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1. Introduction

1.1 Motivation and definition of DACs
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Catalytic tango in diatomic catalysts: from
precision-guided pair construction to
machine-learning-driven identification and design

Bowen Jiang, 22 Jishui Huang,® Kuibo Yin €2 *2 and Litao Sun () *2

Diatomic catalysts (DACs) are composed of two neighboring metal centers, each stabilized by its own
coordination environment, that extend single-atom precision into a cooperative two-site manifold. By
programmably tuning composition, geometry, and local microenvironment, DACs bridge the gap
between isolated single-atom sites and extended clusters, and can enable cross-site electronic coupling,
dual-site adsorption motifs, and short-range relay pathways that are difficult to realize on mononuclear
sites, effectively creating a catalytic "tango” in which two adjacent centers cooperate through shared elec-
tronic structure and intermediates. This Review first highlights strategies for precision-guided pair con-
struction, including probability-controlled density generators that increase the likelihood of forming adja-
cent sites, ordered coordination networks (MOFs, COFs, and related 2D frameworks) that pre-organize
metal nodes at defined separations, and multinuclear metal-organic complexes that offer molecular
blueprints for well-defined dimers and higher oligomers. These platforms are then used to discuss repre-
sentative modes of intersite cooperativity: charge redistribution and orbital hybridization between neigh-
boring metals, distance- and orientation-dependent co-adsorption and transition states on dual sites, and
sequential reaction pathways in which different elementary steps are preferentially accommodated by
different atoms in the pair. Finally, the Review surveys how atomic-resolution electron microscopy and
related correlative imaging are beginning to be combined with machine-learning workflows for automatic
identification, classification, and screening of neighboring metal sites, sketching an emerging and promis-
ing route toward machine-learning-assisted identification and design of diatomic motifs.

onto a lone center, constraining multistep chemistry and
leading to activity loss and structural instability during
operation.®™®

The evolution from nanoparticle to single-atom catalysts
(SACs) represents a paradigm shift in heterogeneous catalysis,
achieving near-atomic metal utilization and site precision."”
This pursuit of atomic-scale site engineering resonates concep-
tually with biocatalysis, where the precise configuration of
metal cofactors is central: a survey of 130 033 enzyme entries
in the RCSB PDB (snapshot dated Oct 24, 2025) indicates that
more than 54 337 enzymes feature trace metal cofactors such
as Fe, Zn, and Cu that drive essential metabolic processes with
remarkable efficiency."”> However, the isolation intrinsic to
SACs, while maximizing metal exposure, imposes constraints
akin to a solo performance: the inherent single-site bottleneck
forces incompatible adsorption and activation requirements
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Intriguingly, nature has elegantly addressed similar cata-
Iytic challenges through multi-metal cooperation. Analysis of
metalloenzymes reveals that 74.2% (40330 characterized
enzymes) feature active sites incorporating two or more metal
atoms.’ This prevalence of multi-metal motifs underscores a
fundamental biological strategy: leveraging synergistic inter-
play between adjacent metal centers to achieve catalytic feats
unattainable by isolated atoms. A prime example is the
Mn,CaOs cluster in Photosystem II (PSII),'® which links four
Mn and one Ca atom via five p-oxo bridges. This unique multi-
metal center orchestrates the demanding, room-temperature
water splitting into oxygen, protons, and electrons. In the
same spirit, soluble methane monooxygenase uses a carboxy-
late-bridged di-iron center to activate O, and oxidize methane
under ambient conditions,"* while [NiFe] hydrogenases rely on
a compact Ni-Fe core for rapid, reversible H, activation with
exquisite redox tuning.'>** Motivated by these lessons, catalyst
design is shifting beyond SACs toward architectures that pre-
serve  atomic  precision while enabling multi-site
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cooperation.'* ' The term diatomic catalysts (DACs) denotes
catalytic architectures composed of two neighboring, atomic-
ally dispersed metal centers anchored on a support. Each
center is stabilized by its own coordination environment, with
the two centers separated by a tunable A-scale intersite dis-
tance (dynm),"”*® and the metal combination may be homo or
heteronuclear. The pair remains non-aggregated and distinct
from clusters or nanoparticles, yet close enough to permit
cross-site electronic communication, bridged adsorption, and
tandem reaction steps.’>'®

By rationally tuning the dy;_\, nuclearity and composition,
and local coordination environment, DACs can relieve the
single-site limitations of SACs and unlock dual-site reaction
channels that are difficult to access on isolated atoms. A
number of valuable reviews have already highlighted key facets
of this emerging field, including MOF- and COF-derived frame-
works for controllable anchoring and derivation,">?° design
principles and applications of heteronuclear pairs,”* interme-
tal electronic interactions as the mechanistic basis for activity
and selectivity,"* dy_v as a geometry-governed activity descrip-
tor in electrocatalysis,”> and reaction-specific microenvi-
ronment or active-moiety regulation with explicit structure-
performance correlations across electrocatalysis.?®
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1.2 Current challenges

Despite rapid progress, research on DACs still lacks a coherent
structure-function framework.'>** In particular, the relation-
ships between pair construction, adjacency-induced effects,
and operando structural identification remain insufficiently
established, complicating reaction-specific DACs selection.>* >’
The synthesis-structure map is often route-dependent and not
easily mechanistically disentangled, while current characteriz-
ation methods rarely resolve geometric structure, electronic
configuration, and operando state within a unified evidence
chain.’”?® These limitations hinder the transferability of
design principles and highlight the need for more rigorous,
quantitatively reliable metrology and screening strategies.

First, pair construction is partially controllable in terms of
intersite distance and metal identity. Many synthetic
approaches generate broad distance distributions,"”” and
achieving high pair purity, particularly for heteronuclear pairs
with defined sequence and local symmetry, competes with
diffusion, reconstruction, and sintering processes.>*?° As a
result, isolated atoms, genuine diatomic pairs, and small clus-
ters often coexist within the same support.*! Although these
motifs may exhibit similar averaged coordination signatures,
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Fig. 1 Build—Effect—Identify & Screen: a single-figure overview of DACs.
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their catalytic behaviors can differ substantially. Such struc-
tural heterogeneity complicates reproducibility and poses
additional challenges for scalable and precision-controlled
synthesis.*®

Second, site identification remains a critical bottleneck.
The presence of two bright spots in a High-Angle Annular
Dark-Field Scanning Transmission Electron Microscopy
(HAADF-STEM) image does not necessarily confirm a well-
defined diatomic active site, and ensemble-averaged tech-
niques may obscure the distinction between isolated atoms,
true pairs, and small clusters when they coexist. Under reac-
tion conditions, coordination environment, oxidation state,
and site populations can dynamically evolve, making the
active-site definition condition-dependent.>” Reliable site
assignment requires correlative approaches that integrate local
microscopy, operando spectroscopy, and statistically meaning-
ful sampling to quantify site populations, rather than relying
solely on representative images.*

Third, linking catalytic performance to a specific DACs
structure under operating conditions remains challenging.
The two metal centers may interchange between terminal and
bridging adsorption modes, while their oxidation and coordi-
nation states can shift with applied potential, electrolyte
environment, and surface coverage.”>*” Because the popu-
lation of each adsorption state is dynamic, activity and selecti-
vity trends may not correlate directly with static ex situ descrip-
tors.>® This often necessitates empirical optimization across
composition, intersite distance, coordination environment,
and operating conditions.>*

1.3 Scope of the review

To address these needs, we organize this review into three
modules (Fig. 1). Build benchmarks construction routes and
their controllability, together with inherent uncertainties.
Effect summarizes transferable cooperative mechanisms
enabled by adjacency. Identify & Screen highlights metrology
and machine-learning-enabled workflows that translate
atomic-scale information into auditable metrics and action-
able design rules.

2. Preparation methods of DACs

This Review organizes DACs synthesis strategies according to
the degree of structural control they offer. In terms of struc-
tural control, the methods range from statistical approaches to
reticular frameworks and finally to nearly deterministic strat-
egies. First, site-density engineering (section 2.1) increases the
probability of forming neighboring pairs by tuning metal/
anchor density and deposition sequence; they narrow the dis-
tribution of intersite distances without enforcing a single geo-
metry, which is attractive when throughput and scalability
dominate. Second, ordered coordination networks (section
2.2)—including MOFs, COFs/2D polymers, and other ordered
inorganic scaffolds—impose A-scale spacing and symmetry at
the node, linker, or pore level and can transfer this registry
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through constrained conversion or low-temperature fixation,
providing reticular control with small variance across many
sites. Third, multinuclear metal-organic complexes (MOCs,
section 2.3) supply molecular blueprints with predefined
dyi-m, ligand fields, and bridging patterns; when immobilized
and stepwise de-ligated under low-mobility conditions, they
yield homo- or heteronuclear pairs with the highest uniform-
ity. These classes are not mutually exclusive: hybrid or sequen-
tial routes—such as site-density engineering-enriched anchors
within an ordered network, MOCs that set heteronuclear iden-
tity, or combinations with ALD-style temporal control—can
further tighten dy_\ distributions, reduce site-geometry dis-
persion, and improve pair purity beyond what any single
method can achieve.

2.1 Site-density engineering (density & time series)

The site-density engineering increases the surface density of
metal atoms and neighboring anchoring sites and programs
deposition flux and sequence, thereby statistically raising the
probability of adjacent occupancy and biasing the ensemble
toward paired configurations, including multi-atom
arrangements.”®** This probability-driven route has become a
mainstream practice in recent years: by elevating metal
loading or the number of anchoring sites,'®*>* following the
simple logic that higher loading narrows intersite separations,
one can, without changing the overall processing framework,
achieve coarse-grained formation of diatomic motifs and
related near-neighbor states.

Building on this logic, site-density engineering can be oper-
ationalized through three practical levers that often act addi-
tively on encounter probability: first, raise the areal density of
metal precursors by increasing nominal loading, using co
impregnation with multiple metals, or supplying a vapor
phase feed to saturate accessible anchors;**** second, increase
the areal density and local multiplicity of occupiable, closely
spaced anchoring sites through defect engineering, N/O/S/P
heteroatom doping, surface functionalization, acid or base
etching to create vacancies, or plasma activation, thereby gen-
erating more coordination pockets or defect pairs per unit area
at shorter separations;*®® third, program the time domain of
deposition by tuning flux, pulse width, and sequence so
nascent adatoms encounter one another before they are
trapped by long range diffusion or converted to species with
lower mobility.>%3?

2.1.1 Raising the areal density of metal precursors. The
first lever increases the likelihood of joint occupancy simply by
narrowing average intersite separations at higher nominal
loading. A canonical example is the study of neighboring Pd
single atoms on an inert support, where isolated (i-Pd;) and
neighboring (n-Pd;) sites were distinguished and a clear,
loading-dependent shift toward n-Pd; was observed—clean evi-
dence that higher metal density statistically boosts the neigh-
bor fraction without invoking particle growth.**

This loading-spacing connection has been further quanti-
fied in recent work: by systematically tuning surface loading,
Zhang and co-workers®® mapped how the accessible site

This journal is © The Royal Society of Chemistry 2026
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density and effective intersite separations evolve with coverage,
identifying an intermediate loading window that maximizes
kinetic readouts (overpotential, Tafel slope, charge-transfer re-
sistance), consistent with a cooperative regime rather than the
dilute, non-interacting limit. In parallel, Yu and co-workers"”
directly resolved the role of the dyy in Fe-N,-C for oxygen
reduction reaction (ORR, Fig. 2a): when dy;; converges into a
sub-nanometer to about 1.2 nm window, both mass activity
and intrinsic activity rise markedly, whereas overly short
spacing risks adverse overlap and performance roll-off.
Together, these datasets articulate the site-density engineering
mechanism in practice: raising loading increases the statistical
odds of near-neighbor occupancy, and there exists a finite
spacing window where pairwise electronic coupling delivers
the strongest catalytic benefit.

2.1.2 Neighboring anchoring-site density. On carbide and
reducible-oxide supports, researchers now deliberately write in
adjacent traps and meter metal flux to bias single atoms
toward neighboring occupancy—without predefining mole-
cular geometry. Zhang et al.* first produced defect-rich Mo,C
by controlled carburization (CH4/H, or C,H,/H,; tuned temp-
erature/ramp), then introduced Pt by ultradilute incipient-
wetness dosing of H,PtCl, or organoplatinum, followed by low-
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temperature H, activation and multi-aliquot micro-dosing;
under these conditions Pt preferentially arrests at paired
surface defects, yielding quasi-paired Pt single atoms (Fig. 2b,
second-shell contact, no aggregation). Translating the same
lever to reducible oxides, Lou et al.*' pre-generated adjacent
oxygen-vacancy couples on CeO, by H,/Ar or chemical
reduction, then deposited sub-monolayer Pd either as binuc-
lear precursors or as equimolar salts via capillary impreg-
nation, followed by gentle drying and reduction to lock Pd
dimers across the vacancy pairs, forming Pd,O,-type local
motifs and suppressing long-range migration. Likewise, Shi
et al.** prepared oxygen-vacancy-rich TiO, , nanosheets by
NaBH, or H, reduction, with optional plasma treatment, creat-
ing dense traps composed of oxygen vacancies and Ti(u)
centers. They then introduced dilute H,PtCls and RuCl; either
together or in sequence, so the second metal preferentially
occupied the vacancy adjacent to the site seeded by the first;
gentle annealing or photochemical reduction fixed neighbor-
ing Pt-Ru atomic centers and removed weakly bound ligands.
On the carbon side, several groups have explicitly densified
and brought neighboring N-anchors into closer proximity to
bias metals toward near-neighbor configurations. Deng et al.*?
mixed cobalt/nickel acetates with r-alanine and melamine,
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(a) HAADF-STEM images of Fe—N4—C catalysts with systematically tuned du_m (0.5, 0.7, 0.9, 1.2, 1.9, 2.6, 3.2, 4.6, 5.2, and 7.8 nm) by varying

metal loading. Adapted from ref. 17 with permission from Springer Nature, copyright 2021. (b) Schematic diagram of the materials synthesis of
quasi-paired Pt single atoms. Adapted from ref. 40 under the Creative Commons CC-BY license. (c) Top: schematic of the bottom-up fabrication of
dimeric Pt;, sites on graphene. First, isolated anchor sites are created on pristine graphene. Second, one Pt-ALD cycle (alternating MeCpPtMe3z and
O, pulses) populates these anchors with Pt; atoms. Third, a second, lower-temperature Pt-ALD cycle selectively places a second Pt atom onto the
pre-existing Pt; to yield Pt, dimers. (Pt, blue; O, red; H, white; C in surface groups, cyan; C in the graphene lattice, gray.) Adapted from ref. 44 under
the Creative Commons CC-BY license. Middle: schematic of an asymmetric Pt—Ru—Co triple-atom catalyst (TACs), HAADF-STEM images highlighting
Pt—Ru—Co TACs (yellow dotted circles), and local electron-intensity line profile across a representative Pt—Ru—Co TACs; and the corresponding
structural model. Adapted from ref. 28 and 45 with permission from Elsevier, copyright 2025. Bottom: schematic of the CVD process to prepare
high-density atomic dispersed Ni/Fe DACs. Adapted from ref. 46 under the Creative Commons CC-BY license.
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carried out a two-step pyrolysis, followed by HCI leaching and
a second anneal, thereby generating N-doped graphene rich in
closely spaced coordination mouths and stabilizing Co/Ni dia-
tomic sites within that environment. Wang et al.>° devised an
atmosphere-programmable carbonization strategy to toggle Fe
between single sites and pairs. They obtained Fe;-N,-C. Using
5% H,/Ar shifted the product to ortho-coupled Fe,-N¢—C. At
10% H,/Ar it transformed to para-coupled Fe,—~N¢-C. At higher
hydrogen levels around 20% it favored Fe;-N;-C. Increasing
hydrogen converts pyridinic and pyrrolic N to graphitic N and
introduces additional porosity and defects, which changes the
types and spacing of N anchoring pockets and biases Fe place-
ment. A short, low-migration post-treatment then fixes the tar-
geted configuration, providing a concise and controllable route
to carbon-supported Fe,-Ng-C.

2.1.3 Programming the time domain of deposition.
Diatomic-site construction can be cast as a timing problem:
deliberately opening a finite encounter window so freshly
created adatoms can make a few short hops and find a neigh-
bor before long-range diffusion or deep fixation. In Atomic
layer deposition (ALD) style sequential pulses, the window is
encoded directly in pulse order and width.

Yan et al.** established a bottom-up ALD scheme. They first
seeded isolated Pt atoms on phenolic anchor sites of graphene
by alternating MeCpPtMe; and O,. A second, lower-tempera-
ture Pt cycle with O; then placed a second Pt selectively on pre-
existing Pt,, forming Pt, dimers. This seed-activation-second-
feed cadence narrows the mobility window and suppresses
aggregation, as shown in Fig. 2c top. Sun et al.*®* applied
order-controlled sequential ALD on N-doped carbon nano-
tubes, Pt followed by Ru and then Co, and showed that preser-
ving this sequence is essential for building stable multi-atom
motifs, whereas changing the order leads to clustering. A
representative higher-order outcome, the asymmetric Pt-Ru-
Co triple-atom motif and its experimental/structural readouts,
is illustrated in Fig. 2c middle. Qi et al.*® devised a metal-
organic chemical vapor deposition (CVD) protocol that preset
Fe-N-C and then introduced a volatile Ni precursor with
purge/flash steps. Keeping the Fe-first, Ni-later sequence
enabled atomic-level Ni infiltration into Fe,O;@ZIF-8-derived
frameworks, enriching neighboring Fe-Ni sites while main-
taining dispersion (Fig. 2c bottom).

These approaches regulate pulse width, exposure time, and
temperature to control atomic mobility and pairing prob-
ability. By limiting uncontrolled migration, they improve repro-
ducibility and sequence control within standard ALD or CVD
systems.

2.2 Ordered coordination networks for DACs (Pre-writing &
Inheritance)

Ordered coordination networks are crystalline or quasi-crystal-
line framework/interfacial systems that exhibit atomic-scale
periodicity and site programmability, allowing the lattice to pre-
define the geometric and electronic environment of metal
anchoring sites. This class includes MOFs, COFs and two-
dimensional coordination polymers, and ordered inorganic sub-
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strates with lattice-defined terraces or pore/defect arrays (oxides,
zeolites, carbides and nitrides). These networks convert chance
adjacency into a programmable structural variable for DACs. By
encoding dy;v, donor identity, and the local electrostatic field
directly into crystalline lattices, these hosts preorganize two
single-metal centers and then transfer this registry via mild
coordination editing or controlled conversion into robust, cataly-
tically competent environments. The result is not just two atoms
close in space, but two atoms embedded in a deliberately engin-
eered microenvironment that promotes cooperative adsorption,
charge redistribution, and multi-center elementary steps.

2.2.1 MOFs—reticular encoding and inheritable adjacency.
MOFs enable reticular, rule-based encoding of adjacency
across the framework—at the levels of nodes, linkers, and
pores—and preserve it during conversion. Lattice periodicity
prespecifies metal separation and orientation, while coordi-
nation fields and channel confinement limit diffusion and
redox mobility during activation, so sub-nanometer, non-
metal-metal-bonded proximity is retained with high fidelity.
Thus, pairing shifts from chance encounters to pre-pro-
grammed geometry, turning reticular blueprints into
inheritable adjacency in the final catalyst.

2.2.1.1 Node level. In the node-blueprint inheritance route,
frameworks bearing volatile/replaceable nodes first write the
desired anchor density and relative placement into the lattice.
Subsequent carbonization/carbonitridation then transfers this
node blueprint into a conductive host, after which sequential
impregnation/activation fixes two metals within node-proximal
pockets. For example, Xiao et al.*” programmed nearest-neigh-
bor statistics in bimetallic Zn, Co-ZIFs, and under a low-mobi-
lity conversion window, inherited that registry into N-C to
form binuclear Co,N;s sites with order-of-magnitude higher
per-site ORR activity than CoN,. Li et al,*® who started from
Cus(benzene-1,3,5-tricarboxylate),, co-mixed an N source,
carried out inert pyrolysis, and acid-etched nanoparticles to
anchor Cu-Cu and Cu-Ni neighbors on N-doped carbon. Next,
Cheng et al.*® used a MOFs-derived N-doped carbon, loading
Ni first and then Cu, followed by a second activation to con-
struct Ni-Cu neighbors. Later, He et al.’° co-introduced Fe/Co
into ZIF-8 and, after programmed carbonization and mild acid
leaching, obtained Fe-Co neighboring pairs. Most recently,
Ren et al® reported a blueprint-based ion-exchange/two-
solvent variant: beginning with Fe-doped ZIF-8 (Fe bound at
the node), they added methanolic Ni(NO;), dropwise into an
n-hexane dispersion of the Fe-ZIF-8 to encapsulate Ni in sub-
5 A cavities, then performed high-temperature pyrolysis to vola-
tilize Zn nodes, yielding isolated diatomic Ni-Fe M-N, sites on
N-doped carbon for CO, Reduction Reaction (CO,RR).
Additionally, Shu et al.’* showed in the heterobimetallic MOFs
MUV-102(Cu-Ti) (Fig. 3a) that node-level metal programming
(controlling Cu/Ti occupancy and arrangement) can tune
Lewis acidity and generate abundant open metal sites, thereby
enabling high-capacity, cyclable NH; uptake. This finding indi-
cates that node metal composition and architecture are potent
upstream design levers, fully compatible with blueprint inheri-
tance prior to conversion.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5nr05121e

Published on 11 March 2026. Downloaded by Southeast University - Jiulonghu Campus on 6/14/2026 4:54:59 AM.

View Article Online

Nanoscale Review
a. Node level

Ti¢* Cu?*

". & » N
w e Solvothermal

—— e e e = e e ==y

_Y\;Q’
[ 8 [ J 4
0e%e%e%e [Cu,(RCO,),(H,0),]
< < .
OO “ :
e MUV-102(Cu-Ti) S
1,3,5-BTC :
", [TiCU(RCO,),(0;)(H0)]

b. Linker level

‘oal

(pyatren)GaRhX
X =Me, OPh

Ph
o

N iy \H> \ﬂ
ANV ‘

(x?-H3pystren)Rh(C,Hs)OPh

Yy, EmEEEEE=

i’ i, i’ A
=T/

Fig. 3 (a) Structure of MUV-102(Cu-Ti) frameworks built from the interlinking of mono metal node Cu, and heterobimetallic TiCu clusters in
MUV-102. Adapted from ref. 52 with permission from the American Chemical Society, copyright 2020. (b) Schematic of the nanocasting-enabled
conversion of PCN-222(Fe) into FeSA—N-C (top). Adapted from ref. 54 under the Creative Commons CC-BY 4.0 license. Bottom: single-crystal
X-ray structures of the RhGa and Rh (center) molecular precursors. Right: density functional theory (DFT)-optimized structures of the corresponding
species confined within an ~8.5 A pore. Adapted from ref. 55 with permission from the American Chemical Society, copyright 2018. (c) Left: per-
spective view of a channel of S-rich functional MOFs, dashed lines indicate Pt-S interactions, and the channel fragment highlighting framework
interactions, where yellow dashed lines denote Pt—S bonds and blue dashed lines denote Pt—O contacts. (Cu, cyan; Ca, blue; S, yellow; Pt, purple;
organic ligands, gray sticks.) Adapted from ref. 58 with permission from Wiley-VCH, copyright 2018. Right: fragment of Ag®@thioether-functiona-
lized MOFs, and view along the [111] direction. Adapted from ref. 59 under the Creative Commons CC-BY 4.0 license.

This journal is © The Royal Society of Chemistry 2026 Nanoscale, 2026, 18, 7882-7909 | 7887


https://doi.org/10.1039/d5nr05121e

Published on 11 March 2026. Downloaded by Southeast University - Jiulonghu Campus on 6/14/2026 4:54:59 AM.

Review

2.2.1.2 Linker level. Using the linker layer as a programma-
ble unit, porphyrinic Zr-MOFs (TCPP linkers) encode inter-site
spacing by arranging adjacent N, pockets in the lattice; once
metalated, this registry can be carried through short-diffusion,
low-mobility conversion into neighboring sites. Cichocka
et al.>® tuned the N,-pocket separation in PCN-226 (a porphyri-
nic Zr-MOF) via chain-based inorganic building units, estab-
lishing linker-dictated control over dy;y; and activity. Under a
pore-assisted conversion window, Jiao et al’>* nanocast SiO,
into PCN-222(Fe) to provide dual protection during carboniz-
ation, thereby preserving linker-encoded single-site isolation at
high loading and transferring it into Fe-N-C (Fig. 3b top).

Complementing this, Fig. 3b (bottom) illustrates the post-
synthetic node grafting (low-temperature fixation) logic that
avoids high-temperature rearrangements: heterobimetallic
complexes are pre-assembled in solution and then grafted to
Zre nodes. Desai et al.”>® used a pystren scaffold to pre-assem-
ble Rh-Ga, then anchored it onto NU-1000. Thompson et al.’®
grafted Co-Al(pystren) into NU-1000 (a Zr-based MOFs), quan-
tifying up to one Co-Al set per Zrs node with uniform intra-
crystalline distribution, and showed that about 300 °C treat-
ment decaps ligands without framework damage—opening a
window for further inorganic fixation. Ponce et al.>’ directly
grafted Ru-Ga using [MeRu(n®-CsHg)(PPh;),][GaMe,Cl,] into
NU-1000, establishing Ru:Ga ~ 1:2, framework retention,
and site stability, thereby demonstrating the generality and
reproducibility of the pre-assembly to node anchoring strategy.

Together, linker programming pre-registers geometry and,
under constrained conversion, transfers it with high fidelity to
conductive hosts; both routes converge on node-directed, pro-
grammable co-location: one inherits M-N,/M-C, anchors and
forms pairs via sequential loading, and the other uses low-
temperature coordination grafting to install two metals at a
single, well-defined site.

2.2.1.3 Pore level. In the end, MOFs provide a direct route
to program and preserve pore-confined adjacency: by confining
metal precursors in the pores and then applying a mild
reduction, one can maintain atomic dispersion while enrich-
ing near-neighbor yet non-metal-metal-bonded geometries
even at comparatively high nominal loadings. Pardo’s group®®
used a thioether-armed, S-rich functional MOFs as a soft
channel wall: as shown in Fig. 3c (left), sulfur-rich functional
MOFs channels stabilize Pt through an interwoven network of
multi-point soft coordination and weak contacts. Pt*" is quan-
titatively loaded via a double-solvent/capillary infiltration step
and then gently reduced with NaBH, or dilute H,. The synergy
of pore-neck confinement and S anchoring generates, in situ,
mutually proximal Pt} units/ultrasmall clusters that remain
stable and efficient across several low-temperature industrial
reactions—an explicit demonstration that pore-confined neigh-
boring pairs with suppressed migration/sintering are both
feasible and reproducible. In the same design logic, Zheng
and co-workers®® loaded Ag” into a related thioether-functiona-
lized MOFs (Fig. 3c right) and used NaBH, reduction to isolate
Ag,(0) dimers within the channels for CO,-to-CH, hydrogen-
ation, overcoming silver’s strong tendency to aggregate and
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further validating the stabilizing role of soft-S pore walls and
pore-neck geometry for a neighboring but non-bonded state.
As a general process motif, the double-solvent method has
also been established in UiO-66 (a Zr-based MOFs): Sun et al.®°
confined Pd*" inside the cages of NH,-UiO-66 and performed
low-temperature reduction to afford less than 1.2 nm, pore-
confined, highly dispersed Pd clusters/near-neighbor
ensembles.

Extending this confinement-first logic to MOF-defined
interfaces, Jiang et al.°" built a core-shell ZIF-8@ZIF-67 nanoc-
age, introduced Fe and Co precursors at the shell, coated with
polydopamine as an N source, and then carbonized to inherit
the prearranged nearest-neighbor statistics into the shell: the
resulting nanocarbons displayed high-density neighboring Fe/
Co M-N;, sites fixed at the cage interface rather than arising
from high-loading stochastic encounters, showing that MOFs
pore/interfacial geometry can pre-bias adjacency and transfer
it with fidelity during conversion. Finally, Zhu et al.®*> adopted
a host-guest route to build Ni-Cu pairs: Ni partially replaced
Zn in ZIF-8, and a Cu/1,10-phenanthroline complex was con-
fined in the micropores. During pyrolysis, Zn evaporation
together with spatial confinement suppressed aggregation and
drove the formation of quasi-covalently coupled Ni-Cu pairs
on N-doped carbon. HAADF-STEM resolved a projected inter-
site spacing of about 2.4 A, and EXAFS identified Ni-Cu scat-
tering paths of about 2.03-2.05 A. Taken together, a confine-
ment-first followed by mild activation strategy enriches pore-
localized near-neighbor metal sites, while pore-neck constric-
tion and the intrapore coordination field limit migration.

2.2.2 COFs and 2D covalent polymers. COFs and 2D
covalent polymers provide a lattice-programmable way to
dictate how two metals sit next to each other and then hand
that adjacency off to catalytically robust environments. Their
value lies in (i) writing binuclear geometry directly into the
repeating unit, (ii) using the framework’s chelating pores to
assemble two metals post-synthetically under confinement,
and (iii) converting the preorganized polymers into conductive
carbons while preserving rather than erasing the preset metal
to metal neighborhood.

2.2.2.1 Lattice-encoded adjacency. At the lattice-encoded
adjacency tier, Yang and co-workers®® used nucleophilic aro-
matic substitution polymerization of octa-hydroxy metal-
lophthalocyanines with tetrafluoroterephthalonitrile to build
polyarylether-linked metallophthalocyanine sheets, so that
nearest-neighbor metal spacing is directly written into a peri-
odic 2D coordination lattice at the moment of polymerization.
The chemically robust polyarylether backbone tiles planar,
metalated macrocycles into a periodic in-plane grid, furnish-
ing preset anchoring sites and fixed intersite spacing for sub-
sequent binuclear placement. Along the same chemistry line,
Yue et al.®* co-polymerized two pre-metalated phthalocyanine
monomers (Fig. 4a, CuPcFg and CoPc, Pc is phthalocyanine)
via dioxin linkages to obtain bimetallic COFs, thereby encod-
ing heterometal M'/M> adjacency as a repeating lattice unit at
the moment of polymerization—turning pairing from a high-
temperature, stochastic encounter into a synthesis-controlled

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic representation for the synthesis of CuPcFg—CoPc—COF (top) and CuPcFg—CoNPc—COF (bottom) under typical solvothermal

conditions. (C, cyan; O, red; F, green; N, violet; Co, yellow; Cu, blue; H, white.) Adapted from ref. 64 with permission from the American Chemical
Society, copyright 2021. (b) Schematic illustration of synthesis procedure of C—Znggo, C—Coggoo, and C—Zn/Cogoo catalysts. Adapted from ref. 66
with permission from Wiley-VCH, copyright 2023. Bottom right: structural schematic of Cu@Py-BTDA-COF. Adapted from ref. 67 with permission
from Elsevier, copyright 2025. (c) Top: synthesis of DACs from COFs@MOFs; bottom: schematic illustration of the preparation of Pt;—N-C. Adapted

from ref. 69 and 72 under the Creative Commons CC-BY 4.0 license.

construct. Complementing these experimental blueprints,
Zhang et al.®® employed a synthesized Cu-salphen COFs as a
computational template and showed that its intrinsic double-
vacancy cavities can stably host transition-metal dimers (Fe,
Co, Mo, W, Ru). From this, they derived prescriptive site selec-
tion rules that map cavity size, coordination number, and
admissible metals and provide a ready-to-use playbook for
embedding dual-atom motifs directly within COFs lattices via
lattice-encoded adjacency.

2.2.2.2 Pore-confined in situ pairing. At the pore-confined
in situ pairing tier, COFs and 2D covalent polymers are used as
nanoreactors for in-pore binuclear assembly: a framework
bearing intrinsic N-donor pockets and uniform channels is
first prepared, then a sequential load to coordination lock to
mild activation cadence is applied so that two metals pair
in situ within the same pore rather than by long-range
diffusion. In a general protocol, Yang et al°® introduce two
metal precursors stepwise into the framework’s chelating sites
and follow with a moderate anneal that allows only short-
range migration and local re-coordination, thereby fixing adja-
cent M'/M?” sites in the pore rather than clusters (Fig. 4b, for
the C-Znggy, C-C0ggo, and C-Zn/Cogqy, workflow). As a concrete

This journal is © The Royal Society of Chemistry 2026

and reproducible implementation of this logic, Chen et al.®’

target Cu pairs in an imine Py-BTDA COFs (Cu@Py-
BTDA-COF): they first synthesize the Py-BTDA network, pre-
coordinate Cu®*" to N sites, and then use gentle activation
within the same pore domain to induce Cu-Cu dimers—the
staged loading boosts the encounter probability while confine-
ment suppresses agglomeration (Fig. 4b, bottom right), illus-
trating a prototypical pore-confined in situ pairing route. To
further bias where pairing occurs and raise areal density, Yang
et al.®® propose a double-framework interface: assemble a
COFs@MOFs heterojunction (defined as a core-shell construct
in which a COFs shell is grown in situ on a MOFs core to form
an atomically intimate interface), which load Co in the COFs
and Zn in the MOFs, then apply a low-to-intermediate thermal
program under which interfacial bonding/volatilization drives
preferential nucleation at the interface; in practice they
prepare ZIF-8 at room temperature, ultrasonically mix ZIF-8
with COFs monomers to build the COFs@MOFs composite,
and complete programmed heat treatment, with the cooling
segment identified as decisive for generating Co-Zn/Co-Co/
Zn-Zn binuclear sites via interface-localized, pore-confined
in situ pairing.
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2.2.2.3 Adjacency-preserving carbonization. Adjacency-preser-
ving carbonization of N- or N/P-rich COFs/2D covalent poly-
mers into N-doped carbons offers a template-driven route to
DACs. The polymer lattice pre-writes nearest-neighbor relation-
ships between metal precursors, and low-mobility pyrolysis
transcribes this lattice-encoded pairing into conductive carbon
and fixes dual-atom motifs while minimizing migration and
elemental loss. A representative core-shell implementation
was reported by Liu et al.:*® a COFs shell is grown on a ZIF-8
core (COFs@MOFs), followed by programmed carbonization to
yield a heteroatom-rich hollow carbon; mild post-loading of Co
phthalocyanine then secures adjacent ZnN, and CoN4O sites
on the same scaffold (Fig. 4c, top). The procedure exploits the
COFs shell to suppress metal migration and elemental loss,
while the MOFs core preserves architecture and porosity. In a
complementary one-pot variant, Miao et al.’® pre-install N/P
coordination pockets in a COFs, introduce Fe, and rely on car-
bonization-induced rearrangement to generate Fe,NsP binuc-
lear centers, exemplifying a template-guided, low-migration fix-
ation of paired sites. As a compatible two-step alternative
using covalent triazine frameworks precursors, Co is first
embedded and pyrolyzed to form Co-N-C, after which Fe is
introduced and a second pyrolysis affords neighboring Fe/Co
sites,”! again relying on adjacency-preserving carbonization to
lock in proximal sites. In parallel, a conceptually consistent
precursor-dilution polymer to N-C strategy’> sets the average
intersite statistics before carbonization by co-polymerizing
metallotetraphenylporphyrins with metal-free tetraphenylpor-
phyrin diluent and then pyrolyzing to N-doped carbon: the
dilution ratio governs metal loading/dispersion such that
atomically dispersed sites are obtained across 24 different
metals, whereas removing the diluent leads to Pt nanoparticles
under otherwise identical conditions (Fig. 4c, bottom). Across
these routes, tuning the levers above preserves lattice-encoded
adjacency, raises site density, and stabilizes the desired coordi-
nation environments through adjacency-preserving
carbonization.

2.2.3 Other ordered supports. Beyond framework hosts
(MOFs and COFs), ordered inorganic substrates can likewise
write diatomic or neighboring single atom geometries directly
at interfaces or hard surfaces and inherit them with high fide-
lity under mild reduction or carbonization. The operating prin-
ciple is to use a hard ruler such as lattice periodicity, surface
terraces, and pore necks to predefine nearest neighbor
spacing; apply a soft ink such as N rich organic overlayers or
gentle ligands to enforce sequential metalation and low mobi-
lity activation; and thus lock two metals in subnanometer
proximity without coalescence rather than relying on high
loading statistics.

2.2.3.1 Oxide substrates. Leveraging the lattice and terrace
periodicity of oxides to define metal-metal spacing, and using
N-rich overlayers or mild activation to control metalation and
diffusion, oxide supports bring two metals into close proximity
and then immobilize them under low-mobility conditions. Yan
and co-workers'® formalized an “interfacial-fixing” workflow
that coats the oxide with polydopamine, sequentially adsorbs
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two metal precursors, pre-cures, pyrolyzes in N,/NHj, and
finally selectively etches the oxide, thereby writing preset
nearest-neighbor distances for homo- or heteronuclear M-N,
pairs (M = Fe, Cu, Co, Ni, Zn, Mn) directly into the N-doped
carbon shell; in Fe exemplars the fraction of neighboring Fe
sites exceeded 95%, and the strategy is explicitly generalizable
across metals (Fig. 5a). Building on the same logic with a
specific oxide, Gu et al.”® anchored adjacent single-atom Fe on
MnO, via polydopamine coating/metal uptake and demon-
strated that MnO,-hosted Fe dimers arise and operate under
oxidation conditions, indicating that proximity is encoded at
the interface rather than achieved statistically at high loadings.
In a lattice-encoded variant of the same principle, Liu et al.”*
used a self-limited cation-exchange on hexagonal SrMnOj; fol-
lowed by a mild 400 °C anneal to embed Ir into Mn sites and
generate in-lattice Ir-Mn dual-atom units (Fig. 5b, Ir-Mn =
2.41 A). Beyond dense oxides, ordered aluminosilicate zeolites
provide well-defined crystalline micropores, where a hierarchi-
cal ultra-stable Y-type aluminosilicate zeolite with bimodal
micro/mesoporosity is used as the scaffold and 2-methyl-
imidazolate serves as an in-pore bridging ligand, Chen et al.”®
modularly assembled Cu-M dual-atom sites (M = Co, Ni, Zn)
without carbonization; EXAFS resolved two crystallographic
metal sites about 5.8 A apart with only first-shell M-N/O
scattering.

On the model Fe;0,(001) surface, Meier and colleagues”®
patterned sub-nanometer Pt, neighbors at ultralow dose and
mild activation, showing that metastable dimers facilitate
lattice-oxygen extraction in CO oxidation and that terrace
periodicity can act as a geometric stencil without driving
agglomeration. Complementarily, Wang et al.”” mapped the
CO-induced dimer-decay window on a model single-atom plat-
form, underscoring that coverage/temperature/atmosphere
must be co-tuned to preserve neighboring yet non-metal-
metal-bonded geometries; CO can drive sintering to stable
Pt,(CO), species that only split upon heating, and diffusion
barriers of carbonyl intermediates can outcompete reaction
barriers—practical guidance for retaining adjacency without
coalescence under reactive gases.

2.2.3.2 Carbon-based ordered supports. Relative to oxide/
framework hosts, carbon-based ordered supports also make
diatomic/neighboring single-atom sites a programmable syn-
thesis problem. At one end, polymeric carbon nitride enables
geminal pre-assembly: Hai et al.”® positioned two Cu atoms in
adjacent N, pockets and, under mild activation, allowed the
pair to approach and separate reversibly during turnover
(forming/cleaving a Cu-Cu bond). In this scheme, adjacency is
written directly by pocket geometry and maintained without
permanent M-M bonding, providing a clean, carbon-based
semiconductor window for reversible proximity. In parallel,
Z. Chen et al.”® established sequence-locked pairing on frame-
work-free N-doped carbon: Fe is anchored first to make Fe-N,,
a second metal (Fig. 5¢c, Fe or Mn) is introduced second, and a
low-mobility anneal permits only short-range rearrangement,
thereby fixing adjacent Fe-Mn sites in the same pore domain.
The same Fe to M order ports to Fe-Co, Fe-Ni, and related

This journal is © The Royal Society of Chemistry 2026
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pairs by swapping the second metal while preserving orthog-
onal coordination and the thermal window. For scalable prac-
tice, Li and co-workers®® coupled mechanochemistry with
single-step heat setting (Fig. 5d): ball-milling carbon black
with Pc/FePc brings molecular precursors into intimate
contact, while the Pc N, pocket captures W abraded from the
milling media; a single anneal then yields neighboring Fe-N,/
W-N, sites. This solvent-lean route generalizes to M;-N,/W-N,
families and demonstrates that polymeric carbon nitride’s
geminal, reversible adjacency and N-doped carbon’s sequence-
locked, low-migration fixation can be integrated into a coher-
ent, carbon-based playbook, turning near neighbor from a stat-
istical accident into a synthesis pathway jointly tuned by geo-
metry, sequence, and the thermal window.

2.3 Molecular engineering—multinuclear metal-organic
complex

Molecularly programmable and inheritable in the solid state,
MOCs provide deterministic blueprints for constructing
DACs.®! Through ligand-field design, MOCs predefine the
interatomic separation dy_y, primary coordination number,
and the accessible oxidation-state window, while bridging
motifs (p-O/p-S/p-X; carboxylates; halides; diphosphine/
diamine linkers, among others) pre-organize paired metal
sites at the molecular scale.*® During immobilization fol-
lowed by low-temperature, stepwise de-ligation/controlled ther-
molysis, this predefined geometric and electronic configur-
ation is transferred to N/O/S/P donor sites on the support,
locking adjacent M'/M?> motifs with prescribed dyy. In con-
trast to high-temperature, chance-encounter aggregation, the
MOCs route enables deterministic homo- or heteronuclear
pairing, tunable dy» and coordination environments, and
reproducible batch to batch synthesis, thereby advancing dia-
tomic sites from concept and serendipity to a programmable,
verifiable, and scalable materials strategy. Based on these con-
siderations, Table 1 summarizes representative MOCs precur-
sors for DACs and lists their molecular structures, highlighting
ligand frameworks and bridging groups to facilitate quick
structural comparison. Although the main body of this Review
focuses on diatomic motifs, this section also discusses
selected triatomic complexes as natural extensions of the same
blueprint chemistry; for clarity, such species are referred to as
TACs rather than DACs in the strict sense.

2.3.1 Carboxylate bridges. Based on their structural fea-
tures, MOCs for building DACs and TACs can be categorized
into four classes: carboxylate-bridged, metal carbonyl cluster
compounds, heteroatom-bridged dinuclear complexes, and
n-ligated & macrocyclic scaffolds. Carboxylate bridges exploits
the molecularly preset geometry of paddlewheels/low-nuclear
acetates and transfers it to the solid via a preset geometry to
handover sequence. A canonical example is the paddlewheel
Rh,(OAc),/MgO system, where acetate exchange and Rh-O
(surface) coordination generate adjacent Rh pair-sites that can
be steered—by atmosphere and temperature—either to persist
as paired Rh-Rh motifs or to cleave into isolated Rh atoms
(ethylene hydrogenation as a sensitive probe).®* Applying the
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same logic to Cu and Pd yields analogous outcomes:
Cu,(OAc), immobilized on N-doped carbon undergoes step-
wise deacetylation and re-coordination into Cu,-N, pairs that
promote C-C coupling in CO, electroreduction, delivering C,
products with selectivity unattainable on Cu, sites.®® Likewise,
[Pd(OAc),]; on exfoliated g-C3N, undergoes moderate deacety-
lation and in situ capture by closely spaced N sites, enabling
programmable divergence between Pd; and adjacent Pd-Pd by
tuning N-site density, ramp rate, and atmosphere strength.®®
Building directly on this “preset geometry to handover”
logic, Wei et al.®” combined acetate-type ligand stripping
with heteroatom-modulated hosts to bias pair retention:
isostructural trinuclear Fe,Zn/Fe,Co/Fe; complexes ([Fe,Zn(p;-
0)(0,C-tBu)s(H,0);]/[Fe,Co(p3-0)(0,C-tBu)s(H,0)3]/[Fes(ps-O)
(0O,C-tBu)e(H,0);3]) were first immobilized on MOF-derived gra-
phitized N-carbons; gentle thermolysis then synchronized
ligand removal with simultaneous capture by adjacent donor
pairs, suppressing aggregation and delivering Fe-Fe dual-atom
and Fej; triatomic endpoints. Similarly, Tang et al.®® used a pre-
assembled Co; complex (CozL) as the metal source, ultrafast-
printing it into graphene nanosheets followed by a short, mild
consolidation to preserve a Co;-N-C triatomic motif. Taken
together, these works position carboxylate-bridged dimers as
versatile, programmable precursors that can be directed—via
atmosphere and thermal schedule—to either dual-atom or
single-atom endpoints with reproducible control.

2.3.2 Metal carbonyl cluster compounds. Unlike carboxy-
late bridged systems that preset a geometry for handover,
metal carbonyl cluster compounds follow a preserve the core
and shed the shell logic. The cluster core retains the intrinsic
metal-metal topology, while the CO shell can be removed step-
wise at relatively low temperatures, with terminal CO ligands
dissociating before p-CO. Practically, the intact cluster is first
immobilized under anhydrous, oxygen-free conditions onto
supports rich in adjacent donor pairs/multiplets. A sub-
sequent, narrow-window decarbonylation allows surface N/O/S
sites to take over coordination before metal migration, thereby
transplanting the molecular nuclearity directly onto the solid
surface. This structure-to-process logic is validated across
systems: Fe,(CO), supported on g-C;N, is grafted intact and
then subjected to mid-temperature removal of terminal CO
(retaining p-CO until re-coordination is complete) to lock in
Fe, for alkene epoxidation;*® Tian et al.®® precisely dosed [(n’-
CsH;)Fe(CO),], undergo staged thermolysis, with site-density
and atmosphere programming tuning the number of Fe atoms
per site to match acidic ORR demands; and Ru;(CO);, sup-
ported on defect-rich and N-rich carbons can be anchored at
low temperature and mildly decarbonylated to freeze a Ru;
TACs for electrochemical sensing.”*

2.3.3 Heteroatom-bridged dinuclear complexes. In hetero-
atom-bridged dimers, the bridge itself (p-O/p-OH/p-S/p-X, or
chelating N/P donors) pre-organizes two metal centers and
then hands them off to adjacent donor pockets on a solid
during mild activation. A representative in situ p-oxo strategy
photochemically generates Ir, sites on metal-oxide supports:
two Ir from [Ir( pyalc)(H,0),(p-O)]2" cations are assembled and
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Table 1 A summary of MOCs as programmable precursors for building DACs and TACs
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Ref. Type Constitutional formula Common name Support
95 Heteroatom- R [FeN;-S-ZnN;] ZIF-8
bridged dinuclear /23
complex
P :ﬁ/ b >>N’
N_ NH s----7Zn-N
Zf 4 /( \ -
HN
N &N)/
s \\
96 n-Ligated & K\N/\ Dinuclear nickel cryptate Carbon black
macrocyclic N I: N
scaffolds g TSN
_Ni~_
N-TH TSN
e
97 n-Ligated & o Palladium(u) nitrate hydrate (anion  Acetylene black
macrocyclic B Bl replacement deposition-
scaffolds ’ \NVP*."\:“'O precipitation)
— I * 2NOy
< —N\""F“’:o\‘"v
_N/ o°
-
98 n-Ligated & - - [La,(BA)4(NO3),(phen),] Graphene oxide
macrocyclic o8t M
scaffolds i \/ SN\
99 n-Ligated & d [1,1'Bis(diphenylphosphino) ZIF-8
macrocyclic @— PPh, ferrocene]cobalt(u)
scaffolds ] N _cl (C34H,4C1,CoFeP,)
Fe /CO\CI
<hfom,
100 n—Ligatedlé'& o [Ni,(qpyzc),] CNTs
macrocyclic
scaffolds Nm P
N N—y N
Ni N4
VNN
NNy
N\
o
101 n-Ligated & — Ru]-benzene CNTs
macgrocyclic CoMyrn, R (Rl
scaffolds SN—Q;}:I-N\%H"
7 '
101 n-Ligated & - Ru]-naphthalene CNTs
mac%ocyclic L e [Rulnap
scaffolds MO RY, Ot
102 n-Ligated & YO/\QX [Ru]-m-benzene CNTs
ma;frol?fchc g ~
scaffolds C‘H"\'SN;@NQ'%H"
83 n-Ligated & it Dinucleating diamine ligand g-C3N,
macrocyclic HNHO O NH
scaffolds weCly
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103 n-Ligated & Bimetallic phthalocyanines ZIF-8
macrocyclic macromolecules (FeCoPc)
scaffolds
104 n-Ligated & CoTAPP-Ni-n-2DP —
macrocyclic
scaffolds
88 n-Ligated & Coy-L N-doped graphene
macrocyclic
scaffolds

105 n-Ligated &
macrocyclic
scaffolds

106 n-Ligated &
macrocyclic
scaffolds

107 n-Ligated &
macrocyclic
scaffolds

108 n-Ligated &
macrocyclic
scaffolds

O-bridged directly on a-Fe,O3, yielding a robust dinuclear
motif without high-temperature reconstruction.”> A comp-
lementary pre-bridged in molecules, then fix on N-C approach
starts from diphosphine-bridged Ni,(dppm),Cls;; immobiliz-
ation on N-doped carbon followed by staged ligand removal

7896 | Nanoscale, 2026, 18, 7882-7909

Fe,-COFs Hollow-structured COFs with
preorganized bimetallic
chelating sites (P-COFs)

C,N-Fe —

Co, complex Ketjen black

CoCo-BiSalphen Ketjen black

gives an atomically precise Ni, site in which the two Ni centers
share nearby N donors forming a heteroatom bridged dinuc-
lear environment on the support.”® [PdCI(n*-C5Hs)],,%**° Pt,(p-
I),(en),,”* and [IrCI(COD)],>° are prototypical halide-bridged
dimers that, upon impregnation onto exfoliated g-C;N, or
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N-doped carbons and a brief, mild activation, readily deliver
the corresponding dual-atom catalysts. Finally, a bifunctional
ligand assisted scheme uses an organic scaffold to preset the
spacing between two different metals, Fe and Zn forming
([FeN3—-S-ZnN3]), before fixing them on carbon. Tuning the
donor framework controls the heterometallic dy_y (about 3 A)
and stabilizes the bridged pair under ORR conditions.”® This
also represents one of the few approaches to heteronuclear
dual-atom catalysts that proceeds via MOCs. Taken together,
the common playbook is clear: preinstall a heteroatom bridge
at the molecular level, immobilize the dimer on a donor rich
support, and apply low temperature, stepwise ligand release so
that surface N/O/S/P donors cooperatively capture and lock the
pair, yielding durable M-(heteroatom)-M linkages or adjacent
N/O anchored dinuclear sites featuring a predefined intera-
tomic geometry.

2.3.4 m-Ligated & macrocyclic scaffolds. =n-Ligated &
macrocyclic scaffolds excel by combining large conjugation,
strong interfacial interactions, and modular tunability.
First, extended n backbones (porphyrins/phthalocyanines,
n®-arenes, Cp/Cp*, etc.) engage graphitic and N-rich sup-
ports through =n-m stacking and face-face adsorption,
enabling uniform immobilization under mild conditions
and suppressing metal migration/sintering during ligand
release to re-coordination. This helps preserve the preset
M'/M? separation and orientation as molecular geometry is
handed over to the solid. This logic is borne out by concrete
molecule/support pairs. A dinuclear nickel cryptate (a cryp-
tand-based macrocycle that chelates two Ni and pre-sets the
Ni-Ni separation) immobilized on carbon black transfers its
dimeric geometry intact after gentle de-ligation, giving adja-
cent Ni pairs.’® Palladium(u) nitrate hydrate on acetylene
black exploits the lability of nitrate/water ligands together
with n-rich carbon domains to place two Pd species side-by-
side and lock them as neighboring Pd,-C/N, sites under a
brief, mild activation.’” Sun et al.°® employed a pre-paired
binuclear La complex, [La,(BA)4(NO;),(phen),], embedded
in N-doped graphene. Ultrafast Joule heating cleaves the
dimer in situ while NH; supplies reactive nitrogen, transfer-
ring the preset La-La geometry into a stable La,-Ng site. d
[1,1'Bis(diphenylphosphino)ferrocene]cobalt(i) confined in
ZIF-8 uses a rigid ferrocene-bisphosphine bridge to main-
tain a dinuclear arrangement that is handed to the MOF
pore surface upon gentle treatment, illustrating how n-rigid,
chelating backbones preserve Fe-Co proximity in the
solid.”® A rigid multi-N bridged dimer, [Ni,(qpyzc),], sup-
ported on Carbon Nanotubes (CNTs), hard-codes the Ni-Ni
spacing within its aromatic linker; stepwise ligand removal
then cleanly re-coordinates an atomically precise Ni,—N,
site.®°

Second, these scaffolds are organically programmable: sub-
stituents, bridge lengths, donor sets (N/P/S), pore size, and
rigidity can be tuned to continuously adjust dy.\ (typically
~2.4-9.3 A), electronic structure, homo/hetero-nuclear pairing,
pocket polarity, and steric environment. In the conjugated
planar molecules, [Ru]-benzene, [Ru]-naphthalene,'”* and
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[Ru]-m-benzene'® act as planar n templates that encode Ru-
Ru spacing at the molecular stage. Changing the arene (ring
size/topology, meta substitution) presets distinct single-atomic
interdistances (6.2/7.0/9.3 A). These fragments co-adsorb on
CNTs sidewalls via n—=n stacking, and under mild ligand-release
to re-coordination the arene is removed, preserving in the
solid the Ru-Ru spacing that was programmed at the mole-
cular stage; Besides, Ma and co-workers®® used a dinucleating
diamine ligand on g-C;N, to preset metal adjacency and, after
mild activation, transfer it to adjacent M-N,; ethylenediamine,
1,6-hexanediamine, and 4,4-diaminobiphenyl set Pt-Pt spa-
cings of 2.2/4.7/>8.1 A, and the same route yielded heteronuc-
lear Pt-Au and Pt-Ni pairs with high pairing ratios; A cofacial
metallophthalocyanine dimer (FeCoPc),'®® in which an Fe-Pc
and a Co-Pc macrocycle are linked by a short N-donor bridge,
pre-sets the Fe-Co separation and orientation at the molecular
level, thereby enabling atomically precise control of the hetero-
nuclear Fe-Co site. In the CoTAPP-Ni-n-2DP polymer series,
tuning the linker length and conjugation modifies the Co-Ni
spacing and coupling while keeping the active-center identity
unchanged.’® In the same spirit, the m-conjugated Co,-L
dimer (C,4,H3,C0,N,0,Cl) on N-doped graphene uses a short
aromatic bridge with O/N donors to delimit the Co-Co dis-
tance, allowing mild schedules to lock uniform Co,-N, neigh-
bors; paired with a preassembled Cojz precursor, this system
demonstrates selectable nuclearity within the same n-ligated
design space.®®

Third, preorganized frameworks, including COFs, ladder-
polymer macrocycles, and dual-pocket macrocycles, encode
the bimetal geometry at the molecular stage and, thanks to
solution processability (coating, impregnation, confined
growth), hand it off intact to solids under mild ligand-release
to re-coordination, thereby replicating isostructural dual sites
at high density. Representative pairs illustrate the logic: in Fe,-
COFs embedded in a P-COFs host, each COFs node carries a
pair of preorganized chelating cavities held at a fixed separ-
ation by the rigid, conjugated linker. Impregnation and
removal of labile auxiliary ligands place one Fe in each cavity,
generating an array of Fe-Fe pairs with node-defined spacing,
and this occurs without backbone reconstruction under the
stated mild conditions;'®® By contrast, in C,N-Fe, the triazine-
type N arrays define periodically spaced donor pockets on the
basal plane; introducing a molecular Fe precursor and then
low-temperature de-ligation allows two neighboring pockets on
the same rim to simultaneously bind two Fe centers, fixing
them on adjacent lattice sites as Fe,-N, (correlated dual) sites
rather than isolated Fe;.'°® On the molecular dimer side, a
well-defined Co, complex on Ketjen black leverages pre-exist-
ing Co-Co proximity (multidentate N/O) so that mild de-lig-
ation lets neighboring donor pockets cooperatively “catch” an
isostructural Co,-N, site,"®” while CoCo-BiSalphen on Ketjen
black uses a planar, strongly conjugated bis-salphen macro-
cycle to lock Co-Co distance and angle, enabling high-areal-
density Co, after gentle reorganization.'*®

Taken together, strong m anchoring plus a low-temperature
de-shelling window, layered on top of broad synthetic modu-
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larity, make n-ligated and macrocyclic scaffolds a highly exten-
sible platform for the controlled, precise construction of DACs,
readily extendable, when desired, to triatomic motifs.

3. Effects of diatomic catalysts

Adjacency in DACs enables cooperative reaction pathways that
are not accessible on fully isolated sites. In this section, we
summarize these effects as three mechanism-oriented themes
(Fig. 6). First, electronic-structure regulation: tuning dy i,
nuclearity, and the ligand field retunes charge distribution,
orbital hybridization, and spin polarization. Second, synergis-
tic adsorption and activation: distance-matched two-center
geometries enable bridged binding, preorganization, and
pathway steering. Third, tandem effects: near-neighbor sites
partition early and late steps and hand off intermediates in
place, mitigating activation-release trade-offs and expanding
operating windows.

3.1 Regulating electronic structure

DACs constitute a natural testbed for electron-geometry coup-
ling.'® By tuning dy;_y, nuclearity (homo- vs. heteronuclear),
and the ligand-field strength of the anchoring environment
(donor set and covalency, coordination number/geometry, and
axial ligation), one can co-manipulate the three principal axes
of the active site’s electronic structure—charge distribution,

r__-___--_-___\

a.Regulating Electronic Structure

Charge

charge polarization & cross-
site charge transfer

Orbital

d-d coupling, local DOS
reshaping, & d—p hybridization

spin state, exchange coupling,
spin selection & magnetic
moment

View Article Online
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orbital density/symmetry, and spin state/exchange splitting—
within a single, programmable platform.'®'*® These levers are
not independent toggles but a strongly coupled system: cross-
site charge redistribution reshapes local electric and ligand
fields, thereby shifting the d-band center and inducing orbital
hybridization;*"**''° subtle orbital-level adjustments, in turn,
feed back into spin-channel occupancy and exchange coup-
ling; and spin polarization and selection rules directly govern
rate-determining steps (RDS) in multielectron reactions.'™"''?
When this triad is brought into register, key intermediates
bind just right, transition-state barriers decrease, and catalytic
performance is driven toward the Sabatier optimum.''® For
dy-m, €lectronic and magnetic coupling peak within a narrow
window (Fe-N, architectures for ORR often maximize intrinsic
Turnover Frequency (TOF) at about 0.7-0.9 nm"’); shortening
further risks direct M-M bonding or reconstruction, whereas
lengthening weakens coupling and erodes multi-center
advantages.*®'"? For nuclearity or identity, homonuclear pairs
enable symmetric two-center activation but can over-
strengthen binding and narrow operating windows, while het-
eronuclear pairs introduce level or electronegativity offsets that
moderate binding and permit role differentiation and short-
range handoff.”"**%>!1% For ligand-field strength, weak fields
under-stabilize activated states and limit charge transfer,
whereas overly strong fields over-stabilize bound states and
damp inter-site coupling. Axial or second-shell coordination
provides a practical handle to tune these effects in M-N,

I b.Synergistic Adsorption and Activation |

e o o e - —

The RDS is a true two-center transition
state involving both metals

g B T ] T Yo (i e (i = 1
| c.Tandem Effects I
|
|
: —~ I
“ w |
| : I
' I
. I
; I
|
I Adjacent-site sequential relay !
| decouples activation and release [

Fig. 6 Summary of DACs effects. (a) A-scale proximity enables three coupled levers for electronic-structure regulation: charge polarization and
cross-site transfer, d—d orbital coupling with local DOS reorganization, and spin-state tuning with exchange coupling. (b) Synergistic adsorption and
activation, where the rate-determining transition state genuinely spans both metal centers. (c) Tandem effects on adjacent sites, in which sequential
activation and product release are partitioned over different centers, mitigating the typical activation-release trade-off of single-site catalysts.
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motifs."**"'® Designing DACs therefore entails encoding a
target triplet (dyim nuclearity/identity, ligand-field strength)
into the material so that geometry, orbital matching, charge
redistribution, and spin coupling are co-registered rather than
merely coexisting.

3.1.1 Charge (polarization and cross-site transfer).
Heteronuclear diatomic sites combine offsets in work func-
tion/electronegativity with mixed coordination shells, a combi-
nation that readily drives cross-site charge transfer and gener-
ates directional local polarization fields. In the Fe-Ni arche-
type for electrochemical CO, reduction, operando spectroscopy
together with DFT indicate an electronic leveling of a redistri-
bution of charge between the two centers: Fe’s originally exces-
sive binding strength is reduced while Ni’s capability to acti-
vate intermediates increases. This rebalanced electronic struc-
ture lowers the barrier for *COOH formation and mitigates
*CO over-binding, which in turn widens the potential window
for selective CO production.’® Extending this logic to Ni-Cu
pairs, charge redistribution correlates quantitatively with
interatomic spacing through a |Ae|-dy\ relationship, where
|Ae| is the magnitude of inter-site charge transfer between the
two metal centers. Shorter separations strengthen intersite
polarization and charge transfer, promote *COOH formation,
suppress the hydrogen evolution reaction (HER), and yield
higher TOF and CO selectivity.®”> A closely related, support-
mediated charge-redistributive synergy is observed in Fe-Co
dual single-atom systems for oxygen electrocatalysis:*'” despite
the absence of direct M-M scattering (isolated Fe-N,/Co-N,),
co-doping downshifts the d-band centers and tunes adsorption
energetics; DFT and free-energy analyses further reveal a func-
tional partition, with Fe-N, favoring ORR and Co-N, favoring
OER, and reduced overpotentials compared to the single-metal
counterparts, evidencing charge-leveling type cooperation
without direct pairing. Beyond electrocatalysis, neighboring Pd
single atoms in thermocatalytic hydrodehalogenation outper-
form both isolated atoms and nanoparticles because the
second Pd center provides charge compensation and polariz-
ation stabilization along a two-center pathway—an archetypal
manifestation of charge-assisted diatomic cooperation.**

3.1.2 Orbital (d-d orbital coupling, local DOS reorganiz-
ation and d-p hybridization). Placing two metals in controlled
proximity induces d-d orbital coupling that shifts the d-band
center and reorganizes the local DOS, thereby refining inter-
mediate binding in accordance with the Sabatier principle.
This effect operates in both homo- and heteronuclear pairs.
For Fe-Fe or Fe-Ni sites, coupling narrows the bonding-anti-
bonding gap for CO adsorption, mitigating the over-binding
that limits Fe-N,type SACs.*’ In Ni-Cu pairs,”> *COOH
adsorption is primarily governed by Ni 3d-C 2p hybridization.
The adjacent Cu modifies the electronic structure of Ni by
shifting its 3d states closer to the Fermi level. This adjustment
strengthens activation without causing overbinding. As a
mechanistic analogue beyond electrocatalysis, Fe-Cu dual
single-atom pairs on ZIF-8-derived N-doped carbon exhibit
configuration-dependent ~ d-band-center  coordination:**®
nearest-neighbor Fe-Cu-Ng sites favor a bilateral adsorption
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pathway with coordinated d-band center realignment of Fe
and Cu, leading to moderated binding and lower barriers,
whereas second-neighbor Fe-Cu-Njg sites revert to one-side
adsorption with higher barriers. As a distance-programmed
analogue that lacks direct M-M bonding, correlated single-
atom Ru systems reveal a negative correlation between intersite
spacing and the Ru d-band center. Tuning the average spacing
to ~7.0 A programs long-range interactions that downshift the
Ru d-band center to an optimal position, redistribute d-orbital
occupation, and strengthen d-p coupling to adsorbates,
thereby reorienting adsorption geometries and lowering tran-
sition-state barriers."%"

3.1.3 Spin (spin state, exchange coupling, spin selection
and magnetic moment). Spin control is a core lever of elec-
tronic-structure regulation. Exchange coupling between proxi-
mate centers—ferro- or antiferromagnetic and typically decay-
ing with the inter-metal spacing—together with the ligand-
field strength of N,/N, motifs, sets spin multiplicity, exchange
splitting, and the spin-resolved DOS; this in turn dictates
which spin channels are available to adsorbates and transition
states."*"?° In practice, the local magnetic moment on the
active metal is a compact, reportable descriptor of spin polariz-
ation. Both the absolute moment and its evolution along the
reaction coordinate are informative: they track spin repopula-
tion, spin-channel matching, and barriers to spin flipping/
pairing in spin-selective steps.

On Fe-N, architectures, compressing the inter-site distance
into the sub-nanometer regime enhances cooperative effects,
tunes local moments and inter-site exchange, and thereby
modulates *OOH formation and O-O scission kinetics; experi-
ments on Fe-N-C delineate a distance window for boosted
ORR, while theory traces how spin alignment perturbs o(Fe-O)
bonding and redirects the preferred pathway.'” Heteronuclear
pairs add an extra degree of freedom: cross-site charge transfer
typically induces spin repolarization and a functional division
of labor accompanied by redistribution of magnetic moments.
For Fe-Co diatomics, operando spectroscopy and DFT support
a Janus-like behavior where Co favors the 4e™ ORR route while
Fe stabilizes *OH; computed site-resolved magnetic moments
vary along the sequence, consistent with Co-centered *OOH
handling as the rate-relevant step.'”’ Independent studies
further show that broken-symmetry Fe-Co pairs with asym-
metric spin states exhibit enhanced ORR/OER kinetics."** In a
complementary yet mechanistically milder scenario, Fe-Ni
pairs do not rely on pronounced spin repolarization; instead,
moderate spin polarization together with Fe-3d delocalization
correlates with improved bifunctional activity.'*®

Spin state can also be ligand-field-programmed by a neigh-
boring heterometal: in Fe-Mn/N-C, adjacent Mn-N moieties
stabilize intermediate-spin Fe(m) (t,g'e_g') at Fe-N, and
elevate acidic-ORR activity."** Even in Ru-containing systems,
where charge/polarization effects dominate and direct Ru-Ru
bonding is weak, spin features remain tunable. Adjusting
inter-metal distances or compositions within Fe-Co-Ni-Ru
multi-SACs landscapes reshapes the DOS and predicted
metrics; external fields can also trigger spin transitions on Ru-
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N-C single-atom motifs, enabling “lightweight spin engineer-
ing” on nominally nonmagnetic carbons.'*

3.2 Synergistic adsorption and activation

3.2.1 Terminal vs. bridging occupancy and its impli-
cations. In DACs, terminal adsorption (6_terminal, binding to
one metal center) and bridging adsorption (6_bridging,
binding across two centers) differ not only in geometry but
also in site occupancy and fractional coverage under operating
conditions. The relative population of these two states is not
fixed and can vary with applied potential, electrolyte identity,
surface coverage, and intermetal distance. As a result, DACs
surfaces may exhibit different working-state fractions during
reaction. Recent mechanistic studies further demonstrate that
varying dy_y modifies the electrochemically induced surface
coverage of M-N-C dual-atom catalysts, thereby shifting the
preferred adsorption mode under working potentials.>®**>

This distribution between terminal and bridging adsorp-
tion has important kinetic and selectivity implications. First,
bridging adsorption occupies two adjacent metal centers per
adsorbate, effectively reducing the number of independently
available active sites. Consequently, reporting apparent turn-
over frequencies per metal atom or per metal pair may lead to
different interpretations. Second, bridging configurations
enable genuine two-center transition states and reaction path-
ways that cannot arise from purely terminal binding. In con-
trast, when terminal adsorption dominates, more individual
sites remain accessible, but the reaction may proceed through
single-site-like mechanisms with different rate-determining
steps and product distributions.

3.2.2 Bridging occupancy and the distance-matching rule.
When 6_bridging becomes significant, a useful geometric
guideline is the distance-matching rule. In DACs, dy_y match-
ing is a general geometric guideline: when the dy;_n matches
the surface-projected span and orientation of the substrate or
the key transition state, the molecule anchors to both metals
simultaneously and forms a stable bidentate/bridged geome-
try. Critically, the RDS proceeds via a bona fide two-center tran-
sition state with both metals concurrently participating.

Compared with single-site binding (6_terminal), this dual-
site mode (6_bridging) confers two practical advantages. First,
kinetic facilitation with an expanded operating window: dual
anchoring preorganizes the transition state, cutting confor-
mational search and entropic cost from adsorption to acti-
vation, while two moderate contacts avoid the “too-tight”
binding typical of a single site; as a result, apparent barriers
drop and high turnover can be maintained across a broader
potential/temperature range. This behavior is repeatedly
observed in ORR, where adjacent Fe-N,-Fe-N, or Pt-Pt sites
display activity peaks within a sub-nanometer to near-nano-
meter window consistent with dual-site O,/*OOH anchoring
and O-O elongation; array-based distance tuning on carbon
supports yields a clear volcano trend.'”***3 For COOH nuclea-
tion on Ni-Cu pairs, the rate-determining transition state is
two-center: the nascent carboxyl headgroup adopts a bridged/
bidentate geometry in which Ni and Cu concurrently coordi-
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nate/polarize distinct lobes (C- and O-ends) of the intermedi-
ate, yielding a single saddle point that does not exist on single-
site models and a lower Gibbs free energy of activation than
either Ni-N, or Cu-N,.**® Likewise, Fe-Fe and Fe-Ni pairs at
commensurate spacings stabilize bridged *COOH via a two-
center transition state.>>*®°" However, the mere presence of
adjacent metal centers does not guarantee efficient dual-site
coupling. For example, detailed analyses of CO, reduction on
DACs reveal that C-C coupling remains kinetically challenging
when adsorption energetics and surface coverage are not opti-
mally tuned, even on dual-atom configurations.*’

Second, pathway steering and selectivity enhancement: a
well-posed bridged geometry biases the reaction toward the
desired channel and suppresses side routes. On Mo,C-sup-
ported quasi-paired Pt, only specific Pt-Pt separations stabilize
bridged *OOH and promote clean O-O scission, preserving
durable 4e” ORR instead of the 2e” peroxide path.®®> A
tunable Ru-Ru system offers mechanism-level proof: at about
6.2 A average spacing, uric acid undergoes bona fide dual-site
co-adsorption and the electro-oxidation switches from a con-
ventional two-electron route to a three-electron pathway, with
concomitant gains in sensitivity and intrinsic activity; expand-
ing the spacing to 7.0-9.3 A reverts adsorption to a single site
and restores the two-electron route.'®® In thermocatalytic
hydrodehalogenation, neighboring Pd single atoms outper-
form isolated atoms and nanoparticles only at separations that
permit a genuine two-center geometry, where one site cleaves
the C-X bond while the partner directionally stabilizes the
leaving group.*!

The geometric design principles discussed above
implicitly assume that diatomic motifs remain structurally
intact under reaction conditions. However, recent operando
XAFS studies reveal that this assumption does not universally
hold. In heteronuclear Cu-Ni systems,'>® asymmetric atomic
pairs undergo potential-dependent in-plane reconstruction
during CO, electroreduction, progressively evolving into Cu-
rich Cu,-Ni atomic clusters (x = 3-7), accompanied by Cu
valence reduction and increased Cu-Cu coordination
numbers. Such findings demonstrate that dy-y is not
necessarily a static descriptor but may itself be a potential-
dependent variable. Consequently, distance-matching rules
and dual-site transition-state models must be interpreted
within the stability window of the diatomic motif under
working conditions.

Taken together, these examples show that the dy;_\ is a key
structural parameter in DACs design. By tuning this distance
to match the size and geometry of the relevant transition state,
the catalyst can better stabilize reactive intermediates and
guide the reaction along a desired pathway. In practice, delib-
erately engineering the appropriate intersite spacing provides
a concrete strategy to improve activity, enhance selectivity, and
maintain structural stability under operating conditions.

3.3 Tandem effects

Tandem effects in DACs emphasize temporal partitioning
and in-place handoff: two adjacent atoms are each optimal
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for different steps in the sequence, enabling sub-nanometer
neighboring-site transfer or spillover of intermediates. This
short-range relay circumvents the intrinsic single-site trade-
off between activation and release. The canonical case is
CO,to-CO electroreduction on Fe-Ni pairs:*® Fe forms
*COOH at low overpotential, a fast start, whereas adjacent Ni
binds *CO more weakly and promotes desorption, a clean
finish. Their proximity enables in situ transfer of the carboxyl
intermediate to an adsorbed CO intermediate without long-
range diffusion, leading to higher CO partial current density
and higher CO faradaic efficiency over a broad potential
window; by contrast, physical mixtures or widely separated
Fe + Ni fail to reproduce this -current-selectivity
synergy.'?”"*® Ni-Cu pairs show the same logic: Ni acceler-
ates *COOH nucleation, while neighboring Cu facilitates *CO
release and concurrently suppresses HER, preserving CO
selectivity even at high current densities.®” A similar early
activation and late release division extends to Fe-Cu and Fe-
Co combinations."""* In thermocatalytic hydrodehalogena-
tion, adjacent Pd single atoms realize a relay from C-X clea-
vage at one site to halide capture/transfer at the other, out-
performing both isolated atoms and nanoparticles in turn-
over and selectivity.’® In aerobic ammoxidation under
ambient conditions, low-coordinated Co-Ru dual atoms
enact temporal partitioning with in-place handoff:'** CoNj
activates O, to O, /OOH*, then the oxidizing equivalent
relays over A-scale proximity to RuN; that binds the imine.
This genuine tandem relay slashes the N-H/C-H barriers,
outperforming single-atom controls and post-loaded
mixtures.

A closely related, photochemical manifestation of this
tandem principle appears in vacancy-rich MOFs bearing Cu-Ti
dual-metal pairs:"*' The Ti node acts as the primary photoab-
sorber and CO,-activation center, while the neighboring Cu
single atom directs the downstream hydrogenation and the
C-C coupling from *CHO to *CHOCO. Ultrafast charge transfer
from Ti to Cu (~3 ps), together with light-induced
structural self-regulation, turns an otherwise unfavorable coup-
ling into a spontaneous, high-selectivity pathway to C, pro-
ducts. Likewise in photocatalytic nitrate-to-ammonia conver-
sion, Ag-Cu dual single atoms on g-C;N, embody a spatially
decoupled tandem relay:***> Cu; binds and activates NO; ™, the
NO and NOH intermediates migrate to a nearby Ag; site that is
inert to hydrogen evolution yet effective for deep hydrogen-
ation, yielding 98% NHj; selectivity at 630.5 pmol g~' h™;
single-atom analogues and physical mixtures do not reproduce
this, and DFT identifies an optimal Ag-Cu spacing tested at
3.03, 7.19 and 12.09 A with a minimum barrier near 0.122 eV
and a 1:1 Ag:Cu ratio. In line with this, Ni-Zn dual atoms
anchored on polymeric carbon nitride rely on sub-nanometer
proximity to partition roles:'*® electrons at Zn drive the two-
electron ORR via *OOH to H,0,, while holes at Ni promote the
two-electron Water Oxidation Reaction (WOR) via *OH.
Working within one near-neighbor domain, these paired half-
reactions raise H,O, productivity and stability over separated
single-atom controls.

This journal is © The Royal Society of Chemistry 2026
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Overall, tandem effects furnish diatomic catalysts with a
third design pathway distinct from single-site optimization:
instead of forcing a single center to perform all tasks along the
reaction coordinate, sub-nanometer proximity and functional
partitioning allocate different reaction stages to neighboring
metal atoms. By encoding appropriate dy;_y and site topology
in the geometry, introducing cross-site cooperativity at the
electronic-structure level, and ensuring a smooth local relay of
intermediates in the kinetics, tandem diatomic motifs achieve
a more balanced compromise between activation and release,
and between activity and selectivity.

4. Machine learning for DACs

Machine learning (ML) is increasingly adopted in DACs
research to address two persistent challenges: DACs synthesis
spans a coupled and high-dimensional parameter space that
includes metal identity, intersite distance, local symmetry, and
support coordination. This complexity makes it difficult to dis-
entangle individual variables or establish predictive structure-
synthesis relationships.”**'*> and characterization still
struggles to jointly capture geometry, electronic structure, and
the true working-state population of DACs motifs.'??%13¢
Against this backdrop, ML contributes in two tightly connected
ways.

First, atomic-scale metrology from microscopy needs to be
objective,  scalable, and reproducible. In practice,
HAADF-STEM images are frequently noisy and drift-affected,
with limited fields of view, which makes manual adjacency
identification slow, subjective, and difficult to compare across
samples and studies."®” Recent advances in deep-learning-
assisted microscopy analysis enable automated denoising and
atom localization at atomic resolution,"*®*"** thereby reducing
operator bias and improving reproducibility. ML-based
workflows can further standardize this process by
constructing atomic neighbor graphs to extract comparable
structural descriptors—such as single-atom density (p,), candi-
date pair density (p,), the dy\ distribution, orientation stat-
istics, and pair purity—using graph-based structural
representations.'*”'*' This transformation converts images
from illustrative snapshots into quantitative evidence that can
be aggregated and contrasted across batches and operating
conditions.

Second, DACs design and selection are inherently combina-
torial, spanning metal pairing, coordination environment,
support chemistry, inter-site spacing, spin/charge state, cover-
age, and operating window."** Exhaustive DFT or experimental
trial-and-error cannot efficiently cover this space.'*® Data-
driven surrogate models with chemically interpretable descrip-
tors,"*® coupled with active-learning loops,'*® can prioritize
candidates, predict key properties, and propose the next calcu-
lations or experiments under quantified uncertainty.'**
Accordingly, this section proceeds in two parts: ML for atomic-
scale image-based metrology, followed by ML for DACs screen-
ing and design (Table 2).
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4.1 Machine learning for atomic-scale image recognition
(SACs/DACs)

In SACs and DACs research, identifying atomic coordinates
does not by itself confirm true pairing. Distinguishing corre-
lated dual-atom motifs from incidental proximity requires
quantitative adjacency metrics and temporal validation. ML
formalizes this decision process through neighbor-graph ana-
lysis and pair classification, generating reproducible descrip-
tors (p1, p2, dv-m distributions, orientation statistics) together
with uncertainty estimates. This structured approach enables
reliable comparison across synthesis strategies and strength-
ens structure-activity interpretation.

First, geometry- and statistics-driven models established
the metrological baseline for seeing atoms and pinning them
down. De Backer and co-workers'*> developed StatSTEM, a
model-based least-squares framework that simultaneously esti-
mates atomic-column positions and intensities across whole
HAADF-STEM frames while explicitly accounting for overlap
between neighboring columns, thereby retaining high pre-
cision even at low dose. The framework was released as an
open-source software package under the same name. They
further showed that when inter-column spacings drop below
~2 A, neglecting overlap leads to substantial errors, whereas
Gaussian-volume treatments remain robust over the full range,
directly impacting the reliability of any downstream pair
quantification. Complementing this, Nord et al.**® introduced
Atomap, which automates 2D-Gaussian fitting for atomic-
column localization and delivers an integrated workflow, from
initialization and refinement through distance measurement
and shape analysis to uncertainty evaluation, thereby standar-
dizing strain and structural-distortion quantification.

Building on that foundation, deep learning shifted reco-
gnition, classification and counting from rule-based engineering
to data-driven inference. Ziatdinov and colleagues™*® proposed a
weakly supervised FCN that identifies lattice atoms and multiple
defect classes, converts softmax maps via Laplacian of Gaussian
peak picking and NetworkX graph construction into structure—
defect graphs, and thus enables chemical/species identification
and time-sequence tracking of dopants/defects, scaling up the
human-like reading of atomically resolved STEM. They also laid
out network architecture and training details such as encoder—
decoder heads, augmentation, and noise/blur perturbations that
have since become a reusable template. Lin, Xin and co-
workers'*” then built TEMImageNet and released AtomSegNet,
delivering an end-to-end U-Net-style pipeline for precise atom
segmentation/localization together with denoising and deblur-
ring, making batch, cross-material atom-level annotation and
inference practical. For fast/low-dose scenarios, Eliasson &
Erni'*® assembled a two-U-Net “localize + classify” pipeline that
achieves sub-pixel localization and species labeling of Pt/CeO,
interfacial columns in 5-fps in situ series, revealing sub-second,
site-specific migration pathways and underscoring ML’s neces-
sity for noise-dominated, fast-scan STEM. From a complemen-
tary angle, Hofer and co-authors'*® maximized correlation
between experiment and simulation using fast convolutional
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approximations and multi-parameter optimization, jointly
tuning aberrations, source size, and atomic scattering, and then
used intensity clustering for chemical discrimination, highlight-
ing the power of model-data co-optimization for species
assignment.

Because image quality caps recognition performance,
single-shot restoration has become a first-class module.
Lobato and colleagues'*® combined CNNs with physics-aware
losses such as relativistic average GAN terms together with
pixel-wise L1/L2 and multi-local whitening transforms to
markedly improve contrast and detail in single-exposure EM
images, clearing a key obstacle to reliable low-dose localization
and chemistry.

Transferring these capabilities to catalytic SAC/DACs
systems, the field is converging on automated image-to-
metrics workflows. Mitchell et al."®" deployed automated ana-
lysis for single-atom detection and counting in -catalytic
materials, systematizing data-driven TEM needs and explicitly
linking to resources such as TEMImageNet/AtomSegNet and
unsupervised defect detection—signposting a trajectory toward
automation, scale, and traceability. In a broader 2D-materials
setting, Smalley et al.’>* used an ensemble of U-Net models to
extract coordinates, counts, densities, and spatial descriptors
for atomic-scale defects in 2H-WSe,, amassing about 1.6 x 10*
detections; the work showcases machine learning’s efficiency
and reproducibility for low-density defects, large-area statistics,
and rapid quality control, exactly the style of metrology SACs/
DACs studies require for pair distributions and proximity
metrics.

Together, model-based fitting (StatSTEM, Atomap), deep
pipelines (weak-supervision, TEMImageNet/AtomSegNet, two-
U-Net fast scans), and single-shot restoration now form an
auditable image-to-pair workflow that converts atomically
resolved EM into DACs-relevant metrics (p1, pa, dv-m distri-
bution, orientations, dynamics). The main gaps are: (i)
domain shift and benchmarking—methods still lean on syn-
thetic data and lack DACs-specific, cross-microscope bench-
marks for pair detection/purity and proximity statistics; (ii)
chemistry assignment under annular dark-field alone—species
labeling remains fragile without physics-aware fitting and
multimodal fusion (electron energy-loss spectroscopy/energy-
dispersive X-ray spectroscopy) and often breaks for low-Z or
mixed thickness; (iii) projection/overlap limits—sub-2 A
columns, tilt, and thickness create 3D ambiguities and occlu-
sions that bias pair counts and (iv) Uncertainty Quantification
and reporting standards—few studies propagate calibrated
uncertainties to final DACs descriptors or report confidence-
bound versions of pi/p,/dv distribution; addressing these
with shared datasets, physics-aware networks, uncertainty-first
metrics, and multimodal co-registration will turn “seeing
pairs” into reproducible, comparable evidence across all DACs
synthesis routes.

4.2 Machine learning for DACs screening and design

Given the vast DACs design space (metal pairing M'/M?,
coordination and support, coverage and spin, operating
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environment), a coherent playbook has crystallized. First,
physics-grounded and interpretable descriptors compress the
space into a navigable map. As an ORR exemplar within a pre-
cious-metal subspace, Jia and Yang'>® built AG*OH-centric
scaling and a volcano on PtM@CgNg, showing an optimum
near ~0.98 eV and locating seven near-apex pairs (PtZr, PtRh,
PtCd, PtCu, PtIr, PtAg, PtHf); PtIr@CeN¢ lies closest to the
peak with the smallest overpotential. They further enumerated
a reusable feature set that mixes thermodynamic terms, Bader
charge on Pt, electronegativity, and key bond lengths d(Pt-M),
d(Pt-04/0,), d(M-0,/0,), and d(O-OH). These descriptors are
ready-made inputs for supervised surrogates and can seed
acquisition functions in active-learning loops. Complementing
this descriptor-first view, Li et al.>* proposed an ‘active center
inheritance’ strategy that ports high-performing SACs motifs
(M-N,) into atomically dispersed bimetallic sites, screened
13 500 DACs geometries, identified 17 bifunctional OER/ORR
candidates, and distilled a four-feature unified descriptor ¢
that reliably correlates AGOH/AGO/AGOOH, thereby shrinking
the search while preserving interpretability.

Second, surrogate models trained on DFT labels deliver
high-throughput predictions. Lin et al.'® introduced the inter-
pretable ARSC framework (Atomic, Reactant, Synergy, and
Coordination) with physics-guided feature engineering and
sparsification, disentangling how Atomic, Reactant, Synergy,
and Coordination factors shape the d-band to cover ORR/OER/
CO,RR/NRR while reducing brute-force DFT demand.

Third, when labels are sparse or expensive, active learning
steers new calculations to the most informative points. Liu
et al.™® converted compression into an actionable design
chart by mapping ORR onto a two-descriptor landscape (dy-m
and site magnetic moment), then realized a Co-N-Mn site and
validated device metrics. Tamtaji et al.'®” extended this idea
across supports by screening M;M,Ng on N-graphene and
tying predictions to zinc-air performance. On the thermal side,
Wang et al.™® trained gradient-boosting regressors over geo-
metric/electronic descriptors for >400 DACs on y-Al,05(100),
scaled to about 300 more, and converged on CuFe, CuCo, and
CoZn before full kinetic checks.

Finally, when geometries are intricate and strongly coupled,
graph neural networks enable end-to-end structure-to-property
learning. For CO, to HCOOH, Wu et al.**® coupled DFT with a
feed-forward network over 406 M;M,@N-graphene candidates
to cut screening time by roughly two-thirds and elevate Co-Co
and Ir-Fe. Ding et al.'®® wrapped CO,RR discovery in an active-
learning loop that reached about 70% hits for formate selecti-
vity within three rounds. At the GNN frontier, Boonpalit
et al.*®" prescreened 435 HER structures on Ng-graphene and
closed the loop with DFT rationalization of cooperative
H-binding; Pandiyan and Chen'®* ported a similar workflow to
NRR on biphenylene.

Overall, these studies sketch early prototypes of how
machine learning can assist DACs design rather than a fully
established workflow. Physics-guided descriptors compress the
design space, surrogate models and active learning pick out
promising metal pairs and environments, and graph-based
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models handle the more complex geometries. In this role, ML
does not replace DFT or experiments, but helps focus them on
the most informative candidates and extract simple, transfer-
able design rules from the resulting data. At present, however,
most demonstrations remain at the level of DFT-labeled data-
sets and supervised or active-learning surrogates with task-
specific, relatively small training sets; genuinely closed-loop
“screen-synthesize-test-redesign” pipelines are still limited to
proof-of-concept studies.

5. Conclusions and perspectives

DACs are not defined by which metals they contain, but by
how far apart those atoms are and how the surrounding
coordination field shapes their communication. Seen through
this lens, distance-programmed adjacency turns “two atoms”
from a curiosity into a tunable variable that couples geometry
to electronic behavior across scales. On the build side, the tra-
jectory has shifted from probability to programmability: site-
density engineering bias encounters; ordered coordination
networks pre-write A-level spacing and preserve it through con-
version; and multinuclear molecular blueprints deliver deter-
ministic dyn and ligand fields into solids. On the effect side,
three levers act in concert: cross-site charge leveling and local
polarization rebalance binding, orbital coupling and d-p
hybridization reorganize the DOS, and exchange interactions
tune spin textures; at intermediate separations these ingredi-
ents unlock bridged adsorption and true tandem relays that
isolated sites cannot support. Finally, turning proximity into
practice demands auditable metrics and integrable engineer-
ing. Quantitative pair descriptors align structure claims with
evidence; data-efficient, physics-guided models connect these
descriptors to activity, selectivity, and durability; and coupling
to scalable micro/nanofabrication translates atomically precise
motifs into reproducible device platforms. Taken together,
DAGCs shift heterogeneous catalysis toward geometry-electronic
co-engineering: adjacency is written, measured, and utilized,
allowing catalytic function to be programmed with the same
intent currently applied to composition and support
chemistry.

Looking ahead, several directions deserve focused attention
from a quantify-design-integrate roadmap: (1) Quantitative
pair distributions and a data-driven loop: On top of
HAADF-STEM two-dimensional projections, adopt multi-tilt
stereometry and three-dimensional reconstruction and formal-
ize a pipeline comprising image restoration, atomic localiz-
ation and identification, adjacency-graph construction, and
pair annotation; report p; and p,, the dy.\ distribution, and
orientation distributions together with confidence intervals
and full uncertainty propagation for coordinates, classes, and
pairing decisions so that adjacency becomes auditable three-
dimensional metrology. (2) Charge-spin-local-field coupled
design: establish a coupled charge, spin, and local field design
framework that moves beyond d band tuning by coordinating
second shell or axial ligation, heteronuclear coupling, and
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external electric, magnetic, or strain fields; quantify and
model the causal links between spin repolarization, exchange
coupling, and multielectron selectivity, and feed the outcomes
back into ligand field choices, elemental pairings, and operat-
ing conditions. (3) Al-driven and dynamic ensemble design for
DACs: future ML frameworks for DACs should extend beyond
static descriptors to incorporate time-dependent site occu-
pation and stability under electrochemical bias. Constant-
potential ab initio molecular dynamics and electrochemical
interface modeling have demonstrated the feasibility of
describing potential-dependent surface states and adsorbate
distributions,'®*'®* while microkinetic and kinetic Monte
Carlo approaches provide established tools for resolving popu-
lation-weighted  catalytic rates and dynamic site
occupation.'®>'°® However, current ML-driven catalyst screen-
ing remains largely centered on equilibrium descriptors and
static structural representations, and systematic integration of
dynamic ensemble simulations with surrogate ML models
remains limited in DACs systems. Coupling time-dependent
simulations with uncertainty-aware ML frameworks could
therefore enable prediction of operational stability windows
and catalytic response beyond equilibrium assumptions. (4)
Deterministic synthesis of heteronuclear DACs: Achieving M'/
M? sites with preset metal identity and spacing is still difficult
and costly, and many systems revert to statistical distributions.
New, milder and more selective pairing strategies are needed
to make heteronuclear DACs a general, scalable approach. (5)
Coupling with integrated-circuit-style micro/nanofabrication:
Couple DACs with integrated circuit-style micro and nanofab-
rication to convert atomically precise construction into a
wafer-level, replicable device platform. Program on-chip dyim
and coordination environments with generic patterning and
conformal deposition, backed by wafer-level metrology and
clear release criteria. This integration enables arrayed architec-
tures and scalable deployment across electrochemical conver-
sion, gas sensing, and microreactor applications.

Overall, DACs research is beginning to move beyond a
purely discovery-driven stage toward more predictive, engineer-
ing-oriented workflows, although this transition is still at an
early, proof-of-concept phase. When spatial precision meets
electronic intent, and when experiment, computation, and
artificial intelligence converge within unified metrics, the
long-standing “two-atom problem” will evolve into a general
paradigm for constructing multiscale catalytic networks—
rational, programmable, and integrable.
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