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Dual-atom catalysts (DACs) have emerged as highly promising and efficient catalysts for water electrolysis,
primarily due to their distinct dual-atom site effects. Optimizing the catalytic performance of DACs involves
precise regulation of their microenvironment, encompassing elemental compositions, electronic
distributions, geometric configurations, and coordination environment. Despite growing research
interests, a comprehensive understanding of how these microenvironmental regulations impact DAC
performance remains elusive. This review seeks to elucidate the influence of microenvironmental
regulation on the efficiency of DACs in water electrolysis. We begin by categorizing DACs into three
types based on their dual-atom configurations: homonuclear, heteronuclear, and molecular, followed by
specific analyses of the different connection modes between dual-atom sites. Subsequently, we provide
a comprehensive overview of the relationships between microenvironment regulation and the resulting

properties of DACs, highlighting the elemental, electronic, geometric, and coordination effects.
Received 15th May 2024

Accepted 1st August 2024 Additionally, we review recent research and theoretical advancements in water electrolysis applications

of DACs under various pH conditions, demonstrating how microenvironment regulation enhances their
catalytic performances. We conclude by discussing the challenges and prospects of DACs, offering
insights into potential future research directions.
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1. Introduction

With the rapid growth of energy required by society, the fast-
growing fossil fuel consumption has led to environmental
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pollution issues.”” Consequently, producing sustainable, eco-
friendly, and renewable energy sources has emerged as one of
our society's foremost challenges.* Hydrogen is currently the
most promising clean energy support. This is attributed to its
production of only water without carbon dioxide or other harmful
gases, coupled with its high energy conversion efficiency during
the combustion process.* Water electrolysis is one of the most
efficient methods to produce hydrogen, involving the hydrogen
evolution reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode. Water electrolysis offers several
advantages, including its environmentally friendly nature and
cost-effectiveness, making it a promising solution for addressing
energy and environmental challenges.>® Specifically, developing
highly active and stable catalysts is crucial to improving efficiency
and reducing the cost of hydrogen production by water electrol-
ysis. Initially, precious metal catalysts such as platinum (Pt) and
iridium (Ir) garnered significant attention due to their
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exceptional catalytic activity and stability. However, their wide-
spread application is impeded by their high cost and scarcity.”®

One of the practical approaches to address this problem is to
downsize the active metal catalysts from bulk to atomically
dispersed atoms while maintaining their excellent electro-
catalytic performance.>'® Atomically dispersed catalysts generally
offer specific coordination microenvironments and optimal
active sites, maximizing atomic efficiency and preserving crucial
catalytic properties.>** Single-atom catalysts (SACs) with
a single active center have garnered extensive and intensive
research attention due to their outstanding metal dispersion,
high atomic utilization, and excellent catalytic performance.”***
However, SACs also have some drawbacks, such as low metal
loading and isolated active sites, which significantly limit their
diverse catalytic applications.'®” Moreover, as research on
bifunctional reaction catalysis progresses, SACs with a fixed
adsorption mode can potentially hinder their multiatomic cata-
lytic pathways.'® Recently, dual-atom catalysts (DACs) have been
further developed and functionalized based on SACs.*?* DACs
are catalysts composed of two metal atoms coordinated in
a specific configuration on a support material.**>* The interac-
tions between these two centers give each metal atom a distinc-
tive electronic and atomic structure, setting them apart from
their isolated single-atom counterparts. The two active sites
synergistically regulate the activation and adsorption energies of
reaction intermediates.**** DACs possess several advantages and
overcome drawbacks of SACs. For example, DACs can anchor
more metal atoms at a single adsorption site than SACs, allowing
for higher metal atom loadings. Besides, DACs provide adjacent
unsaturated coordination sites capable of absorbing multiple
reactants simultaneously, breaking the catalytic linear relation-
ships on conventional SACs during reactions.'® This feature
facilitates various adsorption modes for key intermediates, opti-
mizing reaction pathways and significantly boosting catalytic
activity and selectivity. However, designing efficient DACs is
particularly challenging due to different possible combinations
of dual metal sites, along with the complexities of precisely
controlling these sites and their interactions.

Within DACs, interactions manifest among adjacent metal
atoms and between these metal centers and their substrates.
These interactions are subject to various influences, such as
elemental composition, electronic properties, geometric
configurations, and coordination effects. Significantly, these
factors' impact depends on the microenvironment surrounding
the active sites.”*® This precise regulation of interactions
within the interconnected active sites in DACs is known as
microenvironmental regulation.*®***® This regulation optimizes
the overall catalytic performance, leading to significant
improvements in the efficiency and durability of hydrogen
production through electrochemical electrolysis.
However, while published reviews often focus on DACs with
homo- or hetero-centers, and are mainly focused on their
synthetic methods and catalytic applications, how two metal
active centers synergistically facilitate the water electrolysis
process has not been comprehensively summarized.

Herein, we provide an overview of the microenvironment
regulation of DACs for electrochemical water electrolysis over

water
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recent years. This review includes a classification of DACs based
on different metal centers and discusses the microenvironment
regulation by analyzing the site effects between dual-atom sites,
as well as the corresponding structure-performance relation-
ships through both the theoretical and experimental findings.
Firstly, DACs will be discussed in homonuclear, heteronuclear,
and molecular three categories, followed by specific analyses of
the different connection modes between dual-atom units.
Subsequently, we provide insights into how microenviron-
mental regulation influences their catalytic properties by
investigating the dual-atom site effect of DACs, including
elemental, electronic, geometrical, and coordination effects.
This regulation includes self-regulation by the metal atoms
(elemental and electronic effects) and regulation by
surrounding ligands or supporting materials (geometrical and
coordination effects). Furthermore, a comprehensive overview
will be provided on the advanced catalytic applications of DAC
in water electrolysis reactions, including HER, OER, and overall
water splitting under different pH environments. A compre-
hensive analysis summarizes a range of DACs suitable for water
electrolysis under specific conditions. Finally, the summary,
challenges, and prospects for developing DACs are presented.
An in-depth investigation into the development of DACs and
their microenvironmental regulation will contribute signifi-
cantly to advancing the comprehension of DACs. Additionally, it
will provide guidance and references for further research and
the application of DACs in catalysis.

2. Categories of DACs

Dual-metal sites in DACs exhibit various configurations,
including direct metal bonding, heteroatom bridging (such
as N, O, P, S, etc.), and two independently isolated metal sites.
These arrangements can host dual metal atoms as homonuclear
pairs, heteronuclear pairs, or molecular entities. As shown in
Fig. 1, for homo- and heteronuclear, these specific structures
are represented as “X3-M;-M;-X3”, “X3-M;-X-M;-X3", “X3-
M;-M,-X3”, “X3-M;-X-M,-X3” and “M;-X4 + M,-X4", respec-
tively, where M; and M, denote the central metal atoms, and X
represents coordinated heteroatoms.® It should be highlighted
that dual-atom molecular catalysts (DAMCs), which feature
either homonuclear or heteronuclear sites, are discussed sepa-
rately in this review due to their distinctive structure with
functional groups. The synergistic interactions between homo-
nuclear or heteronuclear dual-atoms are critically influenced by
their microenvironments, thereby optimizing the catalytic
kinetics and selectivity of the diatomic sites. This section cate-
gorizes DACs into three types: homonuclear, heteronuclear, and
molecular, with an emphasis on their composition and struc-
tures. By providing concise introductions and examples, we
summarized the distinctions and characteristics of these three
categories of DACs.

2.1 Homonuclear DACs

Homonuclear DACs are a class of catalysts in which the active
sites are composed of two identical metal atoms connected
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Fig. 1 Schematic structures of DACs.

through a metal bond or bridged by heteroatoms. By designing
the metal centers and their coordination environments,
researchers can tune the electronic structure and reactivity of
homonuclear DACs to optimize their performance in specific
reactions.® In this section, the discussion focuses on homonu-
clear DACs under the two connection modes, namely direct
metal-bonded (“X3-M;-M;-X3”) and heteroatom bridged (“X3-
M,;-X-M,-X3").

2.1.1 Direct metal-bonded homonuclear DACs. DACs with
two sites connected directly by metal bonds are more easily
synthesized. This is primarily due to the similar electronic
structures and chemical properties of identical metal atoms,
which enable the formation of strong metal-metal interactions.
Direct metal bonding facilitates efficient electron transfer due
to the strong interaction between two metal atoms, which has
been demonstrated by many studies of homonuclear metal-
bonded DACs in recent years.”**! For example, Zhang et al.
used a cation vacancy-rich NiFeCo layered double hydroxide
(NiFeCo-E) substrate to prepare a Pt@NiFeCo-E DAC with two
types of Pt dual-atom active sites, i.e., Pt dimer and Pt, pair
(Fig. 2a).*> The two types of Pt species have a percentage of
73.3% and 26.7% respectively, uniformly anchored on the
NiFeCo-E substrate (Fig. 2b and c). Characterized by the Raman
spectra (Fig. 2d), the authors demonstrate that the higher
oxygen content and cationic vacancies of NiFeCo-E substrate are
crucial for anchoring and forming Pt dual-atom sites. The
formation of these vacancy-induced vibrations and the homo-
geneous Pt dual-atoms in Pt@NiFeCo-E suggest that the
cationic vacancies serve as key anchoring sites for the Pt dual-
atoms, preventing their aggregation into clusters. Similarly,
Hao et al. synthesized Ni, DACs through high-temperature
pyrolysis.®*® The Ni dual-atom sites were formed by the capture
of evaporated Ni atoms in the carbon vacancies during

26318 | J Mater. Chem. A, 2024, 12, 26316-26349
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pyrolysis. The high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) (Fig. 2e and f) and
extended X-ray absorption fine structure (EXAFS) (Fig. 2g)
confirmed the presence of Ni-Ni dual-atom sites, with the Ni-Ni
distance matching simulations (0.25 nm). The X-ray absorption
near edge structure (XANES) spectrum (Fig. 2h) further eluci-
dated the Ni coordination environment as Ni,Ng. The studies
demonstrate the successful synthesis of Pt and Ni DACs, in
which the cationic vacancies of the substrate were crucial for
anchoring and stabilizing these dual-atom active sites.

Except for anchoring and stabilizing the diatomic active site
by creating substrate vacancies, utilizing specialized synthetic
strategies to stabilize metal dimers is a viable approach based
on the inherent tendency of metal atoms and clusters to poly-
merize. For example, Wei et al. adopt a “Heteroatom Modulator
Approach” (HMA) to prevent the aggregation of iron atoms into
nanoclusters by substituting Fe** with other metal ions like
Zn>" or Co”>" (Fig. 2i).* The trinuclear complexes (Fe,Zn/Fe,Co)
were immobilized on metal-organic frameworks (MOFs), fol-
lowed by thermal evaporation of Zn atoms, resulting in a stable
Fe,-GNCL (graphitized nitrogen-doped carbon layer). In Fig. 2j,
the HAADF-STEM image and the accompanying intensity
distribution map reveal a well-dispersed dual-site with
a distance of approximately 2.6 A on Fe,-GNCL. Besides, the
Fe,-Nj, fraction with the lowest formation energies (Er) displays
more excellent stability compared to the hypothesized Fe trimer
cluster, indicating its optimal coordination configuration
(Fig. 2k). In another study, Zhang et al. successfully synthesized
supported Pd, DAC using the anion replacement deposition-
precipitation (ARDP) method.*® The atomic dispersion and
metal-metal coordination structure of Pd, DAC were demon-
strated using the aberration-corrected (AC) HAADF-STEM,
XAFS, and X-ray photoelectron spectroscopy (XPS) imaging
techniques.

2.1.2 Heteroatomic  bridged  homonuclear = DACs.
Compared to active sites with directly metal-bonded, intro-
ducing heteroatoms (such as O, S, P, N, etc.) to bridge dual-
metal sites can alter the coordination structure. This adjust-
ment leads to a redistribution of electrons at the metal active
sites, thereby significantly enhancing the diversity of DAC
coordination structures. It is worth noting that introducing
heteroatoms is an effective strategy to prevent metal atom
aggregation at the active sites.*® Additionally, ensuring the
interaction stability between active sites and heteroatoms is
crucial. Zou et al. compared the stability and coordination
interactions of homonuclear and heteronuclear directly bonded
metal dimers (M;M,NC-3) with heteroatom-bridged metal
dimers (M;M,NC-4), where M; and M, are two identical or
different metal atoms (two configurations are displayed in
Fig. 3a).”” As shown in Fig. 3b, the computational of E; and
average cohesive energy (AE},..), elucidated enhanced stability of
M;M,NC-4. The calculation results of Bader charges confirm
that the M;M,NC-4 model bridged by heteroatoms has stronger
coordination interactions. In another study, Chen et al. under-
took comprehensive research on graphene-based N-bridge
DACs (M;-N-M,/NC) by employing first-principle calculations
and high-throughput screening strategies, the structure shown

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Structure characterization of homonuclear DACs connected by metal bonds. (a) Schematic diagram of the HER and OER activity of Pt
dimers and Pt pairs on NiFeCo-E for water splitting catalysis. (b) Atomic-resolution HAADF-STEM image of Pt@NiFeCo-E. (c) A statistical diagram
of Pt dimers and Pt,. (d) Raman spectra of NiFeCo, NiFeCo-E, Pt@NiFeCo, and Pt@NiFeCo-E3? (reproduced with permission from ref. 32
copyright 2024, Elsevier). (e) HAADF-STEM image of NipNC, the dimers are depicted in red circles. Scale bar, 2 nm. Inset: the Ni-Ni atoms in the
observed diatomic pair. Scale bar: 0.25 nm (area 1) and 0.5 nm (area 2). (f) Atomic distance of dual atoms in the experimental and simulated (Sim.)
STEM images. Inset: The theoretical model is based on the simulated STEM image using quantitative STEM software. Scale bar, 0.25 nm. (g) FT of
k*-weighted Ni K edge EXAFS experimental data for Ni foil, NiO, NiPc, NiyNC, and Ni,NC. (h) A comparison between the experimental XANES
spectrum and the theoretical spectrum for Ni,NC. The main features reproduced are highlighted at point of A-E. The grey, turquoise, and purple
spheres represent carbon, nitrogen, and nickel atoms, respectively. The Ni atoms with red circles mean the adsorbing atoms in the XANES
spectrum?® (reproduced with permission from ref. 33 copyright 2022, Springer Nature). (i) Heteroatom modulator approach for fabricating dual-
atom iron catalysts on carbon layer (Fe: orange; Zn: purple). (j) HAADF-STEM image of Fe,-GNCL and intensity profiles (top and bottom) from the
atomic sites 1and 2. (k) £ of Fe/Co—Ny, Fe,—Ng, and Fez—N4 moieties from graphene* (reproduced with permission from ref. 34 copyright 2020,

John Wiley and Sons).

in Fig. 3c and d.*® The Er and binding energy (Ep) calculation
results of 14 homonuclear DACs consisting of transition metals
confirm that most structures are thermodynamically stable
(Fig. 3e). Therefore, the above theoretical calculation results
confirm the enormous potential of heteroatom-bridged DAC.
Based on these theoretical guidances, Xu and co-workers
recently successfully developed a highly dispersed Cu-based
DAC using Cu,O as a precursor and hierarchical NC nanocage
(hNCNC) as support.** As shown in Fig. 3f, HAADF-STEM
imaging revealed the presence of Cu---Cu pairs with a spacing
of 3.0-3.1 A, indicating the formation of Cu---Cu-N, dual-metal
sites and Cu-N, monometallic sites. These sites were facilitated
due to the mesopores of ca. 0.6 nm and abundant nitrogen
doping provided by h-NCNC. The random selection of four dual-
metal sites revealed an average atomic distance of 3 A, shown in
Fig. 3g, longer than that in Cu crystals (2.556 A), which confirms

This journal is © The Royal Society of Chemistry 2024

the resemblance between twinned copper atomic sites and the
Cu-0-Cu moieties present in Cu,O. The FT k*-weighted EXAFS
oscillation and the fitting of the EXAFS spectrum demonstrate
the exitance of Cu-O-Cu moieties in Cu_;/hNCNC (Fig. 3h-i).
Similarly, Wang et al. developed a general nanoparticle-to-
single-atom-to-dual-atom (NP-to-SA-to-DA) aerosolization and
sintering strategy for synthesizing the Co,N5 dual atoms sup-
ported on nitrogen-doped HCS (Co,-N-HCS-900).*° This
approach was further proven to be effective in fabricating 22
different DACs. As a typical example, the AC HAADF-STEM
image of Co0,-N-HCS-900 (Fig. 3j) exhibited numerous
uniformly distributed bright spots, representing Co atoms on
the carbon framework. Notably, a significant portion of Co
atoms were observed adjacent to each other (highlighted by red
circles), forming Co, dual atoms with an approximate Co-Co
distance of ca. 0.22 nm (Fig. 3k). As shown in Fig. 31, the

J. Mater. Chem. A, 2024, 12, 26316-26349 | 26319
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Gaussian-function fitting map in (j) for Co,—N-HCS-900. (1) g-Space magnitude comparisons of Co foil, Cospa—N-HCS-900, and Co,—N-HCS-
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comparison of single-atom and dual-atom sample curves in the
FT-EXAFS fitting curve clearly shows the generation of Co-Co
bonds during the formation of DA. In contrast, only the Co-N
pathway was observed in Coga-N-HCS-900. The average coor-
dination numbers of Co-N/O (3.9) and Co-Co (0.8) bonds in
C0,-N-HCS-900 preliminarily suggested most Co atoms are
bonded with 1 Co and 3 N (and 1 O) atoms. DFT calculations
further confirmed the structure to be Co,N5-0, as illustrated in
Fig. 3m.

2.2 Heteronuclear DACs

Heteronuclear DACs are a class of catalysts where the active
sites consist of two distinct metal atoms.** Compared to

26320 | J Mater. Chem. A, 2024, 12, 26316-26349

homonuclear DACs composed of two identical metal atoms,
heteronuclear DACs feature different metal combinations,
leading to a wide array of metal-metal interactions and elec-
tronic structures.*” This diversity imparts unique catalytic
properties to heteronuclear DACs, allowing for precise regula-
tion of reactivity and selectivity in catalytic reactions.*® There-
fore, the catalytic performance of heteronuclear DACs is
significantly enhanced. In this subchapter, heteronuclear DACs
are classified into three categories: direct metal-bonded DACs
(“X3-M;-M,-X3”), heteroatom-bridged DACs (“X3-M;-X-M,-
X3”), and DACs with isolated sites (“M;-X4 + M,-X4").

2.2.1 Direct metal-bonded heteronuclear DACs. Similar to
direct metal-bonded homonuclear DACs, heteronuclear DACs

This journal is © The Royal Society of Chemistry 2024
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connected by direct metal-metal bonds exhibit strong interac-
tions that contribute to charge transfer in electrocatalytic
reactions. However, different metals as active sites can offer
more opportunities to enhance catalytic performance. Extensive
research has focused on nonprecious metal-based DACs, espe-
cially Fe-based DACs, which have attracted significant attention
because of their remarkable efficiency and cost-effectiveness.
For instance, Wang and co-workers developed a host-guest
strategy to synthesize Fe-Co dual sites embedded on N-doped
porous carbon ((Fe, Co)/N-C).** They leverage a Zn/Co bime-
tallic metal-organic framework (BMOF) as a host to encapsulate
FeCl; molecules within its cavities, and then using a two-solvent
method, the Fe salts are fully immobilized inside the MOF's
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porous structure. As shown in Fig. 4a and b, the HAADF-STEM
images demonstrate the presence of Fe-Co dual sites, with the
corresponding intensity profiles clearly distinguishing the
dispersion of various Fe-Co dual sites. The FT k*-weighted x (k)-
function EXAFS results reveal two significant peaks at ca. 1.51
and 2.25 A for (Fe, Co)/N-C, indicating that besides the main
Fe-N path of (Fe, Co)/N-C DAC, the Fe-Co path also need to be
considered in the surrounding coordination environment
(Fig. 4c). Furthermore, using DFT calculation, the optimal
structure of (Fe, Co)/N-C is shown in Fig. 4d, revealing the Fe-
Co dual sites within the (Fe, Co)/N-C DAC through direct metal-
bonded. In another work, Sun and co-workers successfully
synthesized Fe-Co DACs by anchoring Fe-Co pairs on hollow
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permission from ref. 47 copyright 2024, Springer Nature).
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carbon spheres (HCS) using a two-step solvent impregnation
method.* By adding an appropriate amount of Co ions onto the
polydopamine (PDA) surface, the Co sites could then be lever-
aged as chemisorption centers to selectively adsorb polar iron
species from the solution, enabling the accurate synthesis of
Fe-Co bimetallic active sites. The schematic diagram of their
structure is shown in Fig. 4e. The isolated Fe-Co pairs can be
observed in the HAADF-STEM images, with an interatomic
distance of approximately 0.25 nm (Fig. 4f and g). As shown in
Fig. 4h, the structural spectroscopy obtained from XAFS also
confirmed the Fe-Co-Ng coordination environment by
observing the peaks located at approximately 1.4 and 2.4 A as
the presence of Co-N and Co-Fe coordination in FeCo DACs.
Moreover, Fan et al. recently combined a zeolitic imidazolate
framework (ZIF) derivative strategy with subsequent thermal
fixation treatment to prepare dual-metal Co,Fe;-N-C nanorods
(Co,Fe;-NC-NRs) with atomically dispersed Co/Fe sites.*® Simi-
larly, Pan et al. successfully prepared Fe-Ni atomic dimers in N,
P co-doped carbon-based catalysts through a simple in situ
adsorption-thermal decomposition method.** The favorable
configuration, with O* on the Ni site and OH* on the adjacent
Fe site, combined with local electron engineering via P doping,
significantly accelerates the rate-determining OOH* formation
step, which finally results in improved alkaline OER Kkinetics.
Zhang et al. designed porous structures in graphene to generate
numerous edge sites, which were further nitrided to anchor Fe/
Cu atoms and form metal-metal dimers.>
Although transition metal-based DACs
outstanding catalytic properties, their stability is often
compromised under harsh reaction conditions compared to the
noble metal catalysts, underscoring the critical demand for
advanced noble metal-based DACs. For example, Chen et al
employed photo-induced excitation to precisely position heter-
onuclear palladium atoms around the iridium atoms supported
by indium oxide to form dual-metal Ir-Pd sites.*® They employ
light as the driving force. The short lifetime of the photo-
generated electrons facilitates their rapid spillover and deposi-
tion near the single-atom site. This ensures that another atom
can be precisely deposited near the location of the existing
single atom, enabling the controlled fabrication of the desired
diatomic configuration. In Fig. 4i, the different Z-contrasts
between Ir/Pd atoms and the In,O; support were compared,
and the corresponding atomic types were identified using line
profiles. The EXAFS spectra of both Ir and Pd further confirm
the above argument by the prominent peak at approximately
2.46 A, which correlates with the length of the Ir-Pd bond in
amodel featuring In,Oz-supported Ir-Pd dual-atom sites (Fig. 4j
and k). Furthermore, a model of In,0;-supported Ir-Pd struc-
ture was established through EXAFS fitting, in which the
distance between Ir and Pd (2.5 A) closely matches with the
results of EXAFS and line profiles in HAADF-STEM (Fig. 41). This
finding confirms the existence of Ir-Pd dual-metal pairs within
such a structure. In another work, Zhao and co-workers recently
provided a comprehensive overview of heteronuclear DACs."”
Polymer carbon nitride (PCN) was employed as the substrate,
and the “navigate and localize” strategy was exemplified using
ZnRu-PCN DAC. This strategy precisely constructed

demonstrate
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a heteronuclear ZnRu-PCN DAC using electronic accumulation
on zinc sites to connect the ruthenium centers. In Fig. 4m and
n, numerous dual-atom sites (green-boxed region) with an
average distance of approximately 2.52 A between adjacent sites
were observed, inferring the dimeric structure (Fig. 40). FT-
EXAFS conducted a further analysis of the microstructure. As
shown in Fig. 4p, peaks around 2.61 A and 2.24 A in the FT-
EXAFS spectrum were observed in ZnRu PCN, attributed to
the Ru-Zn and Ru-N pathways, respectively. At higher R values,
no appreciable peaks for Ru-Ru were observed, confirming that
most Ru atoms exist in single-atom form and coordinate with
the Zinc atom in ZnRu DAC.

2.2.2 Heteroatomic bridged heteronuclear DACs. Opti-
mizing the physicochemical properties of heterogeneous DACs
by incorporating heteroatomic bridges such as N, O, S, and P
mirrors the improvement seen in heteroatomic bridged
homonuclear DACs. These bridges serve as intermediates in
such structures, facilitating electronic redistribution within
DACs. This redistribution enhances control over interactions
between catalytic sites and their coordination environment,
ultimately influencing the catalytic selectivity and activity of the
DACs.*"** For example, Li et al. reported an N-doped graphene-
supported Co-N-Ni DAC through the polymerization pyrolysis
method, and the optimal structure is shown in Fig. 5a.>* During
the synthesis process, Co and Ni species are uniformly
anchored to the substrate by grinding. The AC HAADF-STEM
images exhibited excellent dispersion of Co and Ni atoms,
along with the formation of dual-metal sites in Fig. 5b. Notably,
as shown in Fig. 5¢ and d, the peaks of Co-N and Ni-N in Co-N-
Ni DAC both confirm that N atoms bridged the Co and Ni dual-
atom sites. Besides, the absence of Co and Ni clusters in the
synthesized DAC, as confirmed by the absence of corresponding
peaks in the R-space EXAFS spectra of Co and Ni samples, also
provided this. Zhao and co-workers developed a surface modi-
fication strategy, in which the Co>" and Ni** ions are chelated
and deposited as dispersed single atoms on Try-TizC,T,
substrates to construct a dual-atomic CoNi supported on
TizC,T, MXene (CoNi-TizC,T,).”* As shown in Fig. 5e and f, the
HAADF-STEM image of CoNi-Ti;C,T, shows several dual-
atomic pairs highlighted by red rectangles, and the average
interatomic distance (ca. 0.37 nm) was revealed by the intensity
profiles. The FT infrared (FTIR) spectra image reveals the
bonding structure of metal atoms, confirming that both Co
atoms and Ni atoms are coordinated with N atoms in CoNi-
TizC, T, (Fig. 52). Besides, the specific coordination structure of
this DAC was also confirmed using XPS spectroscopy. As shown
in Fig. 5h, both Co and Ni are primarily bonded to O/N, con-
firming that Ni atoms are indeed chelated by N atoms in the
tryptophan molecule. It is worth noting that the intensities of
the Ni-O and Co-O peaks in the two samples are higher than
those of the Ni-N/Co-N peaks, indicating that some Ni and Co
atoms are directly bonded to the surface-terminated oxygen
atoms.

For heteroatomic bridged heteronuclear, besides CoNi DACs
as mentioned above, there has been extensively reported on
other types of heteroatomic bridging diatomic materials.**** For
instance, Zhang et al. synthesized ten different DACs using

This journal is © The Royal Society of Chemistry 2024
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a macrocyclic precursor-mediated approach, including six
homonuclear species (Fe,, Co,, Ni,, Cu,, Mn,, and Pd,) and four
heteronuclear species (Fe-Cu, Fe-Ni, Cu-Mn, and Cu-Co), as
illustrated in Fig. 6a.%® This approach allows the molecule to be
embedded within ZIF-8, avoiding agglomeration during
synthesis. As a typical example, the HAADF-STEM image of
FeCu-DAC reveals a large amount of atomically dispersed dual-
atom sites (Fig. 6b). Furthermore, using FT EXAFS spectra to
confirm the coordination structure of DACs, the significant
peak of FeCu-DAC in both Fe and Cu reveals the Fe-N/O path
and Cu-N/O path are the main paths. Notably, the peaks
observed at 2.57 A in Fig. 6c can be attributed to Fe-O-M scat-
tering, indicating the presence of Fe-O-M bonds in the system.
Similarly, the peaks observed at 2.70 A in Fig. 6d can be
attributed to Cu-O-M scattering. These findings reveal that
a heteroatomic bridge connects the FeCu dual-sites in FeCu-
DAC. In another work, Cui et al. successfully prepared a Fe-
Mn dual single-atom catalyst (DSAC) through a molten salt-
assisted pyrolysis strategy.”” HAADF-STEM images reveal the
coexistence of single atoms (represented by blue dashed circles)
and double single atoms (represented by yellow dashed circles)
in FeMn-DSAC (Fig. 6e). A comprehensive statistical analysis of
all identifiable bright spots, as shown in Fig. 6f, demonstrates
that the proportion of dual single-atom moieties is 62%, with an
atomic distance of approximately 2.3 A. The local structural
information around Fe/Mn detected by the FT of the k*

This journal is © The Royal Society of Chemistry 2024

weighted EXAFS spectra. Taking Fe K-edge spectra as an
example, the absence of detectable metal-metal scattering
peaks around 2.2 A in FeMn-DSAC, as shown in Fig. 6g, indi-
cates that the Fe and Mn sites are atomically dispersed in the
two-dimensional nanosheets without a direct connection.
Consequently, to ensure sufficient spatial proximity between Fe
and Mn dual-atom sites and considering that the metal atoms
are only connected to N atoms, the FeMn-DSAC model is shown
in Fig. 6h. The measured distance between Fe and Mn sites in
the model is approximately 2.3 A, consistent with experimental
results, confirming that Fe and Mn sites are bridged by
heteroatom N. Furthermore, Yi et al. successfully synthesized
low-cost CoCu bridged dual-atom center catalysts using
a straightforward thermal decomposition method, allowing
large-scale production in a single batch.*® Shi and co-workers
reported an N-bridged DAC composed of atomically dispersed
indium and copper anchored on polymer carbon nitride (InCu/
PCN),* which copper and indium are bonded to the PCN
structure through metal-N coordination assemblies connected
by Cu-N-In bridges. Similarly, a high-performance hetero-
nuclear N-bridged Zn;Co; DAC® and a Cu-Fe dual-site elec-
trocatalyst (CuFe DS/NC) with axial oxygen atom coordination®
have been successfully synthesized.

2.2.3 Heteronuclear DACs with isolated sites. Apart from
the configurations mentioned above, heteronuclear DACs with
isolated atomic sites present another distinctive configuration.

J. Mater. Chem. A, 2024, 12, 26316-26349 | 26323
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The two metal sites within the DAC are spatially separated
without direct bonding, yet they still exhibit weak interactions
facilitated by remote interactions or support materials. Notably,
this spatial independence allows targeted catalysis for various
reactions, mitigating competition between these two distinct
sites. For example, Wang and co-workers successfully synthe-
sized a dual-metal catalyst (Mn-Fe-N/S@mC) featuring atomi-
cally dispersed Fe-N, sites along with a small fraction of Mn-
N,S, sites.®”” The precursor used for synthesizing Mn-Fe-N/
S@mC is Mn 43Fe; 5,0, nanocrystals, and the structure of
Mn-Fe-N/S@mC DAC is illustrated in Fig. 7a. The FT k°-
weighted EXAFS curves further confirm the coordination envi-
ronment of the metal atoms. As illustrated in Fig. 7b and c, two
distinct peaks in the Mn-Fe-N/S@mC catalyst curves indicate
the dominant Fe-N and Mn-N/S pathways. Furthermore, the
absence of Fe-Fe/Mn-Mn peaks in the Mn-Fe-N/S@mC catalyst
signifies the lack of metal clusters, confirming that the metal
atoms are atomically dispersed. In another work, Wang et al.
introduced boron to anchor FeN, and NiN, dual-atom sites on
a porous carbon nanocage.”® As shown in Fig. 7d, the intro-
duction of boron-induced structural deformation led to forming
“Fe-B-N” and “Ni-B-N” bridges. In addition, Chen et al
developed the “Ni-N,/GHSs/Fe-N, Janus” catalyst material,
where single atoms Ni and Fe were incorporated into the inner
and outer walls of graphene hollow nanospheres (GHSs),
respectively.®* The distinctive surface of the Janus material
facilitates dual chemical reactions on a single surface, enabling
the independent functionalization of different single atoms on
distinct facets within the HGS (Fig. 7e and f). By utilizing the

26324 | J Mater. Chem. A, 2024, 12, 26316-26349

least squares EXAFS fitting (Fig. 7g and h), the researcher
investigated the structures of Ni-N,/GHSs and GHSs/Fe-N,,
revealing the coordination numbers of both Ni and Fe center
atoms are approximately 4, with the bond lengths between these
atoms and the surrounding coordinated N atoms are measured
around 2 A. This study demonstrated that the isolated active
sites in DACs can effectively minimize mutual interference and
achieve a balanced competition between different reactions. In
another work, Wang et al. created a layered structure that tightly
binds Ni and Fe atoms, forming axial dual-atom sites by
aggregating defects.®® The architecture provides three-
dimensional confinement, preventing metal atoms from
migrating from the plane and ensuring structural stability. AC
HAADF-STEM imaging revealed vertically stacked multilayer
graphene stripes with an interlayer spacing of 3.4 A (Fig. 7i), and
the majority of bright spots were located within the stacked
graphene layers, forming axial dual-atom sites as illustrated in
Fig. 7j. Moreover, FT EXAFS spectra of the Ni K-edge displayed
a prominent peak at around 1.44 A, indicating the Ni-N scat-
tering path (Fig. 7k). The absence of Fe/Ni-Ni scattering peaks
reveals that the appropriate interlayer spacing (3.4 A) within the
multilayer graphene effectively prevents metal atom bonding,
resulting in atomic-level dispersion (Fig. 71).

In addition to the Fe-based DACs (particularly Fe-Ni DACs)
with isolated sites, Co-based and Cu-based DACs have also been
successfully synthesized and extensively studied in recent years.
For instance, Li et al. fabricated a DAC composed of copper and
cobalt atoms on a highly porous NC substrate (Cu-Co/NC).*®
High-resolution AC HAADF-STEM imaging revealed paired

This journal is © The Royal Society of Chemistry 2024
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bright spots, with slightly brighter Cu spots and darker Co
spots, indicating the presence of heterogeneous dual-atom sites
in Cu-Co/NC DAC, with an average interatomic distance of
0.53 nm (Fig. 8a). Besides, FT-EXAFS spectra exhibited prom-
inent peaks at 1.44 A and 1.45 A for CoPc and Cu-Co/NC,
respectively, indicating the existence of Co-N coordination.
The absence of metal-metal and metal-O-metal coordination
peaks in Cu-Co/NC suggests that Co and Cu sites are atomically
dispersed within the catalyst (Fig. 8b and c). In addition, Jiao
and co-workers clarified the synergistic interactionis between
the dual active sites by synthesizing an asymmetric TeN,—CuN;
DAC.*” The formation of Te and Cu dual-atom sites was
observed through HAADF-STEM image, where bright spots
within red circles indicated the presence of dual-atom sites
(Fig. 8d). Besides, clear identification of the dual-atom sites was
achieved as shown in Fig. 8e, comprising approximately 78% of
the total sites and the interatomic distance is approximately
0.33 nm. The significantly lower x(R) intensity observed from
the Te-N-C pathway compared to the Te-Te pathway confirms
the atomically dispersed distribution of Te on the support
(Fig. 8f). Fig. 8g further confirms the presence of Cu-Te by

This journal is © The Royal Society of Chemistry 2024

revealing a prominent peak at approximately 3.29 A in the pair
distribution function (PDF) Rietveld refinement results, corre-
sponding to the Te-Cu pathway in TeN,~CuN;. Moreover, Yang
et al. successfully synthesized Co/Ni-N-doped carbon catalysts
by controlled pyrolysis of Co>” and Ni**-containing compounds
within ZIF-8.%® As shown in Fig. 8h and i, the Co and Ni atoms
are uniformly dispersed in CoN,-NiN, pairs with an approxi-
mate spacing of 0.41 nm. Therefore, the theoretical models of
neighboring CoN, and NiN, sites simulated by density func-
tional theory (DFT) calculations were obtained and illustrated in
Fig. 8j, including the interatomic spacing (0.41 nm) and metal
coordination environment with a coordination number of
approximately 4. Fig. 8k reveals the pronounced presence of Co/
Ni-N peaks within the Co/Ni-NC, further confirming the coor-
dination environment of CoN,~NiN,.

2.3 Molecular DACs

Molecular catalysts possess the advantages of structural
controllability and uniformity of active sites, making it easier to
enhance the reactivity and selectivity of products through
chemical modifications.>**>”® After Jasinski reported a cobalt
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phthalocyanine-based electrocatalyst in 1964, the transition
metal-based M-N, macrocyclic compounds have been found to
have advantages such as the rich d-electron nature of transition
metal centers and have now become one of the promising
electrocatalysts.”* Recent studies have revealed that Co and Fe-
coordinated porphyrins, phthalocyanines, corrins, and cor-
roles possess highly active catalytic sites and exhibit great
potential as non-precious metal catalysts for the water elec-
trolysis reaction.”””* DAMCs represent a class of molecular
catalysts wherein two metal atoms serve as active centers.
Compared to DACs, DAMCs provide the advantage of lower
coordination numbers in carbon structure synthesis, signifi-
cantly reducing the active site blockage.” This section focuses
primarily on the structure of DAMCs to better understand the
composition and arrangement of dual-atom active sites in
molecular catalysts, thereby elucidating the interactions
between reactants and catalysts.

For homonuclear DAMCs, Zhang and co-workers success-

fully prepared an ordered mesoporous catalyst with

26326 | J Mater. Chem. A, 2024, 12, 26316-26349

heterovalent metal pairs (HMP) sites Cu™~Cu" on a microporous
MOF (as schematically shown in Fig. 9a).”® By controlling the
distance between these sites (2.6 A), avoiding the limitations
imposed by micropores, thereby promoting the reaction.
Besides, compared to the isovalent Cu™-Cu" sites, these Cu-
HMP sites exhibited significantly improved expected yields.
These findings provide important insights for future explora-
tions of the performance of other HMP sites based on various
MOFs. In another work, Zhang et al. synthesized two conjugated
backbone dual-atom palladium complexes, BPB-Pd; SAC and
BPB-Pd, DAC.”” Due to the m-conjugated backbone of BPB,
BPB-Pd; and BPB-Pd, catalysts are immobilized onto carbon
nanotubes through m-m stacking interactions, resulting in the
formation of supported palladium complexes (Fig. 9b). Results
and theoretical calculations indicate that the interaction
between the dual-atom Pt species in BPB-Pd, DAC leads to
a higher FEco value. Besides, the electron effects generated
between the sites reduce the free energy during the reaction
process, thus facilitating the catalytic reaction. In another work,

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta03382e

Published on 01 avgust 2024. Downloaded on 4. 10. 2025 03:53:50.

Review

(a) c B,Pin,
u 2R cu
N / 7 < N / 7

(c)

OH/H0

|

OH7H,0

|

View Article Online

Journal of Materials Chemistry A

FEo = 80.89%
Ieo = 13.86 mAcm 2

FEo = 94.40%

Ieo=43.07 mAcm

M?2+3+/activation

M?2+3+/activation

—_—
(f)
o i) Hy0/CH;OH/HCI
N _ Fe ii) DDQ/CHCly
\ NH HN iii) PPhy, Co(Ag)y. 11,0
S pheayl #Fervocenyl NaoAc. 3H,0, DCM
dipyr

[(triphenylphosphine)(10-phenylferrocenyl-
5,15-diphenyl) corrolato]cobalt(IIT)
(PhFCC)

Fig.9 Structure illustration of molecular DACs. (a) Schematic diagram and structural formula of the heterovalent metal pair (HMP) site of copper.
The color scheme for the atom: cyan for Cu"", yellow for Cu', red for O, and gray for C”® (reproduced with permission from ref. 76 copyright 2024,
ACS). (b) The preparation strategy for BPB—Pd; and BPB—Pd, and the electrocatalytic CO, reduction performance of catalysts supported on
carbon nanotubes” (reproduced with permission from ref. 77 copyright 2024, Springer Nature). (c) A scheme showing the formation of DACs
from the Co-based and Fe-based single-atom precatalysts. The dashed bonds connected to aromatic rings indicate extended N-doped carbon
layers”® (reproduced with permission from ref. 78 copyright 2021, Springer Nature). (d) Formation of Pd;—Au; dimers showing the structures of
Pd;Au;@1 determined by SCXRD. Copper and strontium atoms from the network are represented by cyan and purple polyedra. Organic ligands
are depicted as grey sticks and thioether groups as yellow sticks in all cases. Orange and blue spheres represent gold and palladium atoms,
respectively, in Pd;—Au; dimers. Blue, orange, and red dotted lines represent the Pd---S, Au---S, and Au---O interactions. (e) Details of X-ray crystal
structure showing the main host—guest interactions and related structural parameters of Pd;—Au; dimers” (reproduced with permission from ref.
79 copyright 2024, Springer Nature). (f) Synthetic route for PhFCC® (reproduced with permission from ref. 80 copyright 2021, John Wiley and

Sons).

the construction of a heteroatom-bridged Fe dimer site (Fe-O-
O-Fe) is achieved by utilizing the face-to-face self-assembly of
iron phthalocyanine (FePc) molecules under microwave irradi-
ation for molecular O, adsorption.®*

Furthermore, Bai et al. developed a general synthesis method
for N-doped carbon-loaded DACs using in situ electrochemical
conversion of single-atom precatalysts under OER conditions.”®
Six similar bimetallic catalysts containing Co, Fe, or Ni were
synthesized by this method, and the synthesis process is dis-
played in Fig. 9f. This study reveals the formation of O-O bonds
by nucleophilic attack on M(iv)=0 with changes based on metal

This journal is © The Royal Society of Chemistry 2024

ions and coordination. Among these DACs, the Co-Fe-N-C and
Ni-Fe-N-C catalysts exhibited high TOF values for OER in
alkaline conditions, which are close to or higher than 1s™ " atan
overpotential of 300 mV. In addition, Ballesteros-Soberanas and
co-workers prepared a uniform Pd;-Au; heteronuclear DAMC
using a highly stable, crystalline MOF as a nanoreactor.” The
precise atomic structure was revealed by single-crystal X-ray
diffraction (SCXRD), as shown in Fig. 9c and d. The MOF's
hexagonal channels (~0.6 nm) contain the Pd;-Au; dimer,
stabilized by dimethyl sulfide chains. The Pd atoms are con-
nected by 2.41 A sulfur binding sites, while the Au atoms
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interact with MOF oxygen atoms and are weakly sulfur binding.
Moreover, Samireddi et al. successfully synthesized a hetero-
nuclear dual-metal complex (PhFCC) of Co and Fe using multi-
walled carbon nanotubes (MWCNTS).** As shown in Fig. 9e, the
synthetic route of PhFCC involves the addition of phenyl
groups, which extends the conjugated electron system and
facilitates interactions with graphitic or electron-rich carbon
supports.

In conclusion, DACs consist of homonuclear or hetero-
nuclear metal atoms as active sites exhibit varied intrinsic
structures and chemical environments. Homonuclear DACs
typically exhibit excellent single-reaction catalytic activity due to
the similar electronic structures and adsorption properties
around the metal atoms. In contrast, the heterogeneous struc-
ture of heteronuclear DACs endows them with the capability to
possess high HER and OER bifunctional catalytic performances
simultaneously. Furthermore, by rational designing of metal
components and coordination environments of DACs, the
energy barrier of the key reaction steps in water electrolysis
would be reduced due to the synergistic effect between two
adjacent metal sites, thus improving the catalytic activity,
selectivity, and stability.

3. Microenvironment regulation of
dual-atom site effect in DACs

DACs perform superior to SACs due to multiple adsorption sites
and the unique site effects between active sites. Therefore,
microenvironment regulation of the effects between dual-atom
sites significantly enhances the catalytic activity, stability, and
selectivity of DACs.”* This section comprehensively explains
the mechanisms involved in the element, electronic, geometric,
and coordination effects. It is worth noting that while the
discussion has been categorized into four distinct aspects, these
site effects generally work together in practical reactions,
synergistically modulating the DAC microenvironment to
enhance the catalyst's performance.

3.1 Element effect

In DACs, the element effect can originate from three possible
aspects: the interaction between the active metal centers, the
incorporation of bridged heteroatoms, and the support atoms.
Among them, the electronegativity of atoms affects the ability of
central metal atoms to attract electrons, and higher electro-
negativity can lead to stronger adsorption of reactant molecules
and intermediates, making it one of the critical factors in
catalyst element selection.?** Consequently, the electronega-
tivity differences between sites promote electron transfer,
optimizing the electronic structures and adsorption configura-
tions of DACs, affects reaction kinetics and selectivity, thereby
exhibiting excellent electrocatalytic activity.

For instance, Hao et al. conducted specialized research on
interatomic electronegativity to demonstrate that shifts in
electronegativity between Cu and Ni atoms result in significant
electronic interactions in CuNi DAC.** The electronegativity
compensation effect of adjacent metal atoms in the synthesized
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CuN,-NiN, catalyst promotes the formation of intermediates
during the reaction process, thereby improving the activity and
selectivity of the catalyst (Fig. 10a). Furthermore, they found
that the significant decrease in activation energy (E,) of CuN,-
NiN, (0.08 eV) promotes CuNi dual-atom sites on reaction
kinetics. In another work, Tong and co-workers synthesized Cu/
Zn-NC dual-metal atom dispersed catalysts composed of Cu-N,
and Zn-N, species on N-doped carbon supports.*® Notably, the
lower electronegativity of Zn atoms enables electron transfer to
Cu atoms, facilitating O-O bond cleavage at the Cu-N, active
sites, significantly enhancing the catalyst's overall reactivity.
Besides selecting appropriate dual-atoms by comparing their
electronegativity, DFT calculation prior to experimental works
also provides an effective approach for identifying the DACs
with versatile metal active sites conduciv