these for Ni were 1.58 and 2.44 A,
implying the co-existence of Fe-N, Ni-N and Fe-Ni bonds. The
obtained Fe-Ni DMC exhibited excellent OER activity with an
overpotential of 395 mV at 10 mA cm™ >, which is superior to
that for Fe and Ni MMCs. DFT calculations revealed that the
activation of OH* and O* occurs on the Fe and Ni sites,
respectively, and the synergistic effect between Fe and Ni
regulates the OOH* formation energy of the RDS, thus facil-
itating the OER process.'®®

Other Fe-based DMCs were also developed for electroche-
mical OER. Wang et al. constructed an ultrathin 2D Fe-Mn
DMCs by pyrolysis of ZIF-8 encapsulating Fe** and Mn** ions
with the assistance of the KCI/ZnCl, eutectic salt. Aberration-
corrected HAADF-STEM showed numerous evenly distributed
bright spots, among which 62% were paired spots, corres-
ponding to the Fe-Mn dual atoms. The Fe and Mn K-edge
FT-EXAFS spectra showed the primary peaks at ~1.5 A, which
can be assigned to the Fe-N and Mn-N scattering paths,
respectively. No metal-metal scattering peak was detected,
suggesting the presence of atomically dispersed Fe and Mn
on the 2D nanosheet. The Fe-Mn DMC showed excellent OER
activity with an overpotential of 405 mV at 10 mA cm ™2, which
is lower than that of Fe (496 mV) and Mn (525 mV) MMCs."®” In
addition, Shen et al. prepared Fe- and Mo-modified Ni(OH),/
NiOOH (FeMo:Ni(OH),/NiOOH) nanosheets grown on commer-
cial nickel foam for the OER. FeMo:Ni(OH),/NiOOH gave a
current density of 134.5 mA cm ™2 at 1.53 V (vs. RHE), which
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(e) Free energy diagrams of different OER intermediates OH*, O*, and OOH* at 1.50 V. Reproduced from ref. 165 with permission from Wiley-VCH,

Copyright 2021.

is much higher than that of Fe:Ni(OH),/NiOOH (49.2 mA cm ™ 2),
Mo:Ni(OH),/NiOOH (18.5 mA cm™ ), and Ni(OH),/NiOOH
(12.8 mA cm™?). Furthermore, FeMo:Ni(OH),/NiOOH only
required an overpotential of 280 mV to achieve a current
density of 100 mA cm > and maintained long-term stability
over 50 h at this high current density. A series of experiment
results confirmed the presence of a synergistic effect between
Fe and Mo to improve both the activity and stability."®®

In addition to Fe-based DMCs, Co-based DMCs have also
attracted considerable attention for electrochemical OER.
In 2019, Hu et al. fabricated a Co-Ni DMC by annealing a
CoNi-based MOF and polydopamine, followed by acid leaching
to remove Co and Ni nanoparticles. The aberration-corrected

3184 | Chem. Soc. Rev., 2023, 52, 3170-3214

HAADF-STEM image revealed numerous isolated bright spots,
corresponding to Co and Ni single atoms. The Co and Ni K-edge
FT-EXAFS spectra demonstrated the major peaks located at
approximately 1.49 and 2.22 A, which can be assigned to the
Co-N/Ni-N and Co-Ni bonds, respectively. The resulting Co-Ni
DMC displayed good electrocatalytic activity for the OER, with
the required overpotential of 340 mV at 10 mA cm ™, which is
lower than that of the corresponding Co-Ni nanoparticles
(440 mV) and IrO, (400 mV). Experimental and theoretical
investigations revealed that the synergistic effect between the
Co and Ni atoms lowered the energetic barrier and promoted
the reaction kinetics, thereby enhancing the catalytic activity."®
Moreover, Lou et al. prepared an atomically dispersed Ni and Co

This journal is © The Royal Society of Chemistry 2023
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permission from Wiley-VCH, Copyright 2022.

dual-site catalyst via a multi-step templating strategy for the OER.
As shown in Fig. 9a, a thin polydopamine (PDA) layer was
first coated on the surface of the NiCo-based acetate hydroxide
precursor by the self-polymerization of dopamine. Then, the
inner NiCo-precursor cores were partially etched to generate a
hollow NiCo-precursor/PDA composite. Subsequently, the com-
posite was carbonized at low temperature, and then NiCo nano-
particles were removed by an acidic solution to obtain the Co
and Ni dual-site catalyst (a-NiCo/NC). The aberration-corrected
HAADF-STEM image demonstrated atomically dispersed Ni and
Co atoms, in which many atomic pairs are observed, suggesting
the possible Ni-Co dual-metal sites (Fig. 9b). The FT-EXAFS of Co
and Ni K-edges showed that the peaks at 1.42, 1.47 and 2.23 A are
assigned to Ni-N, Co-N and Ni-Co bonds, respectively (Fig. 9c
and d). The obtained a-NiCo/NC exhibited outstanding OER
activity, with an overpotential of 252 mV at 10 mA cm ? in
1.0 M KOH, which is much lower than that of the corresponding
a-Ni/NC (333 mV) and a-Co/NC (354 mV) single-atom catalysts, as
well as NiCo nanoparticles (312 mV) and RuO, (358 mV) (Fig. 9e).

This journal is © The Royal Society of Chemistry 2023

It also showed long-term durability over 150 h. DFT calculations
demonstrated that the strong synergistic interaction between the
Ni and Co sites lowered the reaction energy barrier, thus boosting
the catalytic activity (Fig. 9f and g)."”°

Besides transition metals, a variety of noble metal iridium-
based DMCs have also been developed for electrocatalytic OER.
For example, Wang et al. synthesized an Ir-Co DMC by trapping
Ir single atoms on Co nanosheets with 1.7 wt% Ir. The
aberration-corrected HAADF-STEM image showed many bright
spots, which can be assigned to the Ir single atoms. The FT-
EXAFS of Ir L-edge in R space showed a major peak at ~2.20 A,
which is shorter than that of the Ir-Ir bond (2.47 A), suggesting
the formation of Ir-Co bonds. The prepared Ir-Co DMC dis-
played good OER activity, with an overpotential of 273 mV at
10 mA cm 2, which is lower than that of Ir/C (290 mV) and Co
nanosheets (393 mV). DFT calculations in combination with
experiments revealed that the cooperation of Ir-Co dual sites is
beneficial for stabilizing the OOH* intermediate via hydrogen
bonding, thus expediting the OER process."”" Moreover,
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Chen et al. prepared a diatomic Ir-Co catalyst by pyrolyzing an
Ir-impregnated ZnCo-ZIF under a flowing Ar/H, atmosphere.
The aberration-corrected HAADF-STEM image demonstrated
some bright dual dots, corresponding to the dinuclear metal
configuration. The FT-EXAFS spectra of Co K-edge and Ir L-edge
displayed major peaks at 1.44 and 1.64 A, which can be
assigned to the Co-N and Ir-N paths, respectively. The Ir-Co
bond was also detected at 2.11 A in the Ir L-edge spectrum. The
Ir-Co catalyst exhibited promising OER activity with an over-
potential of 330 mV at 10 mA cm™> in 0.1 M KOH, which is
69 and 47 mV lower than that of the corresponding Co and Ir
MMCs, respectively, and even 21 mV more negative than that
for the Ir/C benchmark. Theoretical calculations revealed that
the incorporation of Ir atom modulated the Co d-orbital
electron configuration, resulting in faster reaction kinetics.'”?

4.3 ORR

The ORR involves two types of processes, i.e., four-electron
transfer to generate H,O and two-electron transfer to form
H,0,.""'8" Both processes need efficient catalysts, and thus
numerous heterogeneous homo- and heteronuclear DMCs have
been developed.'®>>*°

4.3.1 Homonuclear DMCs. In 2019, Xiong et al. designed
and synthesized an Fe, DMC via the pyrolysis of ZIF-8 contain-
ing dinuclear Fe,(CO), and used this catalyst for electrocatalytic
ORR in acidic electrolyte. The aberration-corrected HAADF-
STEM image showed numerous bright paired spots, which were
assigned to the Fe, dimers. The FT-EXAFS spectrum of Fe K-
edge revealed a major peak at ~1.50 A and minor peak at
2.46 A, which can be ascribed to Fe-N and Fe-Fe bonds,
respectively. The synthesized Fe, DMC exhibited outstanding
ORR activity in 0.5 M H,SO, solution with a half-wave potential
(E1/2) of 0.78 V (vs. RHE), which is 65 mV higher than that of the
corresponding Fe MMC."®? Furthermore, Xie et al. prepared a
planar-like Fe,Ng DMC via thermal treatment of hemin mole-
cules with the typical FeN, structure. The aberration-corrected
HAADF-STEM images revealed a large number of bright dots,
most of which were in pairs, corresponding to Fe, dimers. The
planar-like Fe,Ng coordination structure was further confirmed
via XAS. The FT-EXAFS spectrum of the Fe K-edge showed a
major peak at 1.39 A and minor peak at 2.19 A, corresponding
to Fe-N/O and the Fe-Fe shell, respectively. The planar-like
Fe,Ns DMC displayed high ORR activity with E;,, of 0.84 V (vs.
RHE), which is higher than that for FeN, MMC (0.76 V vs. RHE).
It also achieved a large peak power density of 845 mW cm ™ * in
proton-exchange membrane fuel cell systems. DFT calculations
revealed that the synergic effect between two adjacent Fe,
atoms of Fe,Ng DMC accelerated the catalytic kinetics, thereby
promoting the catalytic activity.'®®

In addition, Xing et al. designed and elaborated three Co,N5
DMCs by pyrolyzing ZnCo-ZIF with different molar ratios of
Zn/Co for the ORR. Upon the evaporation of Zn at high
temperature, the optimized Co,N5 DMC exhibited bright adja-
cent spots in the aberration-corrected HAADF-STEM image with
the distance of 2.1-2.2 A, suggesting the formation of dinuclear
sites. The FT-EXAFS spectrum of Co K-edge further confirmed
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the presence of Co-N and Co-Co bonds. The prepared Co,Nj;
DMC displayed excellent ORR activity with E;, of 0.79 V
(vs. RHE), which is 12-times higher than the conventional
CoNj, catalyst. Theoretical calculations revealed that the dinuc-
lear metal sites of the Co,N5 DMC promoted the reaction of
*OH — H,0, resulting in the high catalytic activity.'®*

4.3.2 Heteronuclear DMCs

4.3.2.1 Fe-Co DMCs. In 2017, by the pyrolysis of Co/Zn-ZIF
with adsorbed Fe ions, Wu et al. obtained an Fe-Co DMC for
the ORR in acidic electrolyte. Numerous evenly distributed
bright dual dots were observed in the aberration-corrected
HAADF-STEM images, which were assigned to the Fe and Co
atomic pairs. The FT-EXAFS spectra showed Fe-N, Co-N and
Fe—Co scattering paths, further implying the presence of Fe—Co
dual sites. The obtained Fe-Co DMC displayed a superior ORR
performance with E;,, of 0.863 V (vs. RHE), which is superior to
Fe and Co MMGCs. It also exhibited long-term stability over
50000 cycles for electrode measurement and 100 h for H,/air
single cell operation. DFT calculations revealed that the out-
standing catalytic activity of the Fe-Co DMC is due to the
synergistic effect between the Fe and Co sites, which is bene-
ficial for the activation of the O-O bond.'®® Using the same
strategy, Xing et al. synthesized an Fe-Co DMC (FeCoN;-OH) by
pyrolyzing Co/Zn-ZIF containing Fe(acac); molecules (acac =
acetylacetonate). The aberration-corrected HAADF-STEM images
revealed some bright paired dots with the distance of 2.2-2.3 A,
corresponding to the Fe-Co dual-atom sites. The EELS data
showed atomically distributed Fe and Co atoms located adjacent
to N atoms, further verifying the presence of Fe-Co dual-atom
sites. The FT-EXAFS curves of this DMC showed primary peaks at
~1.5 A, corresponding to Fe-N and Co-N scattering paths, and
no Co-Co, Fe-Fe, and Fe-Co scattering paths were detected. The
catalytic results demonstrated that FeCoNs-OH displayed excel-
lent ORR activity with E;/, of 0.86 V (vs. RHE), with an intrinsic
activity over 20 times higher than that of the FeN, single site. DFT
calculations revealed that the electron-withdrawing OH ligand
adsorbs on the Fe-Co dual centers to form triangle FeCoN5s-OH
sites, which tailor their electronic structure to facilitate O-O bond
cleavage."®

Xu et al. fabricated another Fe-Co DMC (FeCo®@C) for
electrocatalytic ORR via the one-step pyrolysis of Zn-based
MOF with Fe and Co ions. The aberration-corrected HAADF-
STEM and energy-dispersive X-ray spectroscopy (EDS) mapping
images indicated the existence of Fe and Co atomically dis-
persed metal sites. The Fe and Co K-edge FT-EXAFS spectra
exhibited the main peak at ~1.5 A, corresponding to Fe-N and
Co-N bonds. The absence of Co-Co, Fe-Fe, and Fe—-Co scatter-
ing paths further confirmed atomically dispersed Fe and Co
atoms. The obtained FeCo@C showed high ORR activities in
both alkaline and acidic electrolyte. In 0.1 M KOH, FeCo@C
exhibited a more positive onset potential (Eq,se) and Eyj, than
that of the commercial Pt/C. FeCo@C also displayed high ORR
activity in 0.5 M H,SO,, which is close to that for Pt/C."®”
In addition, Bu et al. proposed a ‘“pre-constrained metal
twin” strategy to construct a contiguous FeN, and CoN, DMC
(FeCo-DACs/NC). In this work, the bimetallic phthalocyanine
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macromolecules (FeCoPc) were first implanted in situ in ZIF-8
to form a composite. Then, the high-temperature annealing of
the composite generated the Fe-Co DMC embedded in N-doped
graphitic carbon (Fig. 10a). Aberration-corrected HAADF-STEM
images showed numerous bright spots, corresponding to Fe
and Co atoms (Fig. 10b), among which some dispersed metal
pairs were observed with the distance of ~0.4 nm (Fig. 10c and d).
The FT-EXAFS spectra of FeCo-DACs/NC at Fe and Co K-edges only
demonstrated dominant peaks at 1.44 and 1.36 A, which can be
attributed to the Fe-N and Co-N scattering paths, and no signals
of metal-metal bonds were detected, implying the atomic distribu-
tion of Fe and Co atoms (Fig. 10e and f), respectively. The resulting
FeCo-DACs/NC exhibited outstanding ORR activity with an Egpget
of 0.984 V (vs. RHE) and E;;, of 0.877 V (vs. RHE), which are
better than that of Fe-MMC/NC (0.943 and 0.865 V), Co-MMC/NC
(0.909 and 0.822 V), commercial Pt/C (0.962 and 0.836 V) and NC
(0.825 and 0.741 V) (Fig. 10g and h), respectively. Impressively, the
kinetic current density (fi) of FeCo-DACs/NC was the largest
among the catalysts (Fig. 10h). Theoretical calculations demon-
strated the synergistic effect between the Fe and Co atoms, which
modulated the d-band center position of the metal centers and

This journal is © The Royal Society of Chemistry 2023

Fe-MMC/NC, Co-MMC/NC, Pt/C and N-C. Reproduced from ref. 162 with

optimized the free energy of the *O intermediate, thereby resulting
in improved catalytic activity.'®>

Besides, Luo et al. prepared an FeCo-N-doped hollow carbon
catalyst (FeCo-N-HCN) with neighbouring Fe-N,-C and Co-N,-
C dual metal sites via the polymerization of pyrrole on porous
FeCo oxides followed by pyrolysis. The aberration-corrected
HAADF-STEM images revealed some bright dots of single Fe
or Co atoms, among which the neighboring Fe and Co atomic
pairs were also observed with the distance of ~0.5 nm. The
presence of the Fe and Co atomic pair was further confirmed
via EELS because the signals for Fe (707.0 eV) and Co (798.0 eV)
atoms were detected. The FT-EXAFS spectra of FeCo-N-HCN at
Fe and Co K-edges showed main peaks at ~1.5 A, corres-
ponding to Fe/Co-N bonds, and no metal-meal bonds were
identified, suggesting that the Fe and Co atoms were atomically
dispersed. The electrocatalytic results showed that FeCo-N-
HCN displayed superior ORR activity with Ey,s¢ and Ej;, of
0.98 and 0.86 V (vs. RHE) in 0.1 M KOH solution, which are
more positive than that of Fe-N-HCM MMC (0.96 and 0.76 V vs.
RHE), respectively. The enhanced catalytic performance of
FeCo-N-HCN is attributed to the synergistic effect of Fe and
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Co dual active centers, which lowered the reaction energy
barriers for the ORR."®® Fu et al. also designed and synthesized
an Fe-Co DMC (Fe, Co SAs-PNCF) by pyrolyzing a mixture of
Fe/Co complexes, polyacrylonitrile and ZnO nanoparticles in an
N, atmosphere. The aberration-corrected HAADF-STEM images
showed distributed Fe-Co dual-metal single atoms with a
distance of 0.23 nm, as further verified via EELS. The FT-
EXAFS spectra of the Fe and Co K-edges displayed prominent
peaks at 1.50 and 1.30 A, corresponding to Fe-N and Co-N
coordination, respectively, and no signals of metal-metal
bonds were found, implying the atomic dispersion of Fe and
Co in this catalyst. The obtained Fe, Co SAs-PNCF displayed
high ORR activities in both alkaline and acidic media. In 0.1 M
KOH solution, the E,,g¢ and E;,, for the Fe, Co SAs-PNCF were
1.04 and 0.93 V (vs. RHE), which are more positive than that for
Fe (1.00 and 0.89 V vs. RHE) and Co (0.96 and 0.83 V vs. RHE)
MMCs, respectively. In 0.1 M HCIO, solution, the Eyngec and Ey»
of Fe, Co SAs-PNCF were 0.94 and 0.0.78 (vs. RHE), respectively,
which are also superior to that of Fe and Co MMCs. Theoretical
calculations demonstrated that the synergistic effect of the Fe
and Co single-atom sites lowered the energy barrier for O*
dissociation, thus promoting the ORR activity."®°

4.3.2.2 Fe-Ni DMCs. In 2021, Peng et al reported the
preparation of a bimetallic MOF-derived Fe-Ni DMC (denoted
as FeNi SAs/NC) for the ORR. Firstly, the bimetallic FeNi-MOF
was coated by polydopamine through the in situ polymerization
of dopamine to form a composite. Subsequently, the pyrolysis
of this composite under NH; followed by acid etching and
further annealing process generated FeNi SAs/NC. The aberration-
corrected HAADF-STEM image revealed many bright dots, which
were attributed to the isolated Fe and Ni atoms, among which
some Fe-Ni atomic pairs were also observed. The FT-EXAFS
spectrum of the Fe K-edge presented two strong peaks at 1.50
and 2.27 A, and similar results were found in the Ni K-edge
spectrum, suggesting the existence of Fe-N, Ni-N and Fe-Ni
bonds. The prepared FeNi SAs/NC exhibited extraordinary ORR
activity with Egpser and E;j, of 0.98 and 0.84 V (vs. RHE), respec-
tively, in alkaline media, superior to that of FeNi NPs/NC and Pt/C.
DFT calculations revealed that the Fe site acts as the catalytic
center to realize the ORR, and the Ni site regulates the electronic
structure of Fe to reduce the energy barrier of the RDS.'®®
Furthermore, Lu et al. constructed an Fe-Ni DMC (Fe-NiNC) via
a one-step dual-solvent ion deposition method. Specifically, the
Fe(NOj;); aqueous solution was added dropwise to the Ni-doped
polydopamine n-hexane solution followed by calcination and
leaching to form Fe-NiNC. The aberration-corrected HAADF-
STEM image showed some bright spot pairs with a distance of
0.18 nm, implying the presence of metal-metal bonds. The
FT-EXAFS spectra of Fe and Ni K-edges show the main peaks at
~1.47, 1.38 and 2.43 A, which can be assigned to Fe-N, Ni-N and
Fe-Ni bonds, respectively. The resulting Fe-NiNC displayed good
ORR activity with E,,sc and E;;, of 0.86 and 0.75 V (vs. RHE),
respectively, in 0.1 M KOH solution, which can be ascribed to the
mutual effects of Fe and Ni for charge redistribution to facilitate
the ORR performance.’” In addition, Sun et al. synthesized a
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bimetallic FeNi-NC catalyst for the ORR by heating a mixture of
NiCl,, FeCl,, and ZnCl, and formamide. The results of aberration-
corrected HAADF-STEM image and FT-EXAFS spectra confirmed
the atomic dispersion of Fe and Ni atoms. X-ray photoelectron
spectroscopy (XPS) fine scans combined with computational
simulations demonstrated the strong synergistic interaction
between Fe and Ni. Consequently, the FeNi-NC catalyst delivered
high ORR Ej,, of 0.85 V, which is comparable to that of the Pt/C-
RuO, mixture.'*’

4.3.2.3 Fe-Cu DMCs. In 2020, Chen et al. fabricated a highly-
dispersed Fe-Cu dual-atom nanozyme as an ORR electro-
catalyst (FeCu-DA/NC) to mimic cytochrome ¢ oxidase via the
pyrolysis of a mixture of FeCl;-6H,0, CuCl,-2H,0, nano-CaCOj3;
and polyvinylpyrrolidone. The aberration-corrected HAADF-
STEM image revealed some atomic pairs with the distance of
~0.5 nm, demonstrating the absence of metal-metal bonds. In
the FT-EXAFS spectra, only the primary peaks at ~1.5 A were
observed for both Fe and Cu K-edges, which were assigned to
the Fe-N and Cu-N paths, respectively. The resulting FeCu-DA/
NC exhibited high ORR activity in both acidic and alkaline
conditions. In 0.1 M KOH, the E,,s¢ and E;;, were 0.96 and
0.86 V (vs. RHE), which are much more positive than that for Fe
(0.91 and 0.8 V vs. RHE) and Cu (0.87 and 0.78 V vs. RHE)
MMCs, as well as commercial Pt/C (0.94 and 0.83 V vs. RHE),
respectively. In 0.5 M H,SO,, FeCu-DA/NC also displayed a
much more positive Egnsee and E;;, than Fe and Cu MMCs,
and only a gap of 20 mV to that of Pt/C. The improved ORR
activity of FeCu-DA/NC can be attributed to the synergistic
effect between Fe and Cu, in which Fe acts as the active
center to activate O,, and Cu serves as the electron donor to
increase the electron density of Fe to promote O, activation.'®*
Moreover, Yan et al. prepared a Fe-Cu bimetal site catalyst
(FeCu-N-HC) for the ORR by pyrolyzing a mixture of pyrrole,
FeCl,-4H,0, CuCl,, and SiO, nanospheres followed by acid
etching. The aberration-corrected HAADF-STEM image showed
some bright paired spots distributed on the carbon support with
an interatomic distance of 0.24 nm, suggesting the existence of
Fe-Cu atomic pairs. The FT-EXAFS spectra showed prominent
peaks at 1.4 A, 2.0 A and 2.3 A in the Fe and Cu K-edges, which
can be ascribed to the Fe-N, Fe-Cu and Cu-Fe scattering paths,
respectively. In 0.1 M KOH solution, FeCu-N-HC showed an E;,
of 0.92 V (vs. RHE), which is much better than that for Fe (0.89 V),
Cu (0.83 V) MMCs and 20% Pt/C (0.87 V). DFT calculations
revealed that the elongation of the O-O bond over FeCu-N-HC
favours its dissociation, thereby enhancing the reaction
efficiency.'”?

4.3.2.4 Fe-Mn DMCs. In 2018, Chen et al designed an
efficient Fe-Mn electrocatalyst for the ORR via the one-step
pyrolysis of ZIF-8 containing Fe and Mn ions. The aberration-
corrected HAADF-STEM and XANES results confirmed the
presence of highly dispersed Fe and Mn atoms anchored on
N-doped carbon. The obtained catalyst displayed high ORR
activity with an E,, of 0.904 V (vs. RHE), which is 49 mV more
positive than that of commercial 20% Pt/C. DFT calculations

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2cs00368f

Published on 18 April 2023. Downloaded by Tianjin University of Technology on 5/11/2023 7:29:11 AM.

Review Article

demonstrated that the introduction of Mn ions regulated the
electronic structure of Fe active centers to lower the energy
barrier of the ORR process, thus enhancing the catalytic
activity.'®® Moreover, Dong et al. synthesized a novel Fe-Mn
DMC (Fe-Mn-N/S@mC) with atomically dispersed Fe-N, and
Mn-N,S, sites via the thermal treatment of oleic-acid-capped
Mn, 4;3Fe; 57,0, nanocrystals. The aberration-corrected HAADF-
STEM image showed many bright spots distributed in the
carbon framework, corresponding to heavy Fe and/or Mn
atoms. A prominent peak at 1.41 A was observed in the Fe K-
edge FT-EXAFS spectrum, which was attributed to Fe-N coor-
dination. The Mn K-edge FT-EXAFS spectrum showed a main
peak at 1.72 A, corresponding to Mn-N/S coordination. In 0.1 M
KOH, Fe-Mn-N/S@Mc exhibited excellent catalytic activity for
the ORR with an E;;, of 0.896 V (vs. RHE), outperforming the
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conventional Pt/C (0.856 V vs. RHE). DFT calculations revealed
that the synergistic interaction between Fe and Mn atoms
lowers the energy barrier of *OH reduction, resulting in
improved ORR activity.'**

Besides, Zhang et al. designed and synthesized a dual-metal
atomically dispersed Fe,Mn/N-C electrocatalyst via the pyroly-
sis of dicyandiamide, Fe-phthalocyanine complex and
Mn(NO;), (Fig. 11a). The aberration-corrected HAADF-STEM
image revealed some bright paired spots, which were attributed
to the Fe/Mn atomic pairs, and further confirmed via EELS
(Fig. 11b and c). The FT-EXAFS spectrum of Fe K-edge showed
two peaks at 1.4 and 2.16 A, corresponding to the Fe-N bond
and Fe-metal atomic pair, respectively (Fig. 11d). The FT-EXAFS
spectrum of Mn K-edge also demonstrated Mn-N bond and
Mn-metal atomic pairs (Fig. 11e). The resultant Fe,Mn/N-C
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Fig. 11 (a) Schematic illustration showing the fabrication of Fe,Mn/N-C. (b) Aberration-corrected HAADF-STEM images of Fe,Mn/N-C. (c) EELS data of
Fe,Mn/N-C. (d) Fe K-edge FT-EXAFS spectra of Fe,Mn/N-C and reference samples. (€) Mn K-edge FT-EXAFS spectra of Fe,Mn/N-C and reference
samples. (f) LSV curves of Fe,Mn/N-C, Fe/N-C, Mn/N-C and Pt/C catalyst in 0.1 M HCLO, solution. (g) Optimized atomic structures for the main process
of the ORR on Fe,Mn/N-C. Reproduced from ref. 195 with permission from Springer Nature, Copyright 2021.
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displayed excellent ORR performance with an E;,, of 0.804 V (vs.
RHE) in 0.1 M HCIO, and 0.928 V (vs. RHE) in 0.1 M KOH,
which is comparable to that of the commercial Pt/C (Fig. 11f).
Magnetic measurements together with theoretical calculations
revealed that the introduction of Mn atoms tuned the spin state
of Fe'", resulting in the appropriate bond length and binding
energy to stabilize the oxygen intermediate, leading to excellent
ORR activities (Fig. 11g).">> Zhao et al. also prepared an atom-
ically dispersed Fe-Mn DMC via the pyrolysis of ZnO@polydo-
pamine containing Fe and Mn ions under an N, atmosphere.
The aberration-corrected HAADF-STEM image illustrated a
large number of bright spots on the carbon support, in which
some paired dots evidenced the formation of diatomic sites.
The diatomic sites were further confirmed via EELS as the Fe
and Mn edge peaks at ~650 and ~ 715 eV, respectively. The FT-
EXAFS spectrum of the Fe K-edge showed two peaks at 1.48 and
2.41 A, which can be assigned to the Fe-N and Fe-Mn scattering
paths, respectively. The prepared Fe-Mn DMC displayed excel-
lent ORR activity with E;;, and E,ns of 0.88 and 1.02 V (vs.
RHE) in 0.1 M KOH solution, which are much more positive
than that of Fe (0.85 and 0.97 V vs. RHE) and Mn (0.74 and
0.89 V vs. RHE) MMCs, respectively. The mechanistic study
demonstrated that the synergic effect of the diatomic site
lowered the energy barrier of the intermediate adsorption,
and thus improved the ORR activity.'®

4.3.2.5 Fe-Mo DMCs. Li et al. constructed an Fe-Mo dual site
catalyst (FeMo-N-C) by pyrolyzing FeZn-ZIF containing
MoO,(acac), molecules. The aberration-corrected HAADF-STEM
image demonstrated some paired dots, corresponding to Fe-Mo
atomic pairs, which was further confirmed via EELS. The FT-
EXAFS spectra of FeMo-N-C in R space showed dominant peaks
at 1.5 and 1.2 A, which are attributed to the Fe-N and Mo-N
bonds, respectively. The negligible signals for the metal-metal
scattering paths imply the presence of atomically distributed Fe
and Mo atoms. Consequently, FeMo-N-C delivered outstanding
electrocatalytic ORR activity with E;, and Eypge 0f 0.84 and 0.98 V
(vs. RHE), respectively, in 0.1 M HCIO, electrolyte, which were
more positive than that of its Fe-N-C single-atomic counterpart
(0.77 and 0.91 V vs. RHE). DFT calculations showed that the
presence of Mo modulated the electronic configuration and down-
shifted the d-band center of Fe, which optimized the adsorption of
ORR intermediates, thereby boosting the catalytic activity.'*”

4.3.2.6 Co-Ni DMCs. In 2019, Hu et al reported the
synthesis of an atomically dispersed bimetallic Co-Ni site
catalyst (CoNi-SAs/NC) by pyrolyzing dopamine-coated CoNi-
MOF for the ORR. The aberration-corrected HAADF-STEM and
elemental mapping images demonstrated the presence of
isolated Co and Ni atoms. The FT-EXAFS spectra of the Co
and Ni K-edges showed major peaks at ~1.5 A, corresponding
to the Co-N and Ni-N paths, respectively. In addition, a weak
peak at ~2.22 A was also observed, which can be attributed
to the diatomic Co-Ni coordination. In 0.1 M KOH solution,
CoNi-SAs/NC displayed outstanding ORR activity with E,, and
Eonser 0f 0.76 and 0.88 V (vs. RHE), which are comparable to that
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of commercial Pt/C (0.82 and 0.90 V vs. RHE), respectively. DFT
calculations demonstrated that the synergistic effect between
neighboring Co and Ni can lower the energetic barrier and
promote the reaction kinetics, thus substantially enhancing the
catalytic performance.'®® Furthermore, Pan et al. synthesized a
Co-Ni DMC (NiCo DASs/N-C) featuring the proximity electronic
effect (PEE) by pyrolyzing NiCo@ZIF-8 precursor to synergistically
promote the ORR. The aberration-corrected HAADF-STEM image
showed many paired bright spots, suggesting that Co and Ni
atomic pairs exist in NiCo DASs/N-C. The distance between the
Co-Ni pairs is ~6.4 A, indicating the dispersion of Co-Ni
diatomic sites. According to the Co K-edge FT-EXAFS curve, a
main peak at 1.5 A was observed in R space, corresponding to
Co-N coordination. The FT-EXAFS spectrum of Ni K-edge
presented a main peak at 1.31 A, which was assigned to Ni-N
coordination. No peak corresponding to metal-metal coordina-
tion was observed, indicating the presence of the atomically
dispersed Co and Ni atoms. The catalytic results demonstrated
that NiCo DASs/N-C exhibited outstanding E;,, of 0.880 and
0.754 V (vs. RHE) in alkaline and acidic solution, which are much
higher than that of single-metal Ni (0.716 and 0.618 V vs. RHE)
and Co (0.746 and 0.661 V vs. RHE) catalysts, respectively. The
in situ characterization and theoretical calculation results indi-
cated that the Co atom served as the active site for O, adsorption-
activation, and the adjacent Ni site acted as a modulator to
promote *OH and *H adsorption on the Co site, thus significantly
boosting the ORR activity.'*®

4.3.2.7 Co/Cu-Zn DMCs. In 2018, Sun et al. fabricated a
bimetallic Co-Zn site catalyst (Zn/CoN-C) via the pyrolysis of
a mixture of chitosan, ZnCl, and Co(CH3COO),, followed by
acid etching and annealing process (Fig. 12a). The aberration-
corrected HAADF-STEM images revealed a large number of
bright spots on the carbon support, among which some paired
bright spots were observed with the distance of ~0.22 nm,
corresponding to the Co-Zn atomic pairs (Fig. 12b and c). The
Co K-edge FT-EXAFS spectrum of Zn/CoN-C showed two main
peaks at 1.4 and 2.1 A, which can be attributed to the Co-N and
Co-metal coordination, respectively (Fig. 12d). In the Zn K-edge
FT-EXAFS spectrum, two primary peaks at 1.44 and 2.1 A were
detected, corresponding to Zn-N and Zn-metal coordination,
respectively (Fig. 12e). These results indicate the existence of
the Co-Zn bond in Zn/CoN-C. As shown in Fig. 12f, the
prepared Zn/CoN-C exhibited excellent ORR activity with the
E,/, 0£0.861 V (vs. RHE) in 0.1 M KOH solution, superior to that
of CoN-C (0.793 V vs. RHE) and ZnN-C (0.706 V vs. RHE)
MMCs, as well as Pt/C (0.825 V vs. RHE). DFT calculations
demonstrated that the bimetallic Co and Zn with N sites could
enhance the binding ability of O, and elongate the O-O bond
from 1.23 to 1.42 A, thereby promoting the cleavage of the 0-O
bond. The assembled zinc-air battery with Zn/CoN-C as the
cathode catalyst delivered the maximum power density of
230 mW cm 2 in 6 M KOH electrolyte, which outperformed
its Pt/C counterpart (201 mW cm™?) (Fig. 12g)."*°

Moreover, Yang et al. constructed a non-precious-metal-
based ORR catalyst (Co/Zn-NCNF) for the ORR with Co-Zn

This journal is © The Royal Society of Chemistry 2023
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Copyright 2019.

dual active sites via electrospinning, carbonization and post-
treatment. The aberration-corrected HAADF-STEM images revealed
paired bright dots with a distance of ~0.23 nm, suggesting the
formation of Co-Zn dual sites. In the FT-EXAFS spectra, the Co and
Zn K-edges in R spaces showed main peaks at 1.40 and 1.44 A,
which were attributed to the Co-N and Zn-N scattering paths,
respectively. The ORR catalytic activity of Co/Zn-NCNF indicated
Eyj and Egpeee of 0.797 and 0.997 V (vs. RHE), respectively, in 0.1 M
HCIO, solution, outperforming the Co and Zn MMC comparison
samples, and only 41 mV more negative than that for commercial
Pt/C. DFT calculations revealed that the presence of Co-Zn dual
sites lowered the dissociation barrier of the *OOH intermediate,
thus improving the ORR activity.>*® Besides, Fu et al. constructed a
bimetallic single-atom catalyst (Cu/Zn-NC) with Zn-N, and Cu-N,
by directly pyrolyzing the CuZn-ZIF precursor. The aberration-
corrected HAADF-STEM image demonstrated numerous bright
spots, which were attributed to atomically dispersed Cu or Zn on
the carbon substrate. The FT-EXAFS spectra of Cu and Zn K-edges
showed the primary peaks at ~1.50 and 1.44 A, corresponding to
the Cu-N and Zn-N scattering paths, respectively. No signals of
metal-metal bonds were observed, further verifying the atomic
dispersion of Cu and Zn atoms in Cu/Zn-NC. The catalytic results of
the ORR demonstrated that Cu/Zn-NC displayed an Epge; of 0.98 V
(vs. RHE) in 0.1 M KOH electrolyte, superior to that for Zn (0.86 V

This journal is © The Royal Society of Chemistry 2023

vs. RHE) and Cu (0.89 V vs. RHE) MMCs, and similar to that for Pt/C
(0.99 V vs. RHE). Operando XANES analyses and DFT calculations
revealed that the presence of the Zn atom regulated the d-orbital
electron distribution of the Cu active center to promote the cleavage
of O-O on the Cu site, thus accelerating the ORR process.>”!

4.3.2.8 Pt-Fe/Co DMCs. In addition to transition metals,
some noble-metal-based DMCs have been also constructed
for electrocatalytic ORR. For example, Yu et al. prepared a Pt
single-atom-grafted Fe-N-C electrocatalyst (Pt;@Fe-N-C) with
Pt;-0,-Fe;-N, active moieties by stirring Fe-N-C powder in
H,PtCl; solution. The aberration-corrected HAADF-STEM
image clearly revealed many bright dots, which were attributed
to Fe, Pt atoms or Fe/Pt atomic pairs, suggesting the presence of
atomically dispersed Fe and Pt atoms. The FT-EXAFS spectrum
of Fe K-edge demonstrated two main peaks at 1.6 and 1.2 A,
corresponding the Fe-N and Fe-O scattering paths, respec-
tively. The FT-EXAFS data of Pt showed a major peak at 1.6 A,
which can be assigned to the Pt-O scattering path. No metal-
metal scattering path was detected in the FT-EXAFS spectra,
implying the atomically dispersed Fe and Pt, and the possible
Pt;-0,-Fe;-N, active moieties in Pt;@Fe-N-C. The resulting
Pt;@Fe-N-C with 2.1 wt% Pt exhibited outstanding ORR
activity in 0.5 M H,SO, solution with E,ne: and E;, of 0.93
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and 0.80 V (vs. RHE), respectively. The assembled half-cell with
Pt;@Fe-N-C as the optimized cathode catalyst displayed a high
current density of 280 mA em™> at 0.8 V (vs. RHE), which is
higher than that of Fe-N-C (211 mA cm %) and 20% Pt/C
(193 mA cm ?). DFT calculations revealed the existence of
synergy in the Pt;-O,-Fe;-N, active moiety, which accelerated
the kinetics of proton adsorption and reduction.*®® Further-
more, Zou et al. constructed a Pt-Fe DMC (Pt;-Fe/Fe,O3) by
loading atomic Pt on o-Fe,0; (012) facets with 0.13 wt% Pt. The
aberration-corrected HAADF-STEM image clearly revealed indi-
vidual Pt atoms dispersed on Fe,O3;. The FT-EXAFS spectrum of
Pt Ly-edge showed two primary peaks at 1.8 and 2.4 A, which
can be attributed to the Pt-O and Pt-Fe contributions, respec-
tively. The catalytic results of the ORR showed that Pt;-Fe/
Fe,0; exhibited a high E,sc and E;;, of 1.15V and 1.05V (vs.
RHE), respectively, in 0.1 M KOH solution, which is superior to
that for Fe,03(012) (Eonset = 0.78 V vs. RHE). In addition, Pt;-Fe/
Fe,O; displayed high mass activity of 14.9 A mg ™ 'p; at 0.95 V (vs.
RHE) and stability over 50 000 cycles. The outstanding catalytic
activity of Pt;-Fe/Fe,0; was ascribed to the fact that the Pt-Fe
pair sites can cooperatively adsorb O, and dissociate the O—0O
bond, and the key OH* intermediate desorbs over the Pt site.**?
In addition, Yao et al. prepared an atomic Pt-Co nitrogen—
carbon-based catalyst (A-CoPt-NC) with a Pt content of 0.16 wt%
by calcining Co-MOF, followed by electrochemical activation
with a Pt wire as the counter electrode. The aberration-
corrected HAADF-STEM image clearly showed atomic Pt/Co
metals trapped in a vacancy-type defect. The results of the
XANES analysis demonstrated that atomic Co-Pt-N-C config-
urations with Co-N and Pt-N bonds. A-CoPt-NC exhibited high
activity for the ORR with an E;,, of 0.96V (vs. RHE) in 0.1 M
KOH electrolyte, which is 90 mV superior to that of Pt/C. The
ORR mass activity of A-CoPt-NC was 45.47 A mg~ ', which is
267 times higher that of the commercial Pt/C. DFT calculations
revealed that this high activity can be attributed to the charge
redistribution and d orbital shift induced by the synergistic
effect of the Pt-Co atomic pair.>**

4.3.2.9 Pd-Mo DMCs. Using a one-pot wet-chemical approach,
Guo et al. prepared a PdMo bimetallene catalyst with excellent
ORR performance. The PdMo bimetallene possessed a morpho-
logy of two-dimensional nanosheets, with an average thickness of
0.88 nm, as identified via HAADF-STEM and atomic force micro-
scopy (AFM). The PdMo bimetallene had a large electrochemically
active surface area and high atomic utilization, which resulted in
high mass activity for the ORR, with the value reaching as high as
16.37 A mg 'pq at 0.9 V (vs. RHE). This mass activity was 78 and
327 times higher than that of the commercial Pt/C and Pd/C
catalysts, respectively. Moreover, the ORR polarization curves
showed that PdMo bimetallene/C had an E;, of 0.95 V in 0.1 M
KOH, which is higher than that for the commercial Pt/C (0.85 V)
and Pd/C (0.84 V). DFT calculations revealed that the higher mass
activity of PdMo could be ascribed to the cooperative catalysis.
Specifically, in PdMo bimetallene, there is substantial charge
transfer from Mo to Pd, which makes the Pd d-band center shift
towards negative energy. The downshift of the d-band center shifts
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the oxygen binding energy towards the optimal value. The alloying
effect, together with the strain effect and quantum size effect,
contributed to the enhanced ORR activity of PdAMo bimetallene.**>

4.4 CO;RR

Many strategies have also been developed to design and
synthesize heterogeneous DMCs to achieve photo- and electro-
catalytic CO,RR.**'>’® However, more examples have been
reported for the latter.

4.4.1 Photocatalysis

4.4.1.1 Homonuclear DMCs. Encouraged by the successful
work on designing homogeneous DMCs for synergistic photo-
catalytic CO, reduction, we further prepared two types of
ultrathin two-dimensional (2D) Ni-based metal-organic layers
(MOLs) with rich (010) crystal facets (Ni-MOL-010) and (100)
crystal facets (Ni-MOL-100) exposed for photocatalytic CO,RR
(Fig. 13a). Selected-area electron diffraction (SAED) showed
clear diffraction spots along the [010] and [100] zone axes for
Ni-MOL-010 and Ni-MOL-100, indicating their exposed (010)
and (100) facets (Fig. 13b and d), respectively. The HRTEM
images clearly revealed (001)/(100) and (010)/(001) crystal lattice
fringes for Ni-MOL-010 and Ni-MOL-100, respectively, further
confirming that the main crystal facets are (010) and (100)
(Fig. 13c and e), respectively. The photocatalytic results demon-
strated that Ni-MOL-100 displayed a 2.5-fold improvement in
catalytic activity for CO, reduction to CO with respect to that of
Ni-MOL-010 (Fig. 13f). The enhanced catalytic performance of
Ni-MOL-100 was attributed to the synergistic catalysis between
two neighboring Ni sites with a close separation distance
of 3.50 A on the surface of Ni-MOL-100, which lowered the
rate-determining free-energy change (AG) value for photocata-
lytic CO,-to-CO conversion, as revealed by the theoretical
calculations.”®" Moreover, Kim et al. synthesized a series of
Co DMCs with different Co contents by pyrolyzing a mixture of
melamine, cyanuric acid and cobalt chloride for photo-driven
CO,RR. Co DMC-3.5 (3.5% Co atoms) was used as an example,
where its aberration-corrected HAADF-STEM image revealed
numerous bright spot pairs, which were assigned to the dia-
tomic Co, sites. The FT-EXAFS spectra revealed Co-N and
Co-Co shells in Co DMC-3.5. According to the FT-EXAFS fitting
results, each Co atom is coordinated by three N atoms, and two
adjacent Co atoms are connected through Co-Co bonding.
Benefiting from the synergistic effect between the diatomic
Co, sites, Co DMC-3.5 showed excellent catalytic activity for the
CO,RR with a CH, selectivity of 65.0%, which is superior to that
of the single-atomic Co counterpart. Theoretical calculations
disclosed that the diatomic Co, sites could help better stabilize
the rate-limiting COOH* intermediate than the single-atomic
Co site, which accounts for the high catalytic performance.”**

4.4.1.2 Heteronuclear DMCs. The heteronuclear bimetallic
active sites in heterogeneous catalysts can also exhibit syner-
gistic effects to give rise to high photocatalytic activity for the
CO,RR. For instance, Cu and Ni dual-metal sites were success-
fully incorporated in a robust MOF (MOF-808) to yield a
bioinspired MOF-808-CuNi photocatalyst for CO,-to-CH,
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Fig. 13 (a) Schematic illustration showing the synthesis of bulky Ni-MOF, Ni-MOL-010, and Ni-MOL-100. (b) SAED pattern and (c) HRTEM image for
Ni-MOL-010. (d) SAED pattern and (e) HRTEM image for Ni-MOL-100. (f) CO and H, production rates over a bulky Ni-MOF, Ni-MOL-010, and Ni-MOL-
100 photocatalysts. Reproduced from ref. 221 with permission from Wiley-VCH, Copyright 2021.

conversion, as reported by Zhong et al. (Fig. 14a). The XANES
results demonstrated that both Cu and Ni species are in their
single-site forms and four-coordinated with two N and two O
atoms from flexible ethylenediaminetetraacetic acid (EDTA).
The obtained MOF-808-CuNi resulted in a high CH, production
rate of 158.7 umol g~ h™" and selectivity of 97.5%, which are
higher than that of the corresponding MOF-808-Cu and MOF-
808-Ni single-site catalysts (Fig. 14b and c). DFT calculations
revealed that the synergistic effect and self-adaptive behaviour
between Cu and Ni sites can stabilize various C1 intermediates
and suppress the formation of undesired by-products, thus
leading to high CH, selectivity (Fig. 14d).®> Furthermore, Lu
et al. constructed a series of Ni.Co,GR composites (GR =
reduced graphene oxide) with porous aerogel structures via a
facile in situ growth method for photocatalytic CO,RR. After Co
doping, Ni,Co,-GR displayed significantly enhanced catalytic
activity and selectivity due to the synergistic effect of Ni-Co
bimetallic hydroxide. Consequently, the Ni,Cos;-GR catalyst
exhibited an excellent catalytic performance with a high CO
formation rate of 941.5 pmol h™" g~ " and selectivity of 96.3% in
the absence of photosensitizers.**® In addition, Li et al. synthe-
sized a carbon nitride (CN) photocatalyst with Mn and Co
double single-atom active sites (Mn;Co,/CN). In the process
of the CO,RR, the photogenerated holes migrate to the Mn site
to promote H,O oxidation, whereas photogenerated electrons

This journal is © The Royal Society of Chemistry 2023

migrate to the Co sites to reduce CO, to CO. Benefiting from the
synergistic effect between the Mn and Co active centers, the CO
formation rate of Mn;Co;/CN reached 47 umol gf1 h™', which
is higher than that of the corresponding single-metal site
photocatalysts.>**

In addition, hetero-dinuclear photocatalysts have been
demonstrated as promising candidates to work synergistically
to reduce CO, into C,, products. For example, Guo et al.
successfully prepared an atomically dispersed photocatalyst
comprised of In-Cu atomic pairs anchored on polymeric car-
bon nitride (InCu/PCN) via a facile thermal polymerization
approach for photocatalytic CO, reduction to CHz;CH,OH.
The aberration-corrected HAADF-STEM image revealed a num-
ber of paired bright and dark spots, which were identified as
Cu (dark) and In (bright) atoms. The FT-EXAFS spectra showed
Cu-N and In-N scattering paths. The results of the EXAFS
fittings revealed that each Cu is coordinated by three N atoms,
and each In is four-coordinated by four N atoms. The Cu and In
atoms are bridged via a shared N atom to form a Cu-In atomic
pair. InCu/PCN exhibited excellent catalytic efficiency with a
CH;CH,OH production rate of 28.5 pmol g~ * h™" and selectivity
of 92%. Experimental investigation combined with DFT calcu-
lations revealed that the electronic structure of Cu was tuned by
the introduction of In to facilitate the adsorption of *CO
intermediates and lower the energy barrier for C-C coupling,
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thus further promoting the formation of CH;CH,OH.**> More-
over, Yu et al. prepared a TiO,-based photocatalyst involving
asymmetric diatomic sites by replacing adjacent Ti atoms with
Ni and Co atoms (NiCo-TiO,) for photocatalytic CO, reduction
into CH;COOH. The immobilization of Ni and Co single sites on
TiO, not only lowered the energy barriers of electron transfer, but
also promoted C-C coupling to form CH;COOH. Consequently,

3194 | Chem. Soc. Rev., 2023, 52, 3170-3214

NiCo-TiO, displayed an impressive catalytic performance with
CH;COOH production rate of 22.6 umol g ' h™" and selectivity
of 71%.2%¢

4.4.2 Electrocatalysis

4.4.2.1 Homonuclear DMCs. The homonuclear DMCs for
electrocatalytic CO,RR mainly include Fe,, Ni,, Cu,, Ag,, and
Pd, DMCs. Han et al. constructed two Fe, DMCs (Fe,-Ng-C-0
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and Fe,-Ng-C-p) via the pyrolysis of Fe-ZIF-8 precursor under
different ratios of H, and Ar. The aberration-corrected HAADF-
STEM images revealed numerous well-isolated atomic pairs,
confirming the presence of Fe, bimetallic sites on the support.
The FT-EXAFS curves displayed a prominent peak at 1.74 A,
which was assigned to the Fe-N shell. EXAFS fittings indicated
that the coordination number of Fe-N is 4 for Fe,—~Ng-C-0 and 3
for Fe,-N¢—C-p. The catalytic results showed that the optimal
Fe,-Ng—C-0 DMC achieved excellent activity with an FEco of
above 80% over a wide applied potential window from —0.5 to
—0.9 V (vs. RHE), which is better than that of its Fe;-N-C MMC
counterpart. The enhanced catalytic efficiency of Fe,~Ng-C-0
DMC is attributed to the synergistic effect on the Fe, site, which
decreased the energy gap between the antibonding and bond-
ing states for *CO adsorption.**’

Yao et al. prepared a DMC consisting of Ni, sites anchored
on N-doped carbon support (Niy/NC) via the pyrolysis of a
dinuclear Ni complex and ZIF-8. The Ni, atomic pairs with
the distance of ~2.9 A were identified via aberration-corrected
HAADF-STEM. The FT-EXAFS spectra showed two main peaks
at 1.4 and 2.4 A, corresponding to the Ni-N and Ni-Ni shells,
respectively. EXAFS fittings demonstrated that the coordination
numbers of Ni-N and Ni-Ni were 4.3 and 1.2, respectively,
suggesting that each Ni atom in Ni,/NC is five-coordinated by
four N atoms and one neighboring Ni atom. The obtained Ni,/
NC showed excellent activity and stability in the electrocatalytic
CO,RR. The FEco was 94.3% at the current density of
150 mA c¢cm 2, which is ~1.3-fold higher than that of the
corresponding Ni;/NC MMC. Moreover, the FEgo was main-
tained at 91% after 50 h continuous electrolysis at —0.6 V (vs.
RHE). Theoretical simulations revealed that the formation of
the O-Ni,—Njg structure in Ni,/NC could help lower the energy
barrier for the activation of CO, in the COOH* intermediate,
thus explaining its high catalytic activity.®®> Moreover, Zhang
et al. constructed a Ni, DMC by using a two-step method for
electrocatalytic CO, reduction. Firstly, nickel acetylacetonate
(Ni(acac),) was introduced in a solution of polyacrylonitrile/
polystyrene (PAN/PS) to prepare PAN/PS/Ni(acac), fibers via the
electrospinning method. Upon pyrolysis in N,, the PAN/PS/
Ni(acac), fibers were transformed into Ni, DMC with dinuclear
nickel bridging structures (Ni,-N,-C,), as confirmed by EXAFS
results. This unique bridging structure could effectively tune the
electronic structure of the d-states in Ni,—-N,-C, to promote the
favored reduction of CO, into CO. Consequently, the FEgo over
Ni,-N,-C, was >87.0% over a wide potential range from —0.6 to
—1.0 V (vs. RHE), with the maximum FE¢ of 96.6% at —0.8 V (us.
RHE), which is much higher than that for Ni-N;-C MMC.>**

Besides, we designed and synthesized a series of Ni, DMCs
(Ni,-N,C,y) with modulated electronic structures of Ni atoms for
CO, electroreduction. A dinuclear Ni complex, carbon black
and dicyandiamide were pyrolyzed in an Ar atmosphere at
different temperatures, producing three Ni, DMCs with differ-
ent N and C coordination numbers (namely, Ni,—-N;, Ni,—~N;C,
and Ni,-N;C,) (Fig. 15a). The aberration-corrected HAADF-
STEM images clearly revealed many paired bright dots with a
distance of ~3.1 A, which were assigned to dual Ni atoms
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(Fig. 15b and c). XPS combined with Ni K-edge XANES spectra
showed that the valence states of Ni in these Ni, DMCs could be
tuned via coordination environment engineering (Fig. 15d).
The FT-EXAFS spectra of Ni,-N5C, and Ni,-N;C, presented
Ni-N and Ni-C scattering paths, whereas only the Ni-N scatter-
ing path was identified for Ni,-N; (Fig. 15e). The EXAFS fittings
showed that each Ni atom in Ni,—-N-, Ni,—N5C, and Ni,-N;C, is
coordinated by four, three and two N atoms, respectively. The
catalytic results demonstrated that Ni,—~N;C, with the lowest N
coordination number displayed the highest performance for
CO, reduction into CO, in contrast to Ni,—N, Ni,—-N;C, and the
corresponding Ni-N,C, MMC (Fig. 15f). At —0.88 V (vs. RHE),
the FEgo of Ni,-N3;C, was 98.9% (Fig. 15g). DFT calculations
revealed that the significantly improved catalytic activity of Ni,-
N;C, is attributed to the electronic structure modulation of the
Ni centers to induce proper binding energies for the COOH*
and CO* intermediates.”*’

Copper is a special catalyst for electrocatalytic CO,RR, given
that it can help reduce CO, into a diverse range of products, in
particular, C,; products. In 2019, Chen et al. fabricated a Cu,
DMC by anchoring atom-pair sites (Cu-APC) on Pd,,Te; alloy
nanowires. The experimental and theoretical data demon-
strated that the Cu in the Cu-APC sample (0.10% Cu loading)
is atomically dispersed and partially oxidized to Cu** to form
Cu,-O, structures. In this configuration, one Cu atom binds
with O to form Cu,*", which further links with the adjacent Cu
atom to generate a stable Cuj-Cu,*" atom pair. The other two
Cu atoms in the Cu, cluster are accommodated in the defects
on nanowires to stabilize the Cu$-Cu,*" atom pair. The results
of electrocatalytic CO,RR showed that the Cu, DMC exhibited
excellent activity with the FEco of 92% at —0.78 V (vs. RHE),
which is 6.57-times higher than that of undoped Pd;,Te;
nanowires (14%). During the CO,RR, Cu} adsorbs one CO,,
while the neighbouring Cu,*" binds one H,0 to form O-H---O
hydrogen bond interaction with the oxygen of CO,, thus pro-
moting CO, activation and conversion.®* Lan et al. synthesized
two stable Cu-based coordination polymers (NNU-32 and NNU-
33(S); S = sulfate radical), which displayed high selectivity for
electrochemical CO,-to-CH, conversion because of the intra-
molecular cuprophilic interactions. Single-crystal XRD revealed
that NNU-32 contained octanuclear copper clusters with two
cuprophilic interactions, and NNU-33(S) featured a cuprophilic
interaction in octanuclear copper clusters. Moreover, during
the electrocatalytic process, NNU-33(S) would be transformed
into NNU-33(H), which contained four cuprophilic interactions.
Consequently, NNU-33(H) with enhanced cuprophilic interac-
tions exhibited an improved catalytic performance with an
FEcy, of 82% at —0.9 V (vs. RHE), in contrast to NNU-32
(55.1% at —1.0 V vs. RHE). DFT calculations confirmed that
the cuprophilic interaction effectively promoted the CO,-to-CH,
conversion by lowering the free energy of the RDS.**°

Cu-based electrocatalysts can reduce CO, to C,. products
because Cu has moderate affinity to CO for promoting C-C
coupling. Zhang et al. synthesized three isoreticular Cu-based
MOFs with different functional groups on the organic ligands
via the solvothermal reaction of Cu,O and dialkyl-1,2,4-
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Fig. 15 (a) Schematic illustration showing the fabrication of Ni, DMC catalysts via one-step pyrolysis strategy for CO, electroreduction to CO. (b and c)
Aberration-corrected HAADF-STEM image of Ni>—NzC,4, showing Ni species highlighted by red circles. (d) Ni K-edge XANES spectra of Ni—N,C,,
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for Ni;—N,C,, and Ni—-N,C,. Reproduced from ref. 239 with permission from Wiley-VCH, Copyright 2022.

triazoles, in which the Cu(1) ions were trigonally bridged to
form dimers with a Cu-Cu distance of 3.4 A. The results of
electrocatalytic CO,RR showed that all three MOFs can help
reduce CO, into C,H,, among which the MOF with ethyl groups
achieved the highest FEc y, of 51.2% + 2.3% at —1.3 V (vs.
RHE). Theoretical calculations demonstrated that the syner-
getic effect between the two adjacent Cu(i) ions facilitated C-C
coupling for the formation of C,H,.>*" Similar results were also
reported by Zhang et al. They constructed ultrathin boron
imidazolate layers with Cl -bridged dinuclear copper units
(BIF-102NSs) for electrochemical CO,RR. The catalytic results
showed that BIF-102NSs exhibited higher activity for CO,
reduction into C,H, than its corresponding single-metal coun-
terparts. Experimental observations combined with DFT calcu-
lations revealed that the enhanced catalytic activity is attributed
to the cooperative nature of the Cu, dual-metal sites.>**

3196 | Chem. Soc. Rev,, 2023, 52, 3170-3214

In addition, Lan et al. designed and synthesized a series of
Cu-based single-chain catalysts (Cu-PzX; X = H, Cl, Br, I; Pz =
pyrazole) with different halogen atoms on the pyrazole ligands
for electrochemical CO,RR (Fig. 16a). The delicate variation in
the ligands in these compounds resulted in different distances
(from 3.57 to 3.63 A) and dihedral angles (from 74.48° to 70.87°)
in the contiguous active Cu sites, further giving rise to different
synergistic effects on the Cu diatomic sites. Among the catalysts,
Cu-PzH displayed the highest performance for the reduction of
CO, into C,H,, with an FE¢ 1, of 60% and a large current density
of 346.46 mA cm > at —1.0 V (vs. RHE, Fig. 16b). DFT calculations
demonstrated that Cu-PzH exhibited the most negative d-band
center, suggesting the strongest interaction between catalytic
active sites and the key reaction intermediates, which is bene-
ficial for C-C coupling (Fig. 16c). Moreover, Cu-PzH displayed an
enhanced synergistic effect on the Cu diatomic sites to promote

This journal is © The Royal Society of Chemistry 2023
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(a) Schematic illustration of the different selectivities of Cu-PzX (where X = H, CL, Br, |) for electrocatalytic CO,RR. (b) FEs for different products

over Cu-PzX at different applied potentials. (c) Partial density of states (PDOS) of Cu 3d for Cu-PzX. (d) Important parameters and RDS of optimized
Cu-PzX structure. Reproduced from ref. 243 with permission from Wiley-VCH, Copyright 2021.

C-C coupling compared with the other compounds because of
the shortest Cu-Cu distance (Fig. 16d). Liao et al. also synthesized
a stable n-m stacking Cu-based framework with pyrazolate-
bridged Cu diatomic sites for electrochemical CO, reduction.
The result of single-crystal XRD showed that the Cu-Cu distance
is 3.52 A, and the diatomic sites may serve as active sites for CO,
reduction into multi-carbon products. As expected, this Cu-based

This journal is © The Royal Society of Chemistry 2023

catalyst showed an excellent performance for CO, reduction into
C,. products with a total FE of 73.7% + 2.8% [i.e., ethylene (44%),
ethanol (21%), acetate (4.7%), and propanol (4%)] at —1.3 V (vs.
RHE). The control experiments and DFT calculations revealed
that the synergistic effect between the active Cu site and intra-
molecular triazole protons could facilitate C-C coupling, leading
to high catalytic activity.***
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Noble-metal DMCs have also been reported for electrocata-
lytic CO,RR with the DMSC effect. In 2020, Zhou et al. prepared
a diatomic Ag,/graphene catalyst (Ag,—-G) via the temperature-
programmed pyrolysis of dinuclear Ag complex and graphene,
in which AgN;-AgN; diatomic sites were anchored on the
graphene support by Ag-C bonds. The aberration-corrected
HAADF-STEM image revealed that the Ag-Ag distance in
Ag,-G is about 0.35 nm, consistent with that in the dinuclear
Ag complex. Ag,-G catalyzed the CO,RR at a potential of
—0.25 V (vs. RHE) and showed a superior FEco of 93.4% with
a current density of 11.87 mA cm > at —0.7 V (vs. RHE), which is
much better than that of its single-atom Ag,/graphene counter-
part. DFT calculations revealed that the diatomic Ag, site in
Ag,-G could aid in the formation of the COOH* intermediate of
the RDS, thus explaining its excellent catalytic activity.*

Besides Ag, DMCs, Pd, DMCs have also been constructed to
synergistically catalyze the CO,RR. For example, Wang et al.
synthesized a Pd, DMC via the recombination of a dinuclear Pd
complex and acetylene black via anion replacement deposition—
precipitation method. The experimental characterization of
HAADF-STEM, XPS and XAFS demonstrated that the Pd species
in Pd, DMC has a PdN,O, coordination structure, consistent
with the precursor. The obtained Pd, DMC exhibited superior
activity for the reduction of CO, into CO with an FE¢o of 98.2%
at —0.85 V (vs. RHE), surpassing the Pd; MMC. DFT calcula-
tions demonstrated that the Pd, DMC shows a moderate CO*
adsorption strength, thus promoting CO production.***

4.4.2.2 Heteronuclear DMCs. Several studies on heteroge-
neous heteronuclear DMCs for electrocatalytic CO,RR have
emerged during the past decade. In 2019, Zhao et al. synthe-
sized an Fe-Ni DMC via the pyrolysis of Fe- and Ni-doped ZIF-8
at 1000 °C under an Ar atmosphere. The aberration-corrected
HAADF-STEM image revealed many dual dots, which were
assigned to the Fe-Ni diatomic sites. The EXAFS spectra of
Fe-Ni DMC presented Fe-N, Ni-N and Fe-Ni scattering paths.
The EXAFS fitting results demonstrated that both Fe and Ni are
coordinated with three N atoms. The results of electrocatalytic
CO,RR demonstrated that this Fe-Ni DMC exhibited high
activity with an FEqo of greater than 90% over a wide potential
window from —0.5 to —0.9 V (vs. RHE), with the maximum FE¢o
of 98% at —0.7 V (vs. RHE), which is much higher than that of
Fe and Ni MMCs. DFT calculations revealed that the Fe-Ni
diatomic centers could lower the reaction barrier for the
formation of COOH* and desorption of CO* because of the
synergistic effect, which accounts for the excellent catalytic
performance.**® Jiang et al. developed a Zn-assisted atomiza-
tion strategy to synthesize a novel Fe-Ni DMC (Fe;-Ni;—-N-C) for
electrocatalytic CO,RR. Firstly, the negatively charged ZIF-8
precursor was synthesized via the reaction of Zn®" and 2-
methylimidazole. Subsequently, Fe-ZnO and Ni-ZnO NPs with
positive surface charges were co-assembled outside ZIF-8
through electrostatic interaction to form an Fe&Ni-ZnO/ZIF-8
composite. Finally, the direct pyrolysis of this composite
generated the Fe;-Ni;-N-C DMC with neighboring Fe and Ni
atomic pairs (Fig. 17a). The aberration-corrected HAADF-STEM
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and EELS of Fe;-Ni;—-N-C clearly demonstrated the existence of
Fe-Ni atomic pairs with a distance of ~4.1 A (Fig. 17b and c).
The FT-EXAFS analysis showed the presence of Fe-N and Ni-N
bonding, but the absence of Fe-Fe, Fe-Ni and Ni-Ni bonding
(Fig. 17d and e). EXAFS fittings further verified that the
coordination configurations of Fe and Ni are Fe-N, and Ni-
N,, respectively. The results of electrocatalytic CO,RR showed
that Fe;-Ni;—-N-C exhibited excellent catalytic activity with an
FEqo of 96.2% at —0.5 V (vs. RHE), which is higher than that of
Fe;-N-C and Ni;-N-C MMCs (Fig. 17f and g). The significantly
enhanced performance of Fe;-Ni;-N-C is attributed to the
synergistic effect between Fe and Ni sites, which lowered the
formation energy barrier of the COOH* intermediate.>*®

Besides, Wu et al. designed and synthesized an Fe-Ni DMC
for electrocatalytic CO,RR via a two-step synthesis approach.
Firstly, an N-doped carbon support (ZIF-NC) was obtained by
carbonizing ZIF-8 nanocrystals. Then, Fe and Ni were trapped
by the N atoms in ZIF-NC to form ZIF-NC-Ni-Fe, which was
further thermally activated at 900 °C under an Ar atmosphere to
generate the Fe-Ni DMC. The Fe-Ni pairs were confirmed via
high-resolution STEM, aberration-corrected HAADF-STEM and
EELS. The Fe and Ni K-edge FT-EXAFS spectra displayed Fe-N
and Ni-N coordination shells. EXAFS fittings together with DFT
calculations demonstrated that both Fe and Ni were coordi-
nated with four N atoms to generate Fe-N, and Ni-N, config-
urations, which were connected through Fe-Ni bonding and
shared two N atoms. The electrocatalytic results showed that
this Fe-Ni DMC exhibited excellent catalytic performance with
a maximum FE¢o of 97.8% at —0.6 V (vs. RHE), which is higher
than that of the corresponding Fe and Ni MMCs. DFT calcula-
tions further simulated three possible configurations including
non-bridged (Fe-Ni)Ng, 2N-bridged (Fe-Ni)Ng, and 1N-bridged
(Fe-Ni)N; sites, in which 2N-bridged (Fe-Ni)Ny DMC with Fe
and Ni sites bridged by two shared N atoms was predicted to
have the highest activity for the CO,RR. The outstanding
catalytic performance of the 2N-bridged (Fe-Ni)Ny DMC was
attributed to the suitable distance between Fe and Ni, produ-
cing a synergistic effect to facilitate COOH* adsorption and CO*
desorption in the CO,RR.**” Chen et al. also constructed an Fe-
Ni DMC via the pyrolysis of t-alanine (an amino acid), ferric(u)
acetate, nickel(n) acetate tetrahydrate, and melamine, in which
the hetero-diatomic pairs were anchored on N-doped graphene.
The aberration-corrected HAADF-STEM image suggested the
presence of Fe-Ni atomic pairs, which was further confirmed
via EELS. The results of the FT-EXAFS spectra suggested
the existence of Fe-N, Ni-N and Fe-Ni bonds, and both Fe
and Ni were coordinated with four N atoms. The obtained
Fe-Ni DMC displayed an outstanding electrocatalytic perfor-
mance for the reduction of CO, into CO with an FEgg of 94.5%
and current density of 50.4 mA cm > at an overpotential of
0.69 V, outperforming the corresponding Fe and Ni MMCs. The
advanced experiments and theoretical calculations revealed
that the orbital coupling between Fe and Ni led to a higher
oxidation state of the catalytic center Fe and weakened binding
strength with the intermediates, thus boosting the catalytic
performance.?**®
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Fig. 17 (a) Schematic illustration of the fabrication of Fe;—Ni;—N—-C DMC. (b) Aberration-corrected HAADF-STEM image of Fe;—Ni;—N-C DMC. (c) EELS
spectra extracted from atomic pairs in (b). (d) Fe K-edge FT-EXAFS spectra of Fe;—Ni;—N—-C and Fe;—N-C. (e) Ni K-edge FT-EXAFS spectra of Fe;—Ni;—
N-C and Ni;—N-C. (f) LSV curves and (g) FEs of CO for Fe;—Ni;—N-C, Fe;—N-C, Ni;—N-C, and N-C in 0.5 M KHCOs. Reproduced from ref. 246 with

permission from the American Chemical Society, Copyright 2021.

Fan et al. also synthesized an Fe-Ni DMC (H-NiFe/NG) with
surface oxygen vacancies via a steam-assisted chemical vapor
deposition (CVD) method through a three-step procedure.
Firstly, the hydrothermal treatment of ferric nitrate, nickel
nitrate and graphene oxide (GO) formed a precursor solution,
in which the Fe*" and Ni*" ions were anchored on the surface of
GO. Next, this mixture was treated under NH3/Ar gas via the
CVD technique to generate Fe-Ni NPs dispersed on N-doped
graphene (NiFe/NG). Finally, NiFe/NG was further treated
through the CVD technique under H,/H,O/Ar gas by high-
temperature annealing to form H-NiFe/NG. After the introduc-
tion of oxygen vacancies, the valence states of Fe*" and Ni** ions
decreased to +2 and +1, respectively, which is conducive to
adsorb and activate CO,. Therefore, H-NiFe/NG exhibited out-
standing catalytic activity for electrocatalytic CO,RR with the
maximum FE¢o of 94% at —0.80 V (vs. RHE), which is twice as
high as that for NiFe/NG without surface oxygen vacancies.

This journal is © The Royal Society of Chemistry 2023

Moreover, H-NiFe/NG showed higher catalytic activity than H-
Ni/NG and H-Fe/NG MMCs because of the synergetic effect
between Ni and Fe. DFT calculations confirmed that H-NiFe/NG
featured the lowest energy barrier for the formation of the
COOH* intermediate, thus exhibiting a superior catalytic per-
formance for the CO,RR.>*°

Liu et al. reported the synthesis of an Fe-Cu DMC for
electrochemical CO,RR via the thermal pyrolysis of Fe- and
Cu-doped ZIF-8. The Fe-Cu dual sites were confirmed by
aberration-corrected HAADF-STEM given that many distinct
dual dots were observed on the substrate. The EXAFS results
showed that both Fe and Cu were coordinated with three N
atoms to form Fe-N; and Cu-Nj; configurations, which were
linked by the formation of an Fe-Cu bond. The Fe-Cu DMC
could effectively help to reduce CO, to CO with a maximum
FEco of 95.5% at —0.4 V vs. RHE, which is higher than that for
Fe (68.3%) and Cu (47.7%) MMCs. The significantly enhanced
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catalytic performance can be attributed to the fast proton and
electron transfer induced by cooperative Fe-Cu and extra active
pyridine N sites.>>® Moreover, He et al. synthesized an Fe-Cu
DMC for electrocatalytic CO,RR via an MOF-assisted approach.
Firstly, the Cu®" and Fe(acac); molecules were in situ-doped in
the ZIF-8 framework to form an Fe/Cu@ZIF-8 composite, in
which the Zn*' nodes were partially replaced by Cu®*, and
Fe(acac); was encapsulated in the cavities of ZIF-8. Subse-
quently, Fe/Cu@ZIF-8 was pyrolyzed at 1000 °C under an Ar
atmosphere to obtain Fe—Cu diatomic sites anchored on an N-
doped porous carbon matrix. The aberration-corrected HAADF-
STEM image showed many bright dual spots, suggesting the
existence of diatomic sites. EELS further confirmed that the
adjacent double spots were Fe and Cu atomic pairs. The XAS
results demonstrated that the coordination structures of neigh-
boring Fe and Cu sites were Fe-N, and Cu-Nj; linked by an
Fe-Cu bond. Electrochemical investigations revealed that
the Fe-Cu DMC exhibited excellent catalytic activity with the
maximum FEgo of 99.2% at —0.8 V (vs. RHE) and high TOF of
5047 h™' at —1.1 V vs. RHE, which are higher than that of the
corresponding Fe and Cu MMCs. DFT calculations revealed
that the significantly improved catalytic efficiency of Fe-Cu
DMC is due to the synergistic effect between the Fe-Cu dia-
tomic pair, which promoted charge transfer and regulated the
position of the d-band center, thus lowering the energy barriers
for COOH* formation and CO* desorption.>**

Besides Fe-based DMCs, Co-based DMCs have also been
developed for electrocatalytic CO,RR. For example, Zhuang et al.
synthesized a Co-Ni DMC (Co-N-Ni/NPCNSs) via a two-step
procedure for CO, electroreduction to CO. Firstly, porous
carbon nanosheets (PCNSs) were obtained via the pyrolysis of
cellulose. Then, a mixture of PCNSs, melamine and metal
phthalocyanine was pyrolyzed at 1000 °C under an N, atmo-
sphere to generate Co-N-Ni/NPCNSs. The aberration-corrected
HAADF-STEM image revealed numerous bright dots in the
carbon substrate, among which ~70% were pairs, suggesting
the Co-Ni bimetallic sites. EXAFS showed that both Co and Ni
were coordinated with four N atoms and connected through
one shared N atom. The electrocatalytic results of Co-N-Ni/
NPCNSs demonstrated that the FE;o was 96.4% at —0.48 V
(vs. RHE), which is higher than that of the corresponding Co
(66.5% at —0.57 V vs. RHE) and Ni (90.7% at —0.76 V vs. RHE)
MMCs. The in situ synchrotron radiation Fourier transform
infrared (SR-FTIR) measurements together with DFT calculations
revealed that the N-bridged Co-N-Ni bimetallic sites could
promote COOH* formation and accelerate CO* desorption, thus
accounting for its excellent catalytic performance.>>

Wau et al. synthesized a DMC comprised of Co-Cu pairs via
the pyrolysis of cobalt acetate, copper acetate, carbon black
and urea under an Ar atmosphere. The aberration-corrected
HAADF-STEM images revealed many bright spot pairs on the
support, suggesting the existence of Co-Cu pairs. The Co-Cu
DMC was tested for electrocatalytic CO,RR. Impressively, this
catalyst showed ultrahigh activity with a maximum FEco of
99.1% and CO partial current density of 483 mA cm ™' in a flow
cell, which are much better than that of Co and Cu MMCs.
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The current density delivered by Co-Cu DMC is higher than the
industrial-relevant level (>200 mA cm™?), demonstrating its
potential for practical application. The excellent catalytic per-
formance of this Co-Cu DMC is attributed to the synergistic
effect between Co and Cu, which lowered the activation energy
for the formation of the COOH* intermediate to promote CO
production, as revealed by DFT calculations.>>*

Gong et al. reported the electronic effect between neighbor-
ing Co and Zn atoms in Co-Zn DMC (ZnCoNC) to facilitate
electrocatalytic CO,RR. ZnCoNC was synthesized by pyrolyzing
a mixture of zinc nitrate, cobalt nitrate, carbamide, and acti-
vated carbon black, followed by nitric acid treatment to remove
nanoclusters. The aberration-corrected HAADF-STEM and DFT
calculations confirmed many Co-Zn atomic pairs anchored on
N-doped carbon with a distance of 0.28 nm. ZnCoNC showed an
outstanding catalytic performance with an FEgo of 93.2% at
—0.5 V (vs. RHE), which is higher than that for Co (56.3%) and
Zn (67.3%) MMCs. Theoretical calculations further demon-
strated that the energy barrier for the formation of the COOH*
intermediate was lowered because of the electronic effect
between Zn and Co, thus accounting for the high catalytic
activity.>**

Ni-based DMCs for electrocatalytic CO,RR have also been
developed. For instance, He et al. synthesized an Ni-Cu DMC
via the one-step thermal activation of an Ni(acac),@ZnCu-ZIF
composite (Fig. 18a). The aberration-corrected HAADF-STEM
image showed atomically dispersed bright spot pairs, suggest-
ing neighboring Ni and Cu atoms (Fig. 18b). EELS further
confirmed the presence of Ni-Cu atomic pairs (Fig. 18c). The
FT-EXAFS spectra revealed Ni-N and Cu-N coordination shells
(Fig. 18d and e), and the coordination numbers of Ni-N and
Cu-N were both 4. Moreover, the neighboring Ni-N, and Cu-N,
were linked by two bridging N atoms. The Ni-Cu DMC pre-
sented a significantly increased catalytic performance for the
CO,RR with respect to the corresponding Ni and Cu MMCs,
with an FEco of >95% from —0.39 to —1.09 V (vs. RHE) and
maximum FEco of 99.2% and CO partial current density of
29.9 mA cm > at —0.79 V (vs. RHE) (Fig. 18f and g). DFT
calculations revealed that the synergistic effect between Ni
and Cu induced the charge redistribution of Ni to facilitate
the formation of COOH* on Ni sites and to promote CO
generation.?®> Furthermore, Li et al. prepared an Ni-Cu DMC
for the CO,RR via the pyrolysis of a mixture of carbon nano-
tubes, dicyandiamide, nickel chloride and copper chloride. The
Ni-Cu DMC exhibited a high FEco of >90% over a wide
potential range of —0.6 V to —0.9 V (vs. RHE), which was much
more efficient than Ni and Cu MMCs. The enhanced catalytic
efficiency of Ni-Cu DMC is ascribed to the synergy between Ni
and Cu for promoting CO production.>®

In addition to C; products, Ni-Cu DMCs can also be used as
electrocatalysts for the reduction of CO, into multi-carbon
products. For instance, Zhang et al. successfully decorated
atomic Ni clusters on defect-rich Cu surface to form an Ni-Cu
DMC for electrocatalytic CO, reduction into C, products. For
the preparation of the Ni-Cu DMC, a defect-rich metallic
copper was first synthesized by electrochemically reducing a

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 (a) Schematic illustration of the synthesis of Ni-Cu DMC. (b) Aberration-corrected HAADF-STEM image of Ni—Cu DMC. (c) EELS spectra
extracted from atomic pairs. (d) Ni K-edge FT-EXAFS spectra of Ni-Cu DMC, Ni MMC, NiPc and Ni foil. (e) Cu K-edge FT-EXAFS spectra of Ni-Cu DMC,
Cu MMC, CuPc and Ni foil. (f) FEco and (g) CO partial current density of Ni-Cu DMC, Ni MMC, Cu MMC and N-C. Reproduced from ref. 255 with

permission from the American Chemical Society, Copyright 2021.

copper sulfide layer, which was further immersed in an N,-
saturated nickel nitrate aqueous solution by a coordination-
enabled galvanic replacement method to produce the Ni-Cu
DMC. Energy-dispersive X-ray spectroscopy (EDS) and
aberration-corrected HAADF-STEM revealed that Ni atoms were
anchored on the surface of defect-rich Cu. The electrocatalytic
results showed that the Ni-Cu DMC with an Ni/Cu ratio of
0.82% achieved a 7-fold improvement in selectivity for C,
products with respect to pristine Cu, and the maximum FE
for C, products was 62% at —0.88 V (vs. RHE). DFT calculations
demonstrated that the Ni-Cu sites are preferable to adsorb and
protonate CO, to form the COOH* intermediate. Further pro-
tonation of COOH* would occur at the Ni-Cu sites to accumu-
late CO* for C-C coupling.””” Moreover, Hu et al. synthesized
homogeneously alloyed Ni-Cu bimetallic nanoparticles
(CugoNig 1) via a non-equilibrium synthesis strategy for CO,
electroreduction into C,. products. Firstly, the carbon nano-
fibers containing copper nitrate and nickel nitrate were treated
with an ultrashort current pulse, which were rapidly heated to

This journal is © The Royal Society of Chemistry 2023

>1300 °C for only 0.2 s, and then quickly cooled to room
temperature to induce the mixing of Ni and Cu atoms. The
obtained Cu,oNiy; showed a high FE of ~76% for C,, pro-
ducts, which was ~20% higher than that of pure Cu.>*®

Lu et al. constructed an Ni-Zn DMC by pyrolyzing a mixture
of chitosan, zinc chloride and nickel chloride, which was used
as an electrocatalyst for the CO,RR. The aberration-corrected
HAADF-STEM image revealed that 76.2% of the atoms existed
in the form of Ni-Zn atomic pairs with a distance of ~0.24 nm.
The XAFS profile for this Ni-Zn DMC showed that both Ni and
Zn were coordinated with three N atoms, and also coordinated
with each other to form an Ni-Zn-Ng-C structure. The theore-
tical and experimental results further demonstrated that this
heteronuclear coordination led to the modification of the d
states of the metal atoms; hence, a pronounced synergistic
effect between Ni and Zn, which induced a lower free energy
barrier. Consequently, this Ni-Zn DMC showed a maximum
FEco of 99% at —0.8 V (vs. RHE), which was higher than that of
the corresponding Ni and Zn MMCs.>*’
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Wei et al. prepared an Ni-Sn DMC via a two-step procedure,
which displayed a synergistic effect to facilitate electrocatalytic
CO, reduction into formate (Fig. 19a). Firstly, an N-doped
carbon nanosheet array attached to a flexible carbon cloth
was obtained via the pyrolysis of ZIF-8 and carbon cloth.
Subsequently, the modified carbon cloth was suspended in
nickel nitrate and stannous chloride ethanol solution for
anchoring Ni*" and Sn>" ions, respectively, followed by pyrolysis
treatment to form the Ni-Sn DMC (Fig. 19b). The aberration-
corrected HAADF-STEM showed evenly dispersed bright spots,
which were assigned to Ni and Sn atoms (Fig. 19c). The FT-
EXAFS spectra displayed main peaks at 1.58 and 1.39 A,
corresponding to the Ni-N and Sn-N scattering paths, respec-
tively (Fig. 19d and e). The EXAFS fitting further indicated that
both Ni and Sn centers were coordinated with four N atoms to
form Ni-N, and Sn-N, structures. The Ni-Sn DMC exhibited
excellent activity with an FE¢,mate Of 86.1% at —0.82 V (vs. RHE)
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and TOF of 4752 h™", surpassing the corresponding Ni and Sn
MMCs (Fig. 19f and g). DFT calculations indicated that the
electron redistribution of Sn caused by adjacent Ni lowered the
energy barrier of the *OCHO intermediate, and thus enhanced
the catalytic performance.>®°

Park et al. fabricated a Bi-In nanosphere DMC (In;¢Bigy NS)
via a modified polyol method assisted by top-down and bottom-
up processes for electrocatalytic CO,RR. Firstly, indium metal
was melted in the top-down process, and bismuth salt was
reduced to generate metal bismuth. Then, the melted In
droplets were fused with Bi with the assistance of polyvinyl-
pyrrolidone to form In,¢Bigs nanospheres (NSs). The mass
loadings of In and Bi in In;¢Bigs NS were determined via EDS
analysis. The SEM and TEM images of In;¢Big, NS showed that
the average size of the In-Bi nanospheres was ~300 nm. The
obtained In;¢Big,; NSs exhibited excellent activity for electro-
catalytic CO,RR with an FEf,mate Of >90% over a wide
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Fig. 19

(a) Schematic illustration showing the Ni—Sn DMC for synergistic electrocatalytic CO, reduction to formate. (b) SEM image of Ni—-Sn DMC

nanoarray. (c) Aberration-corrected HAADF-STEM image of Ni-Sn DMC. (d) Sn K-edge FT-EXAFS spectra of Ni-Sn DMC, Sn MMC and Sn foil.
(e) Ni K-edge FT-EXAFS spectra of Ni-Sn DMC, Ni MMC, NiO and Ni foil. (f) LSV curves and (g) formate FEs for Ni-Sn DMC, Ni MMC, Sn MMC and N-C.
Reproduced from ref. 260 with permission from Wiley-VCH, Copyright 2021.
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potential window from —0.84 to —1.54 V (vs. RHE), with the
maximum FE¢;mate approaching 100% at —0.94 V. The superior
catalytic performance of Bi-In DMC is attributed to the electronic
synergistic effect between In and Bi to regulate the binding
energy of intermediates, thus facilitating formate production.”®

Chen et al. designed and synthesized a Bi-Sn DMC via the
deposition of SnO, nanosheets on a flexible carbon support
with a hydrothermal method, followed by the electrodeposition
of Bi nanoparticles on the surface of the SnO, nanosheets.
Benefiting from the active sites at the Bi-Sn interface, the Bi-Sn
DMC exhibited high activity for electrocatalytic CO, reduction
to formate with an FE of 96% at —1.1 V (vs. RHE), which is
much higher than that for Bi and Sn MMCs. DFT calculations
showed that the introduction of Bi nanoparticles upshifted
both the p and d orbitals of the Sn electron states away from
the Fermi level, which is conducive to stabilize the HCOO*
intermediates and enhance the catalytic efficiency.>*>

Wang et al. prepared a series of Pd-Au DMCs for electro-
catalytic CO,RR by decorating Au nanoparticles with different
Pd doses. Aberration-corrected HAADF-STEM, EELS and XAS
characterization demonstrated that the Au nanoparticles were
decorated with highly dispersed Pd atoms at low Pd doses
(Pd,@Augg and Pds;@Augs). With an increase in Pd dose, a
semi-continuous Pd layer emerged (Pd;,@Aug), and a Pd shell
finally formed on the surface of the Au nanoparticle in the case
of Pd,,@Aug,. The electrocatalytic results showed that all the
Pd-Au DMCs could reduce CO, to CO, among which Pds@Augs
displayed the highest activity with an FEco of ~80% and partial
CO current density of 178 A g 'ear at —0.5 V (vs. RHE).
Moreover, the catalytic performance of Pd;@Augs was also
higher than that for both pure Au and pure Pd. DFT calcula-
tions revealed that atomically dispersed Pd decorated on the Au
nanoparticle surfaces lead to a lower energy barrier for CO,
activation and are less likely to be poisoned by the *CO
intermediate than pure Au and pure Pd, thus achieving the
highest catalytic activity.>®*

4.5 N,RR

4.5.1 Theoretical studies on DMCs for N,RR. Researchers
have carried out many simulations on the activation and
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reduction of N,, particularly for the catalysts with dinuclear
metal sites.”””>°* For example, Du et al. investigated the
random combination of two types of metal atoms including
Fe, Co, Mo, W and Ru to form DMCs. The calculation results
showed that the energy barriers of these DMCs for the N,RR
are significantly decreased with respect to their mononuclear
counterparts, indicating the much better activities of DMCs.*””
Huang et al. surveyed over 900 candidates of homonuclear
DMCs as well as their heteronuclear counterparts supported
on 2D phthalocyanine (Pc), and investigated their catalytic
activity for the N,RR. They found that three homonuclear
DMCs and 28 heteronuclear DMCs can serve as highly active
N,RR catalysts. Particularly, five systems, including Ti,-Pc,
V,-Pc, TiV-Pc, VCr-Pc, and VTa-Pc, have a favourable limiting
potential of —0.75, —0.39, —0.74, —0.85, and —0.47 V, surpassing
most of the reported electrocatalysts under acidic conditions.?”®
Moreover, through first-principles high-throughput screening,
Frauenheim et al. screened 23 metal centers via a ‘“five-step”
strategy (Fig. 20a), and picked Fe,/g-CN featuring a high theore-
tical FE of 100% and the lowest limiting potential of —0.13 V
(Fig. 20b). The high activity originated from the synergistic effects
of metal dimers and g-CN, providing a favourable local environ-
ment for catalyzing the N,RR. The thermodynamic results
showed that the N,RR processes prefer to proceed along the
mixed pathway, that is, *N, — *NNH — *NNH, — *NHNH, —
*NHNH; — *NH, — *NH; (Fig. 20c).>”°

4.5.2 Photocatalysis. Inspired by nitrogenase, Jiang et al
designed a series of U(Zr-Hf)-X catalysts via the modularization
of UiO-66-based MOFs containing Zr-Hf bimetallic nodes and
organic ligands with different functional groups (X = -Cl, -OH
or -SH) to implement visible-light-driven photocatalytic N,
fixation. The optimal photocatalyst U(Zr-Hf)-SH (Zr:Hf = 1:1)
achieved the highest performance for N, reduction into NHj3,
with the formation rate of 116.1 umol g * h™*. The mechanism
studies revealed that the high catalytic performance of U(Zr-Hf)-
SH can be ascribed to the synergistic effect between Zr and Hf;
specifically, Zr serves as the active site to adsorb N,, and Hf acts
as an electron buffer tank to optimize the electron transfer and
utilization. The -SH functional group in the organic ligand,
which extended the absorption edge of the photocatalyst to the
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of the substrate g-CN. (c) Adsorption structures during the N2RR on Fe,/g-
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visible region, also contributed to the enhanced activity.”®
Furthermore, Xiong et al. found that doping Mo species in
defect-rich W;30,9 ultrathin nanowires could result in an excel-
lent photocatalyst for N, reduction into ammonia. In Mo-doped
W,50,0, the Mo-W centers served as the active sites synergisti-
cally chemisorbing N, molecules, thus facilitating N, activation.
The doped Mo species also improved the defect states in W;gO,q,
which is beneficial for the photocatalytic N,RR. Consequently,
1 mol% Mo-doped W;50,9 achieved an ammonia production rate
of 195.5 umol g, - h™', which is 7-fold higher than that of
pristine W;0,0.2%*

Jin et al. synthesized a zinc-based coordination polymer with
bridging dinitrogen anionic ligands, {[Zn(L)(Ny)o.s(TCNQ-
TCNQ)o.5](TCNQ)o 5}, (NJUZ-1, L = tetra(isoquinolin-6-yl)-tetra-
thiafulvalene, TCNQ = tetracyanoquinodimethane), which can
be used as an efficient photocatalyst for nitrogen fixation in an
ambient environment without any external electron-sacrificial

[ N11 N11* [
| 1121(1:)
70 i 2274(8) 227.:(3 4
175313)1/5 5(13) [\
<
Zn-Ny-Zn 1,937cm™
3
&
Z
2
Q
E
c
@
13
Q
) -
' : - : ; ; :
300 600 900 1200 1500 1800 2100
Raman shift (cm™)
€ oo
- NJUZ-IN,
_ —8— NJUZ-1-Air
T 400 { —A= NJUZ-1-Ar
2 v NJUZ-1-0,
E
- 8
o 300
g
il
Q
‘S 200 A
<
‘e
S
E
£ 100 A
<
0

0.0 0.3 1.0 15 2.0 25 3.0
Time (h)

View Article Online

Review Article

reagent. The secondary building units (SBUs) of NJUZ-1 con-
sisted of two bilateral zinc centers and an end-on dinitrogen
block, which were further linked by L to form a 3D framework
with TCNQ guest molecules (Fig. 21a and b). DFT calculations
demonstrated that the N=N stretching vibration in the
Zn-N,-Zn structure is at 1937 cm™' (Fig. 21c). The Raman
spectrum of "N isotope-labelled NJUZ-1 showed a peak at
1920 em ™", corresponding to the >N = "°N stretching vibration
(Fig. 21d). These results suggest the presence of a bridge-
coordinated dinitrogen anion in NJUZ-1. The photocatalytic
results showed that NJUZ-1 displayed an ammonia conversion
rate of 140pumol g~ h™' in pure N,, and also achieved an
ammonia yield rate of 102.40 pmol g~* h™" in air in deionized
water (Fig. 21e). O, was the only by-product detected by gas
chromatography. The control experiments and theoretical cal-
culations showed that the active [Zn*'~(N=N)-Zn>"] sites in
NJUZ-1 can facilitate the formation of NH;, and the detachment
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Fig. 21 (a) SBU of the [Zn,N,]-based NJUZ-1 coordination polymer. (b) 3D framework of NJUZ-1 1 with TCNQ guest molecules. (c) Simulated Raman
spectrum of the Zn—N,—Zn structure by DFT. (d) Raman spectra of **N-NJUZ-1 and *N-NJUZ-1. (e) Ammonia yield rates of NJUZ-1 in deionized water
saturated by pure Ny, air, Ar or O flow. (f) Scheme of the cycling process of NJUZ-1 during the photocatalytic N,RR process. Reproduced from ref. 285

with permission from Springer Nature, Copyright 2023.
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of the yielded NH; created an unsaturated reactive [Zn>"---Zn"]
intermediate, which could be populated by N, (Fig. 21f).”%

4.5.3 Electrocatalysis. In 2020, Liang et al. successfully
confined multiple Fe and Cu atoms in the surface cavities of
graphitic carbon nitride (CNT@C;N,-Fe&Cu) by annealing a
mixture of carbon nanotubes (CNTs), dicyandiamide (DICY),
FeCl, and CuCl,. The aberration-corrected HAADF-STEM image
showed numerous compact bright spots with an average dis-
tance of 1.8-2.5 A, suggesting the single-atom character of Fe
and Cu. In the EELS spectra, two peaks appeared at ~710 and
940 eV, which were attributed to Fe and Cu, respectively. The
FT-EXAFS R-space spectra of Fe and Cu displayed metal-metal
coordination, implying the existence of Fe-Fe or Fe-Cu bonds.
The resultant CNT@C;N,-Fe&Cu could be used as an efficient
electrocatalyst for the N,RR with an FE of 34.0% (vs. Ag/AgCl),
which was higher than that of its Fe (15.3%) and Cu (22.0%)
single-metallic counterparts. DFT calculations revealed that the
synergistic effect between Fe and Cu could accelerate the N,
adsorption and lower the energy barrier, thereby promoting the
N,RR.*% Moreover, Cheng et al. synthesized a diatomic Zn/Fe-
N-C catalyst via the pyrolysis of chitosan, zinc chloride and
ferrous acetate, followed by acidic etching to remove the Fe and
Zn nanoparticles. Numerous bright dual dots were observed,
which were assigned to Fe and Zn atomic pairs, as indicated by
aberration-corrected HAADF-STEM. The FT-EXAFS curves of the
Fe and Zn K-edges showed Fe-N, Zn-N and Fe-Zn scattering
paths. EXAFS fitting indicated a ZnFeN, structure in the
diatomic Zn/Fe-N-C catalyst. The synthesized Zn/Fe-N-C
exhibited excellent activity for the N,RR with the NH; yield rate
of 30.5 pg h™" mg., ' and FE of 26.5% at —0.3 V (vs. RHE),
which are superior to that of Fe-N-C and Zn-N-C MMCs. DFT
calculations demonstrated that the Fe atoms serve as the active
centers, and the Zn atoms regulate the electronic structures of
Fe to promote N, activation and lower the reaction barrier of
the RDS of *NNH formation.*®”

Cho et al. synthesized an FeMo-PC (PC, phosphorus-doped
carbon) catalyst via one-step pyrolysis-phosphating of bimetal-
lic FeMo-MOFs. The aberration-corrected HAADF-STEM image
and corresponding elemental mappings showed the uniform
distribution of Fe and Mo in FeMo-PC. The FT-EXAFS spectrum
of Fe K-edge demonstrated two main peaks centered at 1.29 and
1.71 A, corresponding to the Fe-O and Fe-P bonds, respectively.
In the Mo K-edge, three main peaks centered at 1.17, 1.57 and
2.27 A were observed, which were assigned to Mo-O, Mo-P and
Mo-Mo paths, respectively. The electrochemical N,RR tests
showed that FeMo-PC achieved a high NH; formation rate of
34.23 pgh™ ' mg.,. ' and FE of 16.83% at —0.5 V (vs. RHE), which
is superior to that of the single-metal Fe-C (17.83 pg h™' mgea.
FE, 7.69%) and Mo-C (12.52 pg h™' mg.. ; FE, 9.67%)
catalysts.”*® Furthermore, Luo et al. constructed an Fe-Mo DMC
(MoFe@NG) via the pyrolysis of a mixture of glucose, dicyandia-
mide, FeCl;, FeCl, and MoCls. The aberration-corrected HAADF-
STEM images showed many bright dots anchored on the N-doped
graphene support, corresponding to Fe and Mo single atoms,
as further confirmed by XANES. Benefiting from the synergistic
effect between Fe and Mo atoms, MoFe@NG exhibited

This journal is © The Royal Society of Chemistry 2023
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outstanding electrocatalytic N,RR activity for the reduction of
N, into ammonia with a yield rate of 14.95 pg h™' mgcatf1 at
—0.4 V (vs. RHE) and FE of 41.7% at —0.2 V (vs. RHE). The
catalytic activity of MoFe@NG was significantly better than that
of Fe@NG and Mo@NG MMCs. DFT calculations demonstrated
that the N-coordinated FeMo dimer in MoFe@NG is conducive
to weaken the N=N bond and lower the N,RR energy barrier to
facilitate N, reduction.?®®

Wang et al. demonstrated the theory-guided design of an
Mo0SA-Mo,C/NCNT composite by combining Mo single atoms
(MoSAs) and Mo carbide particles (Mo,C) on the same N-doped
carbon nanotubes. The aberration-corrected HAADF-STEM
image showed that numerous isolated Mo single atoms were
dispersed around Mo,C nanoparticles. The FT-EXAFS spectra of
Mo0SAs-Mo,C/NCNTs and Mo,C/NCNTs displayed a dominant
peak at 2.6 A, which can be assigned to the Mo-Mo coordina-
tion. In the FT-EXAFS spectrum of MoSAs/NCNTs, a main peak
at about 1.3 A was observed, corresponding to the Mo-N/C
scattering path. These results confirmed the successful for-
mation of the desired materials. The Mo0SAs-Mo,C/NCNTs
exhibited outstanding N,RR activity with an ammonia for-
mation rate of 16.1 pg h™" emeg., > at —0.25 V (vs. RHE), which
was 4- and 4.5-times higher than that of Mo,C/NCNTs and
MoSAs/NCNTs, respectively. The corresponding FE of MoSAs-
Mo,C/NCNTs (7.1%) was 2- and 7-times higher than that of
Mo,C/NCNTs and MoSAs/NCNTs, respectively. The signifi-
cantly enhanced catalytic efficiency of MoSAs-Mo,C/NCNTSs
can be attributed to the synergy of MoSAs and Mo,C, which can
effectively mediate the complex multi-step N,RR processes.>*°
Furthermore, Chu et al. constructed a bimetallic MnMoO,/rGO
N,RR catalyst via the facile microwave-assisted hydrothermal
reaction of Na,M00O,-2H,0, Mn(CH3;COO),-4H,0 and graphene
oxide (GO). The HRTEM image of MnMoO,/rGO showed an inter-
planar spacing of 0.356 nm, corresponding to the (220) plane of
MnMoO,. XPS analysis of MnMoO,/rGO revealed that the valence
states of Mn and Mo were +2 and +6, respectively. MnMoO,/rGO
presented excellent catalytic activity with the NH; production rate
of 60.3 ug h™' mg™" and FE of 14.7%, surpassing the corres-
ponding Mn and Mo-based N,RR catalysts. DFT calculations
revealed that the Mn and Mo atoms in MnMoO,/rGO serve as
dual active centers to synergistically promote the N,RR.>”

Xin et al. synthesized a Pd-Cu DMC (PdCu/NC) by pyrolyzing
a mixture of Cl,H,4,N,OPd, CuCl,, NH,OH-HCI and glucose at
600 °C. The aberration-corrected HAADF-STEM images showed
numerous isolated bright dots anchored on a carbon support
(Fig. 22a), among which some atomic pairs were observed,
corresponding to diatomic Pd-Cu sites (Fig. 22b). The Pd
K-edge FT-EXAFS spectrum of PACu/NC presented a main peak
at 1.46 A, which can be assigned to Pd-N coordination
(Fig. 22c). In the Cu K-edge FT-EXAFS spectrum, a main peak
at 1.47 A was observed, which was attributed to Cu-N coordina-
tion (Fig. 22d). The resulting PdCu/NC could be used as an
outstanding electrocatalyst for the reduction of N, into NH;
with the high yield rate of 69.2 pg h™" mg.. ', which is
4.2- and 3.0-times higher than that of Pd/NC and Cu/NC,
respectively (Fig. 22e). Moreover, the FEyxy; for PACu/NC was
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Copyright 2021.

24.8% at —0.45 V (vs. RHE), which is 14.6- and 3.6-times that of
Pd/NC and Cu/NC, respectively (Fig. 22f). DFT calculations
revealed that the introduction of Cu shifted the partial density
of states (pDOS) of Pd toward the Fermi level and facilitated the
d-2n*coupling between Pd and adsorbed N,, thus enhancing
the catalytic activity for the N,RR.>*?

Employing DFT calculations, Zheng et al. first revealed that
the adjacent Ti*" diatomic pairs on anatase TiO, can be used as
active electrocatalytic centers for N, chemisorption and activa-
tion. Subsequently, Zr** ions were doped in the TiO, support by
exchanging Ti*" ions with Zr*" on account of their similar
d-electron configurations and oxide structures, as well as
suitable sizes. The aberration-corrected HAADF-STEM image

3206 | Chem. Soc. Rev., 2023, 52, 3170-3214

revealed some individual Zr** ions, which occupied the original
positions of Ti*" ions. The Ti K-edge FT-EXAFS spectrum of
Zr-doped TiO, showed two main peaks at 1.34 and 2.41 A,
corresponding to Ti-O and Ti-Ti bonds, respectively. The
Zr K-edge FT-EXAFS spectrum showed only a Zr-O scattering
path at 1.52 A, suggesting the single-atomic distribution of Zr**.
The Zr*'-doped anatase TiO, exhibited excellent activity for
electrocatalytic N,RR with the ammonia production rate of
8.90 ng h™' ecm 2 and FE of 17.3% at —0.45 V (vs. RHE),
surpassing that of the undoped TiO, (1.48 pg h™' em 2 at
—0.65 V vs. RHE). The significantly improved catalytic activity
was attributed to the increased number of oxygen vacancies
induced by introduction of Zr** ions.>>® Moreover, Chu et al.
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constructed foordite SnNb,O¢ nanosheets via the hydrothermal
reaction of Nb,Os-nH,O and SnCl,-2H,0 for electrocatalytic
N,RR. The obtained SnNb,O¢ exhibited high catalytic activity
with the NH; yield of 53.1 mg h™' mg™* and FE of 17.6% at
—0.3 V (vs. RHE). DFT calculations revealed that the dual active
centers of Nb;. and Sn,.—Nbs. dimer synergistically promoted
N, adsorption and activation and lowered the energy barrier for
the RDS, thereby boosting the electrocatalytic activity.***

5. Conclusions and outlook

Herein, we reviewed the major achievements regarding dinuc-
lear metal catalysts in five typical energy conversion reactions,
that is, hydrogen evolution reaction, oxygen evolution reaction,
oxygen reduction reaction, CO, reduction reaction, and N,
reduction reaction. Particularly, we focused on the analysis of
the relationship between the structures and the performances
of dinuclear metal catalysts. Based on the above discussion,
it can be seen that the dinuclear metal sites in catalysts with
appropriate spatial separations and geometric configurations
can synergistically bind with substrate molecules by coordina-
tion interactions and optimize the adsorption and stability of
the reaction substrates/intermediates, thus greatly boosting the
energy conversion reactions. We also delineated the synergistic
catalytic mechanisms of dinuclear sites in elevating the cataly-
tic performances.

However, it should be noted that simply bringing two metal
atoms in proximity does not necessarily give rise to the di-
nuclear metal synergistic catalysis effect and a superior perfor-
mance. In most cases, the two metal atoms need to be immobilized
at an appropriate separation distance and oriented in a proper
geometric configuration to exert synergistic interactions on
the substrate molecules, intermediate species or products.
For homogeneous catalysts, this requires the sophisticated
and delicate design of the ligand structure, for which theore-
tical calculations such as DFT and molecular dynamics simula-
tion can be beneficial. For heterogeneous catalysts, the relevant
research is still in its infancy, and available synthesis techni-
ques that can reliably lead to the formation of diatomic metal
sites are still limited. In this regard, preparation methods based
on reticular chemistry and atomic layer deposition can enable
structural control at the atomic level with moderate to high
precision, and thus may offer new opportunities for constructing
diatomic metal sites in a predictable and controllable manner.
Regarding the mechanisms of dinuclear metal synergistic cata-
lysis in the five energy conversion reactions mentioned above,
although theoretical calculations have proven to be powerful
tools for deciphering the complicated catalytic pathways,
experimental observations can provide more direct and convin-
cing evidence. Therefore, the importance of in situ/operando
characterization techniques is becoming prominent. Presently,
these techniques include optical spectroscopy (such as X-ray
absorption spectroscopy, infrared spectroscopy, and Raman
spectroscopy), electron spectroscopy (such as X-ray photoelec-
tron spectroscopy, ultraviolet photoelectron spectroscopy, and
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electron energy loss spectroscopy) and electron microscopy
(such as aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy), offering new in-
depth insights into the adsorption/desorption, bond cleavage/
formation and proton/electron transfer during the catalytic
process.

It was also concluded that although considerable progress
on dinuclear metal catalysts for energy conversion reactions
has been achieved, the related research is still in the early stage.
Firstly, there is a lack of general methods for the synthesis of
dinuclear metal catalysts with high precision, especially hetero-
geneous dinuclear metal catalysts. Loading dinuclear metal
complex precursors on supports with a subsequent pyrolysis
process is the most common method to prepare dinuclear
metal catalysts; however, the pyrolysis process often leads the
migration of the metal centers, and therefore the structural
unit of the dinuclear metal center may be impaired and cannot
be intactly inherited by the as-obtained catalyst. Consequently,
besides dinuclear metal catalytic sites, mononuclear metal
ones usually appear, and the metal centers may even aggregate
to form metal clusters and nanoparticles. Thus, the pyrolysis
conditions including the temperature and atmosphere need be
finely tuned. Secondly, the precise structures of most hetero-
geneous dinuclear metal catalysts are difficult to be deter-
mined, given that most of them (particularly when obtained
via pyrolysis) are of poor long-range order. Although the local
coordination environment around the dinuclear metal centers
can be inferred via X-ray absorption spectroscopy, the micro-
environments around the dinuclear metal coordination struc-
ture that may directly affect the catalytic activity are unclear,
hindering the identification of structure-performance relation-
ship of catalysts at the atomic/molecular level. Thirdly, there
is a lack of design principles for dinuclear metal catalysts
with outstanding catalytic performance for energy conversion
reactions. Limited by the unclear structures, the mechanisms
of dinuclear metal catalysts for a specific energy conversion
reaction are also obscure. In summary, there is still a long way
to go to achieve the precise design and synthesis of dinuclear
metal catalysts with high performances, well-defined structures
and well-recognized catalysis mechanisms for energy conver-
sion reactions. Nevertheless, the recent studies summarized in
this review clearly evidenced that the dinuclear metal catalysts
feature unique superiority for energy conversion reactions, and
the development of dinuclear metal catalysts is becoming a hot
research area, with more marvels to be expected.
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