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Abstract Sections

Heterogeneous single-cluster catalysts (SCCs) comprising atomically Introduction

precise and isolated metal clusters stabilized on appropriately chosen SCC synthesis

supports offer exciting prospects for enabling novel chemical reactions Structure-property-reactivity
owing to their broad structural diversity with unparalled opportunities | relations of SCCs

for engineering their properties. Although the pioneering work Reactivity discovery
revealf:d intriguing performanc.e trends of 51.ze-selected mete.ﬂ clusters Opportunities and challonges
deposited onsupports, synthetic and analytical challenges hindereda | ahead

thorough understanding of surface chemistry under realistic conditions.
This Review underscores the importance of considering the cluster
environment in SCCs, encompassing the development of robust
metal-supportinteractions, precise control over the ligand sphere,

the influence of reaction media and dynamic behaviour, to uncover new
reactivities. Through examples, we illustrate the criticality of tailoring
the entire catalytic ensemble in SCCs to achieve stable and selective
performance with practically relevant metal coverages. This expansion
inapplication scope transcends from model reactions to complex and
technically relevant reactions. Furthermore, we provide a perspective
onthe opportunities and future directions for SCC design within this

rapidly evolving field.
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Introduction

Heterogeneous catalysis often relies on metal-containing catalytic
active centresto facilitate chemical reactions. Over the years, research-
ers have developed various strategies to understand the factors
influencing catalytic performance in different chemical reactions' .
Efficient catalysts require optimized geometric and electronic struc-
tures of the active sites that enable easy adsorption or dissociation
ofreactants, optimized binding of intermediates and fast desorption of
desired products®”. To engineer these properties, one key strategy
is to design nanostructured materials containing active ensembles
with well-defined atomic architectures and customized properties
by controlling the composition and arrangement of metal atoms and
the interaction with the support and other ligands or promoters'®"2

The concept of catalysis with precise numbers of atoms emerged
in the 1990s — driven by the desire to explore the unique properties
and reactivity of metal clusters at the nanoscale®2°. Early studies used
mass selection techniques to precisely control cluster sizes in the gas
phase. Softlanding approaches were subsequently used to deposit the
gaseous ions onto surfaces with controlled kinetic energy in an effort
to preserve their structures”. These studies, which have been com-
prehensively reviewed™">*°, had a crucial role in laying the foundation
for scientific developments and advancing the field. However, despite
considerable progress, limitationsin both synthesis and analysis posed
challenges to fully understanding these systems. Synthetically, the
production of clusters was constrained to small quantities, and their
poor stability onsupports posed challenges for establishing their sur-
face chemistry. Analytically, insufficient resolution and detection
limits hindered the verification of cluster size, atomic geometries and
uniformity on supports.

Asthefield has advanced, emerging strategies have brought fresh
perspectives to the design of supported cluster catalysts, offering
exciting opportunities for applications in sustainable chemistry. These
materials, coined as single-cluster catalysts (SCCs)*?, consist of atomi-
cally precise and isolated metal clusters — typically ranging from 2 to
20 atoms in size (less than ~1 nmin diameter) — supported on suitable
matrices” >’ (Fig.1). SCCs occupy amiddle ground between heteroge-
neoussingle-atom catalysts (SACs) and traditional metal nanoparticle
catalysts (MNCs) that often have a size range but without a precise num-
ber of atoms**~*°, At least, three subcategories of SCCs exist depending
on the composition of their catalytic ensembles: homoatomic metal
clusters containing a single type of metal and support; heteroatomic
metal clusters with multiple metal types; and metal complex-like clus-
ters withnon-metalatoms aslinkers or ligands (Fig. 1b). Akey develop-
mentin SCCdesignis the shiftin focus fromsolely considering the size
and composition of metal clusters to a more holistic embracement
oftheir local environments. This encompasses the entire ensemble of
the cluster, support, potential ligands and the reactive medium, whichis
recognized as key for unlocking novel reactivity pathways®*°. Although
earlier studies recognized the influence of support interactions on
cluster properties and reactivity, the nature of the chemical inter-
actions remained elusive. Consequently, there has been a growing
emphasis on establishing strong bonds between the metal clusters
and support materials, such as heteroatom-doped carbons, defective
metal oxides and other metals (analogous to single-atom alloys, also
named single-cluster alloys). Similarly, theimpact of ligands on cluster
catalysis — previously more or less overlooked — has gained recognition.

Advancesinsynthetic approaches and a heightened emphasis on
carrier engineering have facilitated the preparation of stable SCCs with
high coverages through practical methods such as wet chemical routes

and pyrolysis®. In this context, dual-atom catalysts — an extension of
SACs, inwhichtwo adjacent metal atoms in sub-nanometre proximity
cooperate — have emerged as a subject of intensive study and can be
considered as the simplest form of SCCs* . The improved stability
and higher metal contents of SCCs have broadened their scope of
applications beyond simple model reactions (such as CO oxidation,
water-gas shift, CH, oxidation and propylene epoxidation) to tackle
more complex chemistries, demonstrating promising performance
in thermochemical® % and electrochemical reactions®®”. The utiliza-
tion of advanced analytical tools has had a crucial role in deepening
our understanding of SCCs, particularly in terms of their structures
and dynamic behaviour. Furthermore, rapid advances in the field of
SACs have changed the focus in SCC design towards bridging the gap
between SACs and MNCs.

With theaim of driving further advancesin SCC design, this Review
examines the current understanding of their structures and reactivity
patterns. It delves into strategies for manipulating the geometry and
electronic properties of active ensembles, including aspects such as
adsorption site arrangement and accessibility, frontier orbital energy
levels, spin states, ligand field splitting and electrochemical properties.
ThisReview illustrates the promisingreactivity of SCCsin thermocata-
lytic, electrocatalytic and photocatalytic applications highlighting the
relationship between cluster environments and their performance.
Additionally, we explore innovative approaches such as bio-inspired
design, artificial intelligence techniques and structural dynamics
to uncover new reactivity in SCCs and propel the development of
advanced catalytic technologies. The future prospects of SCCs are
discussed, including opportunities and challenges in the synthesis,
characterization and applications.

SCC synthesis

Inthe sub-nanometre regime, in which metal clusters typically consist
ofless than 20 atoms, the chemical identity and position of each atom
can substantially impact the electronic and catalytic properties®®>"®.
The pronounced influence of surface effects, coupled with the con-
finement of electrons into discrete energy levels with varying band-
gaps, amplifies their sensitivity. Precise atomic control over the size,
arrangement and composition of sub-nanometre clusters is therefore
crucial for tuning the activity, selectivity and stability of the clusters
indifferent catalytic applications. Although considerable efforts have
been devoted to developing strategies for synthesizing SCCs with
well-defined atomic composition and structures’®', achieving such
control has proven challenging, particularly with physical methods,
such as gas-phase condensation or vapour deposition, ion implan-
tation or laser ablation used in early works'***%*, These techniques
faced limitations in controlling the size and shape distribution of the
supported clusters, as well as restrictions in obtaining high coverages,
and scalability. There hasbeenanincreasing recognition regarding the
importance of engineering robust interactions among metal precur-
sors, clusters and support materials. This newfound understanding has
enabled the development of more stable SCCs with higher metal cluster
coverages through practical routes, for example, viawet chemical syn-
theses or pyrolysis. The improved stability and higher metal contents
coupledwithadvancesin analytical approaches have facilitated direct
confirmation of the resulting metal speciation.

A commonly used strategy for the synthesis of SCCs involves the
wet deposition of pre-synthesized multinuclear metal precursors in
a two-step procedure**® (Fig. 2a). In the first step, precursor mol-
ecules adsorb onto the coordination sites of the support material.
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Fig.1| Defining features of single-cluster catalysts. a, Single-cluster catalysts
(SCCs) bridge the gap between single-atom catalysts (SACs), consisting of
isolated single-metal atoms stabilized by a support or alloyed with another metal,
and metal nanoparticle catalysts (MNCs), composed of metal nanoparticles
(diameters ranging from1nm to 100 nm). They are characterized by

atomically precise metal nanoclusters anchored on suitable supports through

~<————— Molecular complex-like SCC

specifically tailored interactions, with sizes typically in the sub-nanometre
regime (<20 atoms). b, The catalytic centres of SCCs can be divided into

three distinct subcategories: homoatomic metal clusters, heteroatomic metal
clusters (in which M1and M2 represent chemically distinct metals) and metal
complex-like clusters with non-metal atoms as linkers or ligands.

Subsequently, the ligands of the metal precursors are removed by
calcination or photolysis. These methods rely on kinetic or thermo-
dynamic trapping of metal clusters of a desired size, composition and
shape, which can be directed by tailoring the ligand structure of the
metal-containing precursor, establishing specific cluster-support
interactions and optimizing the synthesis conditions. An early example
of this approach involved the fabrication of atomically dispersed Fe,
dimers supported on a mesoporous form of graphitic carbon nitride
using a specific precursor, bis(dicarbonylcyclopentadienyliron), the
structures of which were supported by extended X-ray absorption fine
structure fitting and theoretical predictions*t. Similar approaches
have also been extended to other metals, such as Pd, and Ir, dimers*’,
Fe, trimer® and Ru, trimers*®*%, highlighting the general applicability
of this method in synthesizing multiatomic clusters. Graphitic carbon
nitride has been extensively studied as a support material for SCCs as it
provides abundant coordination sites decorated with nitrogen atoms,
which can coordinate metal clusters of varying sizes®. Successful
preparation of SCCs using molecular precursor-based approaches
requires the availability of appropriate precursors with well-defined
metal:ligand ratios and suitable ligands to prevent metal aggregation
or dissociation during synthesis, while maintaining atomic precision
in the final clusters. The choice of support material and its surface
properties are also crucial, as it affects the adsorption and disper-
sion of precursor molecules and the stability of the resulting clusters.
Moreover, synthesis conditions such as reaction temperature, duration
and post-treatment procedures markedly impact the stabilization of

the desired cluster size and shape. Similar to this two-step wet deposi-
tion procedure, the synthesis of SCCs through thermal treatment of
a mixture containing single-metal atom precursors adsorbed onto
support material or support precursors hasbeen reported to produce
several SCCs with excellent electrocatalytic performance (Fig. 2b), such
as f-FeCoNC900 (ref. 86), CoNi-SAs/NC (ref. 87), Fe-NiNC-50 (ref. 88)
and Zn/CoN-C (ref. 52).

In general, challenges still exist in achieving complete control
over the synthesis of SCCs, particularly in terms of obtaining a uniform
distribution of SCCs and preventing the formation of larger nanoparti-
clesduring hydrothermal and high-temperature treatments. A widely
used method for SCC synthesis is atomic layer deposition (ALD)*>**,
The ALD processinvolves the chemical deposition of metal-containing
precursors on the support through sublimation, followed by asecond
thermal oxidation step for ligand removal***’, Precise control over
the adsorption site of metal precursors through chemically specific
interactions with the support or predeposited metal species enables
the stepwise atom-by-atom fabrication of SCCs (Fig. 2c). For example,
heteronuclear Pt-Ru dimer structures on nitrogen-doped carbon
nanotubes and Pt-O,-Pt dimers on graphene have been prepared
using ALD****, The knowledge obtained from the optimization of ALD
approachesalso hasinspired chemists to fabricate SCCs via traditional
chemical methods such as impregnation and pyrolysis methods.
Forexample, a ‘single-atom to single-atom’ modulation strategy was
reported to graft Pt atoms onto Fe-N, structures through a bridging
oxygenmolecule, generating Pt;-O,-Fe,-N,-C structures”. Similarly, the
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Fig. 2| Synthetic strategies for producing single-cluster catalysts.

a, Deposition of a pre-synthesized metal cluster complex onto asupport,
followed by partial or complete removal of the ligands to expose the active site.
b, Co-adsorption and ligand removal process using suitable metal precursors.
The adsorptionand ligand removal steps in parts a and b can be photochemically
or electrochemically driven. ¢, Atomic layer deposition method, inwhich a
single-metal atom site formed in a single-atom catalyst (SAC) serves as a new
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adsorptionsite for the deposition of asecond atom of the same or a different
metal to form a single-cluster catalyst (SCC). Ligand removal processes in part ¢
follow the principles described for parts aandb. d, Metal-organic frameworks
(MOFs) can be used to fabricate SCCs, by incorporating multinuclear metal
complexes into the channels of porous MOFs followed by pyrolysis. e, MOFs and
other open framework materials can also serve as templates to fabricate clusters,
for example, through ion exchange.

possibility of coupling cobalt atoms dispersed on nitrogen-doped
carbon (Co-N-C) with iron species by electrochemical activation was
also demonstrated, leading to the formation of a Co-Fe diatomic
catalyst (Co-Fe-N-C)*.

In addition to the aforementioned methods, several other
approaches (including template-assisted synthesis, ion-exchange and
electrochemical reduction) have been explored to fabricate SCCs*".
Aside from this, porous materials with molecular-scale cages can be
used to confine precursors and prevent metal atom agglomeration
after removing the organic ligands". Specifically, metal-organic frame-
works (MOFs) show promise in the direct fabrication of SCCs (Fig. 2d)

and can also serve as templates for SCC synthesis® (Fig. 2e). Each of
these approaches has unique advantages and limitations, but they all
offer valuable tools for synthesizing new SACs and SCCs.
Althoughmuch progress has beenachieved in SCCsynthesis, many
challenges remain to control the number and arrangement of atoms
in metal clusters upon stabilization on support materials, especially
with high metal content. Currently, the number of demonstrated SCC
systems remains relatively small, with most systems limited to two to
three metal centres in size, such as two-atom and three-atom SCCs.
Expanding the chemical space of SCCs and exploringlarger cluster sizes
areimportantareas for future research. Preventing the aggregation of
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metal atomsinto nanoparticles after the removal of organicligands and
during catalytic reactions remains a key challenge in SCC synthesis.
Agglomeration can occur owing to the high mobility of metal atoms,
leading to a loss of site uniformity. Designing support materials that
enable highly stable and selective interactions with metal species is
another critical aspectin preventing agglomeration. The choice of sup-
port material and its surface properties have acrucial roleinadsorbing
and dispersing precursor molecules, as well as stabilizing the resulting
clusters. Furthermore, there s stillaneed to develop efficient methods
toprovide detailed information about the arrangement, coordination
and electronic structure of metal atoms in SCCs that will enable the
next level of precisionin their design.

Structure-property-reactivity relations of SCCs

Sub-nanometre metal clusters exhibit unique physical and chemical
properties owing to quantum size effects, electronic confinement
effects and their orbital hybridization of clustered atoms®*°%. Concep-
tually, atomically precise metal clusters have discrete molecular-orbital-
like energy levels that can be modified in various different ways between
the continuous band structures of metal particles and the discrete
atomic orbitals determined by specific interactions with the support
materials in SACs, resulting in highly tailorable properties such as
energy positions, and electron affinities****, The properties of SCCs,
such as the electronic structure, morphology and active site density,
areknownto be influenced by various factors such as the type of metal
and support, the specific metal-supportinteraction and the presence

a
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b
[

r Depletion

Fig.3 | Properties of single-cluster catalysts. a, Factors influencing the
geometric and electronic properties of single-cluster catalysts include size,
shape, metal identity, presence of heteroatoms or ligands, metal-support
interaction and electronic and steric effects. b, Distinct possible configurations
of metal tetramer clusters on a cubic surface of a transition metal carbide
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of ligands (Fig. 3a). However, gaining insights into the structure-
performance relationship of SCCs remains very challenging owing
to the vast number of possible architectures and the complexity of
assessing their properties® (Fig. 3b,c). Because of the difficulty in
experimentally controlling the synthesis and discriminating between
the structures of SCCs, theoretical modelling and computational
simulations often have a central role in understanding the structure-
property-performancerelations. Here, we highlight some of the prom-
ising features that have beenidentified for SCCsrelated to enhancing
their activity, selectivity and stability in different applications.

Activity and selectivity

The strength of interactions between catalytically active sites and
reactive intermediates is crucial in determining their performance,
as described by the Sabatier principle”™%; catalysts that interact too
weakly cannot bind reactant molecules, whereas those that interact
too strongly cannot desorb products from their surface. For SACs, SCCs
and MNCs, the adsorptionstrength and geometry of reactive interme-
diates caninfluence both catalytic activity and selectivity (Fig. 4a).
Insome cases, the adsorption strength of reactants over SACs and MNCs
canbetooweakortoostrong. Forinstance, theinteractionbetween O,
and Fe nanoparticlesis too strong to participate actively in the epoxi-
dation reaction of aerobiotic trans-stilbene, whereas the interaction
betweeniron porphyrinand O,on Fesingle atomsis too weak to trigger
the catalytic reaction*. However, Fe dimers on carbon nitride exhibited
high conversion and stereo-selectivity (91% and 93%, respectively)

Support-metal interaction

0
x o

Steric effect

e

Accumulation
A [—

support. ¢, Charge density difference plots of Co and Pt trimers stabilized on
the hexagonal surface of molybdenum carbide illustrate the potential variation
inelectronic properties as a function of cluster composition. The ability to
tune these propertiesis key to achieving the desired activity and selectivity
insingle-cluster catalysts.
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properties, improving the catalytic efficiency in reactions requiring activation
of different reactive intermediates. d, SCCs may exhibit enhanced stability
compared with SACs owing to differences in the metal-supportinteraction,
electronic confinement, ensemble dynamics and associated coordination

of reactiveintermediates.

of trans-stilbene oxide production, which was linked to the possibility of
adsorbing asingly bonded oxygenatomonthe active site, that favours
the formation of active oxygen species. An increase in the number
of metal atoms in SCCs results in different spatial arrangements of
metal atoms in the cluster, providing opportunities for tuning the
adsorption geometry of reactive intermediates. For example, Ru; on
carbon-nitrogen species exhibits superior performance for the oxida-
tion of 2-aminobenzyl alcohol into 2-aminobenzaldehyde, with 100%
conversion and selectivity, and unprecedented turnover frequency*
(Fig. 5a). Density functional theory (DFT) calculations indicated that

the specific adsorption energy between one Ru atom in the cluster
and boththe -NH,and-OH groupsin 2-aminobenzyl alcohol facilitates
the oxidation of the -OH group. By contrast, the interaction between
Ru nanoparticles and 2-aminobenzyl alcohol is too strong, blocking
the active site on the surface for the subsequent reaction steps. Com-
paratively, amore favourable adsorption of the amino group onsingle
Ru atoms results in poor activity®.

SACs display exceptional activity and selectivity in various cata-
lytic processes. However, their ability to accelerate reactions involving
multiple reactant molecules and intermediates as well as multistep
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redox processes is limited owing to the geometric constraints of
isolated metal centres®®®’. SCCs with tailored electronic structures
and multiple adsorption sites offerimproved potential for catalysing
complex reactions compared with SACs (Fig. 4b). For example, the
direct conversion of methane to methanol by Pd-based SACs remains
challenging owing to the weak interaction between Pd single atoms
and CH,, evidenced by the absence of hybridization between Pd 4dz*
orbitalsand C 2pzorbitals of CH, at the Fermi level*®. However, unlike Pd
SACs, Pd dimers can provide multiple adsorption sites for the simulta-
neous activation of CH, and O,. Similarly, astable Cu,’-Cu,*" atom-pair
structure yielded a Faradaic efficiency greater than 92% for CO in the
electrocatalytic reduction of CO,, owing to the specific structure of
the active site®. The precise synthesis of Ru-based nanoclusters on
reduced graphene oxide via an interface confinement strategy also
led to enhanced activity compared with Ru or RuO, nanoparticles
and homogeneous Ru catalysts for the oxidative dehydrogenation of
1,2,3,4-tetrahydroquinoline and other complex oxidative reactions
involving three reactants® (Fig. 5b). Each metal centre of the SCC
could be specifically linked to the elementary steps contributing to
the overall transformation, akin to the advantages of dual-atom alloy

catalysts consisting of well-defined dual-atom sites embedded in the
surface layer of ametal host'**'%,

The incorporation of heteroatoms in SCCs introduces adsorp-
tion sites with varied properties, providing a valuable strategy to
tune reactivity patterns. Heteroatom dopants can donate or with-
draw electrons to or from metal clusters to regulate their electronic
properties'®1°°, A large variety of heteronuclear SCCs consisting
of different metal atoms have been synthesized for electrocatalytic
applications, including hydrogen evolution reaction, oxygen evo-
lution reaction, oxygen reduction reaction, CO, reduction reaction
and N, reduction reaction. Several studies have demonstrated pos-
sible synergies between heteroatom-paired metal centres linked to
the electronic structure®'°* (Figs. 4c and 5c¢). The catalytic per-
formance of nanoclusters can be modulated by controlling ligand
spheres and spin states as evidenced by the alkynyl-protected Au,g
for the semi-hydrogenation of alkynes and [4Fe-3S] clusters with a
low-spin electronic configuration owing to the planar geometry and
short Fe-Sbonds, respectively"*™.

Thesize-dependent electronic properties of SCCs can effectively
trigger a noticeable change in the oxidation state of metal atoms.
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Fig. 5| Reported property-performance relationships on single-cluster
catalysts. a, Turnover frequencies (TOFs) of Ru catalysts of different nuclearities
supported on nitrogen-doped carbon (CN) or activated carbon (C) in the
oxidation of 2-aminobenzyl alcohol to 2-aminobenzaldehyde. The higher

TOF of Ru; catalyst on CN (inset) was linked to the optimized geometry of
2-aminobenzyl alcohol on the cluster compared with the other catalysts.

b, Yield and TOF comparison of Ru;0, supported on reduced graphene oxides
(rGOs, inset) and reference catalysts for the direct oxidative coupling of alcohols.
¢, Electrochemical N, reduction yield using Au,Pt,(SR)s (SR represents an organic
ligand), Au,Pt, on graphene (G) and Au,Pd, on graphene catalysts, illustrating
the effect of distinct heteroatoms. d, Turnover numbers of styrene conversion

by Ptg, Pt,, Pt,, and Pt nanoparticles (NPs) on carbon. The Pt,, catalyst lowered

d-Band centre (eV)

Time (h)

the reaction barrier of the a-insertion owing to rigid pyramidal structure

and electron-rich property (insets). e, Linear correlation between the d-band
centre and kinetic energy barrier reveals that metal identities influence the
electronic properties of single-cluster catalysts. f, Thermal measurements of
coke deposition on Ni,Cu, and Ni, on graphitic carbon nitride (g-C;N,) catalysts
(insets). The enhanced coke tolerance of Ni,Cu, clusters was linked to a spatial
confinement effect. Part aadapted with permission of ref. 45, ACS. Part b adapted
with permission of ref. 62, Wiley. Part cadapted with permission of ref. 24
under a Creative Commons licence CC BY 4.0. Part d adapted with permission
of ref.37 under a Creative Commons licence CC BY 4.0. Part e adapted with
permission of ref. 122 under a Creative Commons licence CC BY 4.0. Part f
adapted with permission of ref. 30, Springer Nature Ltd.
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Therefore, regulating the number of atoms in a cluster can greatly
impact the electronic and catalytic properties of the metal atoms.
For example, a comparison of Pd,, Pd, and Pd, species supported on
exfoliated carbon nitride (ECN) revealed that the degree of oxidation
decreased withincreasing Pd nuclearity, as evidenced by theincreasing
ratio of Pd**:Pd*" species identified by X-ray photoelectron spectros-
copy. Compared with Pd;,/ECN and Pd,/ECN, the presence of a bridge
sitein Pd;/ECN favoured the adsorption of alkynes, greatly enhancing
the activity for their semi-hydrogenation®. It has been observed that
asthe number of metal atomsin a nanocluster increases —and depend-
ing on the strength of interaction with the support material — the
geometry of the metal nanocluster can change from 2D to 3D"'8, Such
a transformation will alter the coordination number and electronic
structure of supported metal clusters as well as their interaction with
reactant molecules. For example, atomically dispersed zero-valent Pt,,
(n=5-12) nanoclusters were utilized for the hydrogenation of styrene®
(Fig. 5d). Interestingly, Pt,, nanocluster exhibited a remarkable cata-
lytic performance compared with the other clusters. DFT calculations
revealed that Pt,, exhibited a much lower activation barrier for the
rate-determining step, a-insertion, compared with Ptgor Pty nanoclus-
ters. This distinct catalytic activity can be attributed to the geometric
coordination effect as Ptgand Pt, favour quasi-2D structures, whereas
Pt,, prefers a rigid pyramidal structure. As a result, electron-rich Pt
atoms at the vertices of the pyramidal Pt,, can effectively activate the
C=Cbondinstyrene.

The catalytic performance of SCCs is greatly influenced by the
characteristics of the metal species, as it may introduce new atomic
orbitals with varying orbital hybridization'"'*. The electronic prop-
erties of various bimetallic dimers anchored on N-doped carbon have
been investigated, revealing that a considerable charge is located
between the metal atoms and coordinating N atoms'>>. Among all the
bimetallicdimers, NiCo-N,C exhibits the lowest transition state energy
barrier and highest rate for H,0 dissociation. Investigating the relation-
ship between the 3d band centre of SCCs and the kinetic barrier of H,0
dissociationuncovered alinear correlation. The calculated d-band cen-
tres of Co and Niatoms in NiCo-N,C (-0.87 eV) are closer to the Fermi
level than other SCCs, which facilitate H,0 dissociation and enhance
proton adsorption for boosting hydrogen evolution reaction (Fig. 5e).

Metal clusters are typically anchored on supports through cova-
lent bonding and electrostatic interactions®. Engineering supports
with desired properties can modulate the geometric, electronic and
catalytic properties of nanoclusters. Gaining atomic insights into
chemical bonding configurations between metal clusters and their
supports, particularly during reactions, is a prerequisite for establish-
ing structure-performance relationships of SCCs. However, obtaining
detailed insights into the catalytic role of the underlying supports in
different systems remains a considerable challenge. Therefore, inves-
tigating the metal cluster-supportinteractions and resulting catalytic
performanceis of paramountimportance. Single-metal clusters on dif-
ferent supports may exhibit different adsorption geometries with vary-
ing catalytic behaviours®. For example, gas-phase Pt with a trigonal
bipyramid geometry adopts aplanar configuration upon deposition on
MgO, mainly owing to electron transfer from the support'. In contrast,
gas-phase Pt, species with a tetrahedral configuration retain similar
structures upon deposition on MgO because of a slight dominance
of intracluster bonding over the coordination to the support?*. How-
ever, Pt, supported on TiO,(110) exhibits a square-planar shape with
increased supportinteractions. Inadditionto the adsorption geometry
effect, charge transfer between the metal cluster and the support also

impacts the catalytic performance of SCCs. The totalamount of charge
transfer canbe tuned by changing the chemical identity or modifying
the doping and defect density of the support. In addition to the sup-
port, the catalytic environment, for example, pressure, temperature,
potential and interaction with gas-phase or liquid-phase reactants,
electrolytes or solvents can also cause rearrangement of the atoms in
SCCsaffecting the size and shape, and many such circumstances have
been reported> ",

Stability

Stability is a crucial factor in determining the viability of catalysts.
Studies have reported the potentially enhanced stability of SCCs com-
pared with SACs, which canbeinfluenced by several factors such as the
metal-supportinteraction, electronic confinement, ensemble dynam-
icsand associated coordination of reactive intermediates (Fig. 4d). For
example, investigations regarding Ni; and Ni,Cu, on graphitic carbon
nitride catalysts revealed varying chemical stabilities owing to differ-
ences in the dynamic structures induced by C,H, adsorption®’. DFT
calculations predicted that, upon C,H, adsorption, one Ni-support
bondis broken with asmall energy barrier followed by the cleavage of
the second Ni-supportbond with a similar barrier leading to the forma-
tion of Ninanoparticles on graphitic carbon nitride. However, acetylene
adsorption over Ni;Cu, on graphitic carbon nitride is much stronger,
and although it causes the breakage of two Ni-support bonds, spatial
confinement by two adjacent Cuatoms makes the cleavage of the Cu-O
supportbond extremely endothermic (by more than4 eV, 385 k) mol ™).
Consequently, Ni;Cu, on this support exhibits exceptional stability in
acetylene hydrogenation (Fig. 5f). Although initial results suggested
that SCCs may have an improved stability compared with SACs, the
evaluation of SCC stability is still in its early stages and requires more
in-depth experimental and theoretical analysis. Developing stability
maps under operando conditions can help identify the most stable SCC
structures, as not all SCCs are guaranteed to exhibit enhanced stability.
Forexample, Au clusters anchored onaTiO, (110) surface can agglomer-
ateinaCO/O, mixture at 300 Kin ultrahigh-vacuum systems, whichis
completely different from Au clusters that remain stable in either CO
or O, environments, indicating the synergistic effect of CO and O, in
initiating the Ostwald ripening of supported Au clusters'”’. A compre-
hensive review on doping, alloying, cluster sintering, adsorbate and

supportinfluence on the stability can be found elsewhere''.

Reactivity discovery

Withanincreasinginterestin atomically precise SCCs, thereis agrowing
need for developing strategic approaches to discover new reactivity
for these highly efficient catalysts. Here, we explore the potential of
bio-inspired and artificial intelligence (Al)-guided design to inspire
and uncover new catalyticarchitectures leading to enhanced activity,
selectivity and stability of SCCs as well as the implications of structural
dynamics in the design.

Enzyme-inspired design

Nature haslongbeen an expertin catalysis, as evidenced by numerous
redox reactions catalysed by metalloenzymes containing multinuclear
metal active sites”>"* (Fig. 6). Therefore, bio-inspired design strategies
hold great potential for developing highly efficient and novel SCCs by
drawing inspiration from natural enzymes, which regulate the local
environment and electronic configuration of metal centres. Under-
standing the types of metal species present in enzymes, such as iron,
cobalt, copper and manganese, provides valuable insights for designing
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highly active and selective SCCs on the basis of non-noble metals. For
example, researchers successfully fabricated an MOF incorporating Co
and Re species for photocatalytic syngas generation', The study dem-
onstrated that the host efficiently delivers energy to active sites akin
tothe enzymatic process. By studying these examples, we can develop
SCCswithtailored active sites and unique electronic structures, guided
by the importance of secondary coordination spheres in enzymes.
However, replicating the intricate structures and mechanisms found
in nature in SCCs and ensuring stability under catalytic conditions
remains animportant challenge, highlighting the need for innovative
approaches and interdisciplinary collaborations.

High-throughput screening and Al-guided design

Similar to SACs, SCCs are ideal for computational screening of het-
erogeneous catalysts with atomically precise active centres owing to
their uniformly dispersed and well-defined atomically precise active

centres. A number of theoretical studies have been conducted for
two-atom and three-atom SCCs"™"*°, and with large-scale compu-
tational modelling and simulations, it is now possible to search for
excellent SCCs with robust performance for desired reactions'°. The
application of Alin catalysis presents another exciting opportunity
for accelerating the discovery of novel SCCs (Fig. 6b). By leveraging
machine-learning algorithms and large experimental or theoretical
datasets, Al will rapidly be able to identify promising candidates for
targeted catalytic applications'''**. The workflow for catalyst Almodel
constructioninvolves the creation of SCC data sets with diverse prop-
erties, such as composition, support, size and shape, followed by the
extraction of SCC characteristics using features that capture their
electronic, geometric and support properties. Al models can then
identify patterns and correlations between SCC structures and reac-
tivity, enabling the design of SCCs with desired properties. However,
challenges exist in developing accurate and robust machine-learning
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Fig. 6 | Conceptual strategies for discovering new reactivity of single-cluster
catalysts. a, Bio-inspired design: the structure of single-metal cluster sites
inenzymes, such as acetyl-CoA synthase, [NiFe] hydrogenase, nitrogenase,
methanogenic CO, reducing-and-fixing enzyme, methane monooxygenase

and methanogenic heterodisulfide reductase, can provide a blueprint for
designing single-cluster catalysts (SCCs). Blue spheres were used to highlight

Catalyst space
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the cluster structure in enzymes. b, Artificial intelligence (Al) techniques
including machine-learning algorithms, data analysis and predictive modelling
can also help identify new SCCs by automating and accelerating the discovery
process. Parta, bottom left adapted with permission fromref. 133, AAAS. Part a,
bottom middle adapted with permission from ref.134, Wiley. Part a, bottom right
adapted with permission fromref. 135, AAAS.
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models that canaccount for the complexity and diversity of catalytic
systems. Additionally, the interpretation of Al-guided results can be
non-trivial, requiring further experimental validation to confirm
predicted properties.

Dynamic structure evolution uponreaction

Understanding the structural dynamics of SCCsis critical foradvancing
their design™>*'*¢, As for other classes of supported metal catalysts,
ithasbeen observed that reactive environments, such as exposure to
temperature, pressure, electrical potential and the interaction with
gas-phase or liquid-phase reactants and solvents, caninduce the for-
mation of SCCs from SACs or MNCs owing to the thermodynamic or
kinetic preferences of different structures under reaction conditions
(Fig.7). However, itis unknown whether such processes arereversible
upon removal from the specific environment triggering the transfor-
mation. Furthermore, the dynamic evolution of SCC structures can
lead to instability and even deactivation of their catalytic activity,
for example, if they induce metal nanoparticle formation or volatili-
zation of the active phase'>"?*'*, Many theoretical studies focus on
understanding these dynamics. For example, Pt clusters can thermally
populate many low-energy metastable isomers'*; Pt clusters depos-
ited on electrified graphite exist as statistical ensembles of multiple
states, whose fluxionality is greatly affected by the applied potential,
electrolyte and adsorbate coverage'”’. It has been suggested that clus-
ters can occupy a dynamic ensemble of states with varying reactivi-
ties, not only can they form an equilibrium of coexisting structural
configurations, with various isomers exhibiting different chemical
reactivities, but also has the fluxionality to adapt its structure, pro-
moting the reaction to proceed on the most favourable free-energy
path®*°. Advanced in situ or operando electron microscopy and spec-
troscopy techniques are needed to gain a deeper understanding of
the dynamic structural transformation of SCCs. Therefore, further
researchis required to understand and optimize the performance of
SCCs in various catalytic reactions.

Opportunities and challenges ahead

Looking ahead, the increasing diversity of stable SCCs offers tremen-
dous opportunities for designing advanced catalysts with tailored
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Fig. 7| Structural dynamics of single-cluster catalysts. Schemes illustrating
changes in the geometric structure of single-cluster catalysts (SCCs) induced by
the adsorption of reactive intermediates or the reaction environmentin panel a
or by the application of an electric field in panel b. ¢, SCCs may also form through

performance in various thermocatalytic, electrocatalytic and photo-
catalytic reactions. The ability to manipulate geometric properties,
such as the number and arrangement of adsorption sites and the 3D
environment, along with the electronic structure, including oxidation
and spinstates, orbital configurations and energy levels, presents excit-
ing prospects for these materialsto access specific reactivity and high
metal utilization, complementary to existing metal catalysts such as
MNCs and SACs"™". Still, research is needed to address the challenges
and scientific questionsin the field of SCCs. Key areas of focus include
material synthesis and characterization, in which advancements are
needed to improve our understanding and control of SCC structures
and properties (Fig. 8).

As researchers refine the design guidelines and achieve greater
control over the atomic and electronic structures of SCCs, new chal-
lenges emerge that require further exploration. Currently, the number
of stable SCCs reported with high metal contents (>0.5 wt%) remains
quitesmallandinnovative approachesare required to extend this range.

Dedicated efforts to prepare suitable supports and precursors will
have a key role in the efficient fabrication of SCCs with well-defined
atomic and electronic structures and high stability. Exploiting syn-
ergistic effects between SCCs and other catalysts (such as SACs and
MNCs) is also promising, and pioneering works in this direction have
demonstrated the great potential to extend the catalytic applications of
SCCs"™. To develop novel synthesis strategies, a deep understanding
oftheinterplay between different metal clusters and their supports is
keenly required. Precisely controlling the properties of active metal
sites of SCCsis another frontier during synthesis where different prop-
erties such as coordination number, bond length, electronic properties
and proximity can be regulated. Another challenge is the synthesis
of SCCs on a larger scale. Current routes often involve multiple-step
chemical syntheses, which can be costly and not economically viable
for SCCfabrication. Moreover, the synthesis of non-noble metal-based
SCCs that outperform noble-metal-based SCCs remains a challenge.

One challenge of SCCs on certain supports is to discern where
metal clusters coordinate as the local environment of a cluster is often
unclear. Thus, accurately identifying the atomic structures of metal
clusters on supports is essential to establishing reliable structure-
property relationships. State-of-the-art characterization techniques

Electric field
—_—
P E—

Rearrangement

Dissociation
—_—
P E—

Rearrangement

MNC

SCC

rearrangement of metal species in single-atom catalysts (SACs) or redistribution
of metal nanoparticle catalysts (MNCs) depending on the reaction conditions
and environment as shownin paneld.
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Fig. 8 | Roadmap for single-cluster catalyst development. Current challenges and future directions in the synthesis, characterization and application of SCCs.
Schematicillustrations depict promising applications of SCCs in thermocatalysis, electrocatalysis and photocatalysis.

such as aberration-corrected-high-angle annular dark-field scanning
transmission electron microscopy (STEM) and X-ray absorption fine
structure have been widely used to visualize the spatial arrangement
and probe the local structure of metal clusters in SCCs. However, the
interpretation of the results from these techniques can be challenging
owing to factors such as atom overlap owing to the 2D projections of
3D objectsin TEM, insufficient resolution or chemical sensitivity, deg-
radation of samples owing to the analysis method and uncertainty in
estimates of cluster sizes and structure. The potential of environmental
TEM for in situ or operando visualizations of single-atom dynamics
in SACs has been demonstrated'* ™. Besides, digital tools such as
machine learning and computational simulations have emerged
as powerful tools for interpreting and analysing complex data from
these techniques. For example, machine-learning algorithms can be
trained onlarge datasets of STEM images to extract valuable informa-
tion on cluster size, shape and composition™. Similarly, computational
simulations can provide insights into the dynamic behaviour of SCCs
and their catalytic activity under various conditions. With the rapid
development of these digital tools and intelligent synthesis methods,
we can anticipate more SCCs with well-defined atomic and electronic
structures that can be designed and fabricated as model catalysts to
investigate the structure-property-function relationship further.
Early examples have already shown the great potential of SCCs for
various thermocatalytic, electrocatalytic and photocatalytic trans-
formations, such as hydrogenations, couplings, ammonia synthesis
and water splitting. For example, Ni;Cu, clusters anchored on gra-
phitic carbon nitride exhibit extraordinary catalytic performance in
terms of activity, selectivity and stability for the semi-hydrogenation
of acetylenein excess ethylene®. Moreover, Ru,0, clusters on reduced
graphene oxide efficiently catalyse coupling reactionsinvolving three
reactants, as demonstrated in the synthesis ofimines and Cavosonstat

derivative (a F508del-CFTR mutation treatment medicine) via the
Friedlinder reaction®. Similarly, Au,Pd, on graphene and Pd-Cu
dimer on N-doped carbon demonstrate high yield production of
NH, via electrocatalysis****’. Co-O-Pt dimers on TiO, exhibit an ultra-
high and stable photocatalytic water-splitting activity with a rate of
43.467 mmol g h™ and external quantum efficiency of =83.4% at
365 nm?. Future research efforts should focus on further exploring
the catalytic performance of SCCs in these reactions and optimizing
their properties to outperform both traditional MNCs and SACs.

To fully exploit the potential of SCCs, it is crucial to also consider
other aspects beyond their catalytic activity, such as their scalability,
sustainability, cost-effectiveness, durability and potential for integra-
tionwithother processes. One key advantage of SCCsis their high spe-
cific metal utilization, which can enable efficient reactions even at low
metal concentrations. However, current synthesis approaches for SCCs
primarily focus on obtaining atomically precise architectures rather
thanscalable, sustainable and cost-effective methods. Thus, thereis a
need to develop efficient and environmentally friendly approaches for
large-scale synthesis and recycling of SCCs. In addition, the develop-
ment of non-noble metal-based SCCs with high catalytic activity and
selectivity isanareaof considerable interest. Furthermore, the durabil-
ity of SCCs must be considered, as they may be subject to degradation
over time, forexample, owing to poisoning by feedstock impurities or
substantial structural changes upon exposure to certain reaction condi-
tions. Demonstrating their stability over extended periods underindus-
trially relevant conditions is important to better understand their
scope and potential. Overall, continued research and development
are necessary to optimize SCCs for industrial use and enable their
widespread adoptionin the chemical industry.

In conclusion, the field of SCCsis still in its early stages. Because
of the atomically precise and spatially isolated nature, there are vast

Nature Reviews Chemistry



Review article

opportunities to explore their unique properties, especially with vari-
ous atomic compositions and geometric structures. Two-atom SCCs as
the simplest form have already demonstrated rich catalytic advantages,
asexemplified by their applicationsin the cross-coupling reactions of
C-X(X=C,N, O, S) bonds using recently discovered heterogeneous
geminal-atom catalysts™®. With continued research efforts, we antici-
pate that SCCs will revolutionize the field of heterogeneous catalysis,
opening new reaction paths and paving the way for more sustainable
and catalytically efficientindustrial processes.

Published online: 09 October 2023
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