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y relationships in the development
of single atom catalysts for sustainable organic
transformations
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Single atom catalysts (SACs), which can provide the combined benefits of homogeneous and heterogeneous

catalysts, are a revolutionary concept in the field of material research. The highly exposed catalytic surfaces,

unsaturated sites, as well as unique structural and electronic properties of SACs have the potential to catalyze

numerous reactions with unmatched efficiency and durability when stabilized on a suitable support. In this

review, we have provided an intuitive insight into the strategies adopted in the last 5 years for morphology

control of SACs to know about its impact on metal–support interaction and various organic

transformations with special reference to metal oxides, alloys, metal–organic frameworks (MOFs) and

carbon-based supports. This review also includes a brief description of unparalleled potentials of SACs and

the recent advances in the catalysis of industrially important organic transformations, with special

emphasis on the C–C cross-coupling reaction, biomass conversion, hydrogenation, oxidation and click

chemistry. This unprecedented and unique perspective will highlight the interactions occurring within

SACs that are responsible for their high catalytic efficiency, which will potentially benefit various organic

transformations. We have also suggested plausible synergy of various other concepts such as defect

engineering and piezocatalysis with SACs, which can provide a new direction to sustainable chemistry. A

good understanding of the different types of metal–support interactions will help researchers develop

morphology-controlled SACs with tunable properties and establish mechanisms for their exceptional

catalytic behaviour in industrially important organic transformations.
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1. Introduction

The growing energy crisis and depleting resources require
a more holistic and sustainable approach for industrially
important reactions. The development of atomically dispersed
metal catalysts (ADMCs) and single atom catalysts (SACs) for
electrocatalytic and photocatalytic reactions is highly sought
aer in sustainable chemistry. Industrially important organic
transformations such as C–C cross coupling and azide–alkyne
cycloaddition reactions are important for the production of
chemicals, biopolymers, and a variety of pharmaceutical
products.1–8 Lignin and its derivatives used for biomass
conversions constitute 15–35% of lignocellulosic biomass by
weight, which is extremely crucial for energy and fuel produc-
tion.9 However, most organic transformations require harsh
reaction conditions and suffer from low atom utilization, poor
catalyst recyclability, high cost and complicated procedures.4,5

Currently, the inevitable use of fossil fuels and the resulting
global warming have led the world towards exploration of new
renewable resources.

For ages, numerous researchers have been working on
a variety of homogeneous and heterogeneous catalysts for
a wide range of applications. However, each of these catalysts
has its own set of advantages and disadvantages. Homogeneous
catalysts oen exhibit higher catalytic activity and selectivity,
but their high cost and poor recyclability oen prove to be
disadvantageous in terms of their practical utility. Heteroge-
neous catalysts are oen associated with disadvantages such as
poor catalytic efficiency and selectivity but showcase better
recyclability, resulting in a cost-effective alternative.10–12

However, the emergence of SACs with huge potential has led the
entire research community to rethink ways and explore the
enormous possibilities for developing a catalyst that operates at
the ne line between homogeneous and heterogeneous catal-
ysis. ADMCs are the umbrella which ts in the SACs under-
neath. When the metal atoms exist as dimers, trimers or small
clusters of 2–4 atoms on the surface of the support, they are
Fig. 1 A depiction of bandgap modulation through the development of

1244 | Nanoscale Adv., 2025, 7, 1243–1271
considered to be ADMCs; on the other hand, when the metal
atoms remain in complete isolation on the surface of the cata-
lyst, showcasing better structure and catalytically active sites,
they fall under the category of SACs. Unlike ADMCs with metal–
metal bonds between similar metal atoms, SACs consist of
a higher number of unsaturated sites and provide a more
tunable local environment, leading to higher activity at an
extremely low metal content. Moreover, the catalytically active
sites are much more uniform in the case of SACs than ADMCs,
resulting in more consistent activity over a longer period.11,13

The metal atoms are oen anchored onto the surface of the
support through various vacancies, defects or groups like O2−,
S2− etc.11,14 Doped metal catalysts can also be considered as
SACs provided there are no metal–metal bonds between similar
metal atoms. SACs are excellent electro-photocatalysts with
benets like 100% atom utilization, unsaturated coordination
sites, high catalytic efficiency, excellent recyclability, increased
interfacial sites and a cost-effective solution.15–17 However, the
high surface energy and poor thermal stability of the SACs limit
their application by causing migration and agglomeration
during the chemical reactions. So, various semiconducting
supports like g-C3N4, binary alloys, graphene oxide, doped
materials, fullerene, metal–organic frameworks (MOFs) and
metal oxides have been proven to signicantly enhance stability
as well as catalytic activity and selectivity by providing a greater
surface area with more catalytically active sites.16,18

The development of highly stable SACs will lead us to a more
environmentally benign approach involving even natural
sunlight to initiate organic reactions in a cost-effective manner.
The synergy of highly unsaturated sites with the insertion of
new electronic states near the fermi levels of the semi-
conductors, as shown in Fig. 1, results in an electron pumping
system in SACs, which not only enhances the number of cata-
lytically active sites but also narrows down the bandgap of the
original semiconducting material so that most of the charges
reach the catalyst surface for catalyzing the reaction. Moreover,
the homogeneous distribution of single atoms into the lattice
matrix and the surface of the support resembles a molecular
SACs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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complex suitable for organic reactions usually catalyzed by
homogeneous catalysts.19,20 It has also been observed that the
precise control over the morphology of the supports, along with
modulation of the local environment of the single atom, can
also help in enhancing the stability of the catalyst as well as
lowering the activation energy of the substrates by deciding
their coordination modes during the reaction.21 So, this review
briey summarizes the recent advances in the last ve years in
the eld of SACs for industrially important organic trans-
formations with special emphasis on the C–C cross coupling
reaction, biomass conversion, hydrogenation, oxidation and
click chemistry. A fresh perspective is provided in this review for
uniting various works together to highlight the versatility of
SACs. This review puts the limelight on themultifunctionality of
SACs for various organic reactions, which can be achieved by
their structure and morphology modulation. Most of the liter-
ature so far has explained the fundamentals of SACs and their
applications. Very few works provide the structure–activity
relations for such organic reactions. However, there is still
much to know about their unique bandgap properties and the
morphological impact of SACs in catalysis. This review also
attempts to establish the morphology–activity relations of SACs
for their utmost efficiency so that such a morphology-controlled
strategy can also be utilized for catalyzing organic reactions.
The exposed planes of SACs have the potential to guide the
researchers not only to make the process of SAC development
and catalysis hassle-free but also to enhance the loading of the
isolated active centers for their practical application. Instead of
just focusing on the efficiency of the SACs and reiterating
already published works, this review tries to establish a rela-
tionship between various works and highlight new concepts like
defect engineering and piezocatalysis for SAC development,
which can prove to be an engrossing eld in the near future.
This review provides a comprehensive summary of the recent
Fig. 2 An illustration of different types of support that can be used for s

© 2025 The Author(s). Published by the Royal Society of Chemistry
strategies used for the development of highly stable SACs and
tries to put forward plausible reasons behind their high selec-
tivity for specic organic reactions.

2. Strategies and the impact of
morphology control and metal–
support interactions on the stability
and efficiency of SACs

SACs can be both supported as well as unsupported. Providing
support with a large surface area to anchor the isolated metal
atoms increases the durability of the catalysts. However,
developing highly stable unsupported SACs like single atom
alloy (SAA) is considered to be even better as it increases the
cost-effectiveness of the process without compromising its
catalytic efficiency. Each of the supported and unsupported
SACs has its own set of advantages as well as disadvantages.
Thus, it becomes extremely crucial to understand various
metal–supports and metal–metal interactions in both types of
SACs to develop more chemoselective catalysts. Moreover, the
modulation of morphology and coordination environment of
the SACs also affect their stability.20–29 So, this section summa-
rizes the different strategies that can be used for themodulation
of metal–support interactions to enhance their stability, activity
as well as selectivity for various reactions.

2.1 Supported SACs

The kind of support used for the development of SACs plays
a crucial role in deciding the efficiency and selectivity of the
catalyst, as a strong metal–support interaction can induce
a change in the electronic structure and geometry of the metals
and support, resulting in better atomic dispersion.20 Supports
with high surface area to volume ratios like metal oxides,22,23
tabilizing SACs.

Nanoscale Adv., 2025, 7, 1243–1271 | 1245
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carbon-based materials,24,25 MOF,26,27 and alloys28,29 are needed
as they promote the high dispersion of single atoms on the
surface rather than in the bulk. The isolated active sites stabi-
lized on the exposed surface of the support are responsible for
the high catalytic efficiency of the SACs.30 Fig. 2 illustrates the
various types of supports extensively used for stabilizing SACs.

The atomic dispersion of the noble metals onto the surface
of a suitable support promises maximum atom utilization with
minimum usage for various heterogeneous reactions. The
development of highly efficient SACs requires precise control
over the metal content. Moreover, the coordination congura-
tion and morphology of the supports seem to be responsible for
guiding an unprecedented interaction of isolated metal atoms
with the support and maintenance of high dispersion of SACs.
DFT calculations are ideal for identifying the binding sites for
single atoms. Fig. 3b simplies the formation energies of
atomic catalysts (EF) using the Born–Haber cycle, which helps
to identify the binding sites for Cu SACs on the TiO2 anatase
phase (101). The thermodynamic driving force needs to be
controlled to ensure binding in Ti vacancy sites instead of O
vacancies, which was done by adopting a modied wrap–bake–
peel method, as shown in Fig. 3d.31

2.1.1 Metal oxide supported SACs. Metal oxides, such as
TiO2, CeO2, and ZnO, are one of the most widely used supports
Fig. 3 A depiction of (a) binding sites for singlemetal atoms on a TiO2 ana
SAC formation energies (EF): the binding site preparation energy (EP) + th
for possible single-atom binding sites calculated using DFT. (d) Modified
catalysts. TEOS, tetraethyl orthosilicate. Reproduced with permission fro

1246 | Nanoscale Adv., 2025, 7, 1243–1271
for ADMCs owing to the large number of hydroxyl moieties that
remain on the surface of metal oxides and can act as active sites
for coordinating foreign metal atoms. The O2− ions on the
surface of metal oxides can also behave as potential coordina-
tion sites for the single metal atoms through covalent
bonds.30–33 The high oxygen mobility of the Ce3+/Ce4+ redox
couple and its greater stability at high temperatures result in the
high thermodynamic stability of CeO2, which makes them
a versatile support for anchoring the single atoms. When pure
CeO2 is used as a support for a single atom, it can store oxygen
in catalytic reactions, thereby enhancing catalytic activity
during oxidation reactions.34 It has been found that the coor-
dination structure and electronic properties of noble metals like
Rh single atoms on cubic CeO2 can be tuned using different
calcinating temperatures. The high-temperature treatment of
the catalyst removes the hydroxyl groups, resulting in oxygen
vacancies exposing more unsaturated coordination sites of the
Rh atom. The best catalytic behaviour was obtained with Rh/
CeO2 calcined at 800 °C for hydroformylation reactions.35–37 The
various possible anchoring sites for isolated atoms on the
highly exposed (111) plane of CeO2 nanocrystals are shown
exquisitely in Fig. 4, which offers lower activation barriers for
the dissociative adsorption and desorption of H2.38 This lower
energy barrier for H2 dissociation leads to its dominance for
tase (101) surface. (b) Born–Haber thermodynamic cycle for calculating
e single atom binding energy (EB). (c) Born–Haber energy components
wrap–bake–peel process to synthesize single-atom Cu/TiO2 photo-
m ref. 31. Copyright 2019, Nat. Mater.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A depiction of models (side views) of a supported noble metal atom M (M = Cu, Ag, Au) on CeO2(111) investigated in this work: (a, d and
g) M adsorbed on CeO2 (M/CeO2); (b, e and h) M substituting a Ce atom in the presence of an adsorbed H (M: H–CeO2); (c, f and i) M substituting
a Ce atom in the presence of an oxygen vacancy (M: CeO2−x). Green (first row), blue (2nd row), and yellow (third row) spheres indicate the Cu, Ag,
and Au atoms, respectively. Gray and red balls represent cerium and oxygen atoms, respectively. Arrows indicate the positions of the oxygen
atoms that were removed. Reproduced with permission from ref. 38. Copyright 2019, J. Phys. Chem. C.
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nitrobenzene hydrogenation over the Ni/CeO2(111) surface.39

The SACs supported on CeO2(111) also show superior catalytic
activities for reactions, such as methane oxidation.40 It has been
found that the rod-shaped CeO2 with the (210) exposed planes
have more oxygen vacancies compared to the (111) planes,
which proves to be benecial for high CO oxidation rates. Such
morphology-controlled strategies combined with high-
temperature treatments can also be used for other organic
transformations owing to the higher number of active sites
resulting from a higher number of oxygen vacancies on some
planes of the supports than others.41

However, the CeO2 support oen suffers from sintering
when pyrolyzed at high temperatures during the synthesis of
SACs. So, UV irradiation can help efficiently stabilize the single
metal atoms by avoiding the breaking of M–O bonds because of
the sintering of the support material.42,43 The “wrap bake peel
method” was adopted recently to curb the sintering of CeO2

support, as shown in Fig. 5. In this strategy, at rst, they
synthesized the Rh/CeO2 catalyst, followed by wrapping it with
a SiO2 layer in order to protect it from sintering during high-
temperature aging. Finally, NaOH was used to remove the
surface-coated SiO2 to yield the nal Rh/CeO2–S catalyst.41

A careful surface engineering of metal oxides through calci-
nation and pyrolysis at different high temperatures and utili-
zation of morphology-controlling agents can yield porous
© 2025 The Author(s). Published by the Royal Society of Chemistry
structures, which seem to facilitate the stabilization of single
atoms on the surface.44,45 Moreover, such high-temperature
treatments oen lead to the rearrangement of the nano-
clusters into catalytically active single atoms, as exhibited in
Fig. 6.

Maintaining control over the coordination environment of
SACs is a challenging task. Secondary doping of non-precious
heteroatoms, such as O, S, and P, will likely provide more
coordination sites for rmly holding the single metal atoms and
provide a unique coordination environment. Surfactant-
assisted synthesis involving the usage of surfactants like
ethylene glycol is found to control the particle size and exposed
planes of metal oxides such as TiO2. Moreover, the ethylene
glycol radicals are found to be responsible for the formation of
the M–O bonds and stabilizing the single metal atoms on the
surface of the support material. Using HF along with ethylene
glycol resulted in the exposure of perfect ratios of the exposed
surfaces for hydrogen evolution reaction, thus pointing towards
their morphology-controlling abilities, which can also be used
for developing photocatalysts for organic reactions.46–48 Zinc
ferrite is an excellent photocatalyst for a variety of photocatalytic
degradation processes. Its combination with metals like Co, Pd,
Al, Pt etc. nanoparticles enhances their photocatalytic activity,
provides more stability and prevents catalyst leaching. So, the
atomic dispersion of such metals on the zinc ferrite surface can
Nanoscale Adv., 2025, 7, 1243–1271 | 1247
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Fig. 5 Schematic representation of the “Wrap bake peel” strategy for stabilizing SACs. Reproduced with permission from ref. 41. Copyright 2023,
Angew. Chem. Int. Ed.

Fig. 6 A schematic representation of SAC formation via surface modification through calcination or pyrolysis.
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be a new strategy for getting better photo-voltaic properties.49

Low-cost and less toxic surface modiers like SDS and L-cysteine
give rise to the mesoporous structure of a-Fe2O3.47 Such meso-
porous structures have the potential to provide better anchoring
sites and larger surface area for stabilizing the single metal
atoms efficiently. However, controlling the pore size is
extremely crucial as larger pores and mismatch with atomic
radii might also cause clustering of the single atoms, thereby
reducing catalytic activity. Dual single-atom doping of Cu and
In on highly mesoporous TiO2 exhibits superior catalytic activity
for photocatalytic degradation of Cr(VI) compared to their
single-atom doped counterparts, which is comparable to
benchmark catalysts. This enhanced photocatalytic activity can
be attributed to the synergic effects of the maximum dispersion
of dual active centers and the larger surface area of the meso-
porous supports.50

Fig. 7 depicts the benets of morphology-controlled
synthesis of SACs. A combination of hard templates with
pore-forming agents provides a larger specic area and
enhanced hydrophilicity, resulting in a larger number of easily
accessible catalytically active sites. To determine the overall
efficiency of the catalyst in any reaction, the identity of the
atomically dispersed active metal is extremely important as it
governs the entire reaction pathway. It has been observed that
when metals like Pd, Ag, Rh, Pt, Au and Fe are used in place of
Ru as single atoms on rod-shaped MnO2, the catalytic conver-
sion and selectivity decreases signicantly for the oxidative
cyanation of n-heptanol. This reduction in catalytic activity
1248 | Nanoscale Adv., 2025, 7, 1243–1271
occurs due to the blockage of catalytically active sites of
supports by these metals. Evaluation of multiple supports for
the reaction also showed that the reaction occurs efficiently only
on rod-shaped MnO2 and not even on commercially available
MnO2. This result indicates the fact that it is the synergy of the
type of metal used and morphology of the support material that
successfully exposes a greater number of surface-active sites for
the reactions.51

The orbital energy levels of the dopant metals can be regu-
lated by monitoring the identity and density of the secondary
dopants. Electron-donating neighbours increase the energy of
the active centers and make them nucleophilic in nature,
whereas electron-withdrawing neighbours make the active
centers electrophilic in nature, assisting redox reactions.48

The general mechanism of biomass conversions like cellu-
lose hydrolysis reveals that strong binding sites capable of
breaking inter and intramolecular hydrogen bonds of cellulose
must be present on the catalyst in combination with Brønsted
acidic sites. So, porous supports like MOF functionalized with
acidic groups like SO3H with anchored SACs seem to be an
excellent strategy to enhance the hydrolysis rate, but this aspect
of morphological impact on biomass conversion rates has not
yet been explored.52 Modulation of the local microenvironment
of a single atom with N and B gives rise to highly polar sites
capable of activating hydrogen from the reductant while
simultaneously transferring it to the acceptor C]O group. Such
strategies are found to be benecial for C–N bond formation,
which is crucial for the conversion of cellulose to value-added
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 An illustration of the importance and methods for morphology-controlled synthesis of supported SACs.
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amines.53 C–H activation is a very crucial step for the synthesis
of a variety of chemicals and pharmaceutical products. The
introduction of yttrium single atoms to the TiO2 surface results
in an increased number of oxygen vacancies and causes lattice
distortion, which helps activate the surface lattice oxygen. These
activated oxygen molecules directly react with benzyl radicals
when irradiated under light, thus yielding benzaldehyde.54 Such
oxygen-activating properties of SACs are also benecial for
acetone oxidation reactions. Hydrothermally prepared Co single
atom doped MnO2 shows excellent catalytic activity for this
reaction owing to the hydrogen-bonded complex formed
between acetone and hydroxyl group resulting from easy
dissociation of water.55

2.1.2 Metal–organic framework (MOF) supported SACs.
Metal–organic frameworks (MOF) are porous crystalline mate-
rials possessing ultrahigh surface areas, well-dened, highly
ordered structures and exible tunability.56 They are composed
of secondary building units (consisting of the metal nodes and
metal clusters) and organic linkers. MOF, in its original form,
nds a wide range of applications in batteries, supercapacitors,
photocatalysis, sensing and batteries due to its high tunability
of morphology, pore size and structural modication. So, the
development of MOF-based SAC is an intriguing strategy for
new-age materials with tunable properties for efficient organic
transformations. Metal nodes in MOF usually remain in an
atomic form but not in an unsaturated state because of which
they cannot act as SACs. In order to make unsaturated coordi-
nation sites available, either the solvent or water molecule must
be removed or ultrathin MOF sheets need to be developed so
that single metal nodes have enough unsaturated sites available
for the coordination of reaction substrates.14,57

There are two types of MOF-based SACs:
(a) MOF supported ADMCs:
In MOF-supported ADMCs, the original MOF structure

remains intact. MOF proves to be an excellent supportmaterial for
developing the highly dispersed SAC as there are multiple
© 2025 The Author(s). Published by the Royal Society of Chemistry
possible ways of stabilizing single metal atoms on MOF due to
their unique structure. The single atoms can be anchored onto the
metal nodes or the organic linkersmight provide suitable sites for
anchoring. When the N-containing ligands like porphyrin and
bipyridine are used as organic linkers, they promote higher
loading of catalytically active single metal atoms and there have
been reports of loading up to 12 wt% of Pt with the help of such
interactions.58 Moreover, the large number of well-dened pores
present in MOF can also conne and stabilize the single atoms.

(b) MOF derived ADMCs:
In MOF-derived ADMCs, a new phase is formed, i.e., MOF is

used as a precursor for the synthesis of some other types of SACs
like SAA, single atom metal oxides and heteroatom doped
carbon supported single metal atoms by employing thermal
treatments and chemical methods. Thermal treatments like
pyrolysis oen cause agglomeration of single atoms, which
signicantly decreases the number of catalytically active single
atoms. This drawback limits the practical utility of MOF-derived
ADMCs. In order to overcome this drawback, a higher number
of heteroatoms like N and S needs to be introduced to hold onto
the single metal atoms.56 A MOF-derived Zn-based SAC con-
sisting of a zeolitic imidazolate framework and Zn metal nodes
was developed, which was etched to give rise to a hollow porous
carbon support containing a large number of N dopants. It was
then pyrolyzed at very high temperatures in order to give rise to
Zn single metal atoms anchored onto the N-doped carbon
support, as shown in Fig. 8. Using this strategy, they success-
fully loaded 11.3 wt% of Zn single atom onto the support
surface, which is signicantly high compared to other
supports.59 However, it seems to be a cumbersome process to
synthesize MOF-derived SACs. So, developing simple, hassle-
free and highly efficient synthetic routes for MOF-derived
SACs is a much-needed advancement in material science.

Selective hydrogenation reactions are extremely crucial for the
commercial production of various products. But, over-
hydrogenation of the substrates is a major challenge during
Nanoscale Adv., 2025, 7, 1243–1271 | 1249

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00433g


Fig. 8 A depiction of (a) different anchoring sites of an MOF. Reproduced with permission from ref. 56. Copyright 2020, Energy Environ. Sci. (b)
Hollow porous carbon supported Zn SAC prepared from an MOF precursor. Reproduced with permission from ref. 59. Copyright 2019, Angew.
Chem. Int. Ed.
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the reaction. A comparison of the MOF-derived N-doped carbon
support with other carbon supports revealed that doping with
nitrogen introduces basic sites and polarizes the surface, which
not only helps with H2 dissociation but also interacts well with
the polar nitro group. Simultaneously, repulsive interaction
between the amine group and basic sites facilitates higher
selectivity for nitrobenzene reduction to aniline.60–62 The Co–N–C
bonds are found to accelerate the hydrogenation process of
nitroarenes in a mixture of protic solvents containing alcohol
and water. This can be attributed to the possible H shuttling on
the Co SAC surface, which facilitates the H2 activation, followed
by activated H-atom transfer to neighbouring organic ligands or
molecules by alcohols.61,62 Benzyl alcohol conversion to acids and
nitriles is a highly desirable reaction for industrial production.
Co–N4 sites synthesized by the one-pot pyrolysis yield excellent
results for such conversions. Similarly, N-doped carbon obtained
from benzylamine modication of Fe-ZIF acts as a crystallization
regulator, transforming the morphology from nanosheets to
dodecagon with increased nucleation speed and crystallinity,
which results in more stable Fe–N4 anchoring sites for benzyl
alcohol conversion to benzonitriles. These superior catalytic
properties may arise because of the microenvironment of the
single atoms anked by four nitrogen atoms, which increase the
Fig. 9 An illustration of (a) HAADF- and ABF-STEM images of Fe/OES an
(b) Synthetic scheme for Fe/OES. Reproduced with permission from ref.

1250 | Nanoscale Adv., 2025, 7, 1243–1271
electron density over the isolated metal centers, thereby accel-
erating the activation of the reactant.63,64

Template-assisted synthesis of MOF-derived and other sup-
ported SACs not only enhances the loading and stability of the
SACs but also amplies the number of catalytically active sites.
Overhang-eave morphology, as shown in Fig. 9, is found to
provide a larger surface area. When a SiOx coating is provided to
the synthesized MOF, it results in anisotropic thermal
shrinkage of the MOF precursors by inducing an outward
adsorption force and nally gives rise to overhang-eave struc-
tures with superior catalytic activity aer the removal of the SiOx

coating.65 Although the so-developed catalyst showed better
catalytic activity for oxygen reduction reaction, such SACs with
specic morphologies can also be explored for organic
transformations.

Noble metals like Pd and Au are extensively used for the
industrial production of benzaldehyde and benzoic acid from
benzyl alcohol.66 In situ formation of Pd single atoms by disso-
lution of <0.1 mol% of Pd(OAc)2, K2PdCl4, Pd(acac)2, and
Pd2(dba)3 salts in the reaction mixture yields 50–80% of benzoic
acid in just 4 hours. However, similar results are not observed
for Pd salts containing stronger ligands like phosphine. Thus,
the nature of the interaction between the metal center and
d Fe/BCS showcasing the overhang-eave-shaped structure of Fe/OES.
65. Copyright 2020, Angew. Chem.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ligand is very crucial to deciding the activity of the SAC in
soluble form. Inspired by the efficiency of the soluble form of
single atoms, a Pd single atom anchored to a methyl cysteine-
based MOF is used for the reaction. The incorporation of
solid support successfully preserved the structure and elec-
tronic properties of SACs and prevented the leaching of the
catalyst during the reaction.67 MOFs are found to be excellent
photocatalysts for a variety of reactions owing to the presence of
photosensitive linkers. A comparison of photocurrent response,
EIS, photoluminescence and UV-vis spectra of various samples
of atomically dispersed Ni on different MOF, as shown in Fig. 10
with different coordination environments, suggests that Ni1–S/
MOF exhibits superior photocurrent response due to rapid
charge transfer processes. Thus, it implies the fact that a proper
combination of well-dispersed atomically active sites with
modulation of coordination environment with photosensitive
linkers is an excellent strategy for slowing down the electron–
hole recombination process.68

2.1.3 Carbon-supported SACs. Carbon-based materials are
versatile metal-free supports for anchoring single atoms due to
their high surface area, porosity and tunable morphologies.69

Introduction of earth-abundant heteroatoms, such as N, O, and
P, into the carbonmatrix results inmore anchoring sites, thereby
enhancing themetal loading on the surface. It is observed that as
compared to the sheet-like 2D-gC3N4, rod-shaped morphology
increases the interlayer distance, modulates the electronic
properties and increases the unsaturated sites of Co single atoms
on its surface. The availability of a signicant number of coor-
dination sites on the curved surface facilitates better adsorption
of substrates and oxygen dissociation, which accelerates cyclo-
hexane oxidation.70 On the other hand, its irregular platelet-like
morphology with Cu+ ion sandwiched between its layers in
linear form has shown 82% conversion with 55% selectivity for
cyclohexene oxidation.71 A sandwich structure of g-C3N4 exhibi-
ted a conversion of 23% with 82–92% selectivity for oxidation of
cumene to cumene hydroperoxide.72 Theoretical calculations of
Fig. 10 (a) A schematic illustration of the synthesis of atomically dispersed
modulation of coordination environment of an Ni single atom to obtain N
(c) EIS plots, (d) photocatalytic HER rate of Ni1–X/MOF and MOF. (e) Re
Reproduced with permission from ref. 68. Copyright 2021, J. Am. Chem

© 2025 The Author(s). Published by the Royal Society of Chemistry
Gibbs free energy for the elementary steps of cumene oxidation
have revealed that Fe and Co single atoms anchored onto
nitrogen-doped carbon supports show superior catalytic activity
as compared to Cu and Zn single atoms.73 Thus, the coupled
effect of atomic dispersion of metals with the morphology-
controlled synthesis of g-C3N4 gives rise to unique structures,
which accelerate the activation of molecular oxygen in the
atmosphere and hence they show outstanding oxidative proper-
ties. Carbon-supported SACs are also benecial for the selective
oxidation of some other hydrocarbons to value-added products.
However, such conversions are oen difficult to achieve because
of the possible activation of the C–H required for the reaction.
Even though strong oxidizing agents like dichromate and
permanganate are used for such reactions, they oen lead to the
production of large amounts of hazardous waste. Among the
transition metals, Fe, Co and Mn, Co is found to exhibit the best
catalytic performance for the production of acetophenone and
benzaldehyde from ethylbenzene and alcohols, respectively.
Atomic dispersion of Co over carbon supports like g-C3N4 and
graphene can activate mild oxidizing agents, such as perox-
ymonosulfate, which gives cOH, SO5c

− and SO4c
− radicals upon

activation. These oxidative radicals are crucial for such oxidative
processes.74,75

2.2 Single atom alloy (SAA)

In single atom alloys (SAAs), one of the metals of the alloy
remains in an atomically dispersed state. The less reactive host
metal surface provides the surface defects required to x the
more reactive foreign metal into its lattice, while the ligand
strength and the steric strength modulate the electronic struc-
ture of the foreign metal atoms.76,77 For effective alloy formation,
the redox potential of the constituent metal ions needs to be
close to each other. Intermetallic compounds belonging to the
class of alloys consist of isolated sites; however, the amount of
dopant is much higher, and their ensemble is much broader.
Platinum group metals exhibit excellent catalytic activity in
Ni2+ on UiO-66-NH2 usingmicrowave-assisted synthesis, followed by
i1–X in place of NiNP/MOF and NiSNP/MOF. (b) Photocurrent responses,
cycling performance of Ni1–S/MOF for photocatalytic H2 production.
. Soc.
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various organic transformations, but their high affinity for CO
makes them extremely susceptible to poisoning. Alloying these
platinum group metals through atomic dispersion with transi-
tion metals showing lower affinity for CO proves to be an
excellent strategy to improve the stability of noble metal-based
catalysts without compromising the activity of the catalyst.76–78

The stability of SAAs depends on two factors- segregation energy
and aggregation energy. The aggregation energy is a thermody-
namic quantity that determines the relative stability of the iso-
lated dopant atoms compared to the dopant clusters, and
segregation energy determines the relative stability of the iso-
lated atoms on the surface of the host metal rather than in the
bulk. DFT calculations reveal that in most of the SAAs, the
segregation energy is negative, suggesting greater stability of the
single dopant atom in the bulk rather than on the surface. But,
in some cases, the strong adsorbate-dopant bonds result in
a higher concentration of the dopant on the surface rather than
in the bulk of the surface. Pd/Cu (111) and Pt/Cu (111) are some
examples of SAAs in which a higher concentration of the dopant
can be observed on the surface of the host rather than in the
bulk. A positive aggregation energy of the two metal atoms is
necessary for the formation of SAAs. The adsorption of small
molecules like CO and H2 can control the aggregation energy as
well as segregation energy, thus resulting in a greater number of
single atomic sites on the surface of the host metal.53,76 The SAAs
exhibit unique dual-site catalytic behaviour, which helps in
catalyzing different elementary reactions of an organic trans-
formation.77 It has been observed that Pd containing SAAs shows
exceptional catalytic activity for selective hydrogenation reac-
tions of various organic compounds. Unlike monometallic Pd
nanoparticles where desorption of dissociated H atoms becomes
a challenge, isolated Pd atoms cause the dissociation of H2

molecules on its surface, followed by the spillover of the disso-
ciated H atom to the host metal, thereby facilitating its faster
desorption from the catalyst surface. PdCu, AgPd, RuNi, PdAu
and PtCu SAAs are some of the highly effective combinations of
metals for chemoselective hydrogenation of acetylene, levulinic
acid, nitroarenes, styrene, olens and many more.77–82 SAA, like
PtCu, also facilitates C–H activation, which is crucial for cyclic
hydrogenation and dehydrogenation reactions without any coke
formation. DFT calculation reveals that the synergy of such
a combination of metal species results in a balance of binding
forces for intermediates, leading to hydrogenation on Pt and
dehydrogenation due to Cu centers.83 The synthesis of most of
the SAAs requires the assistance of reducing support materials
like alumina, silica and N-doped C-supports. Therefore, the
development of self-assembled SAAs would represent a novel
approach in this eld. Methods such as leaching result in stable
self-assembled SAA, thereby making the process more hassle-
free.48,53,76–78,84
3. Impact of defect engineering and
piezocatalysis on the efficiency of SACs

Defect engineering of supports helps with the customization of
vacancy defects, edge defects and dopant-derived defects.85,86 Pd
1252 | Nanoscale Adv., 2025, 7, 1243–1271
single atoms anchored on oxygen vacancies of CeO2 nanorods
synthesized from defect engineering of supports exhibit 99%
conversion and exceptional turnover frequency for the selective
hydrogenation of styrene and cinnamaldehyde, as well as trie-
thoxysilane oxidation. Unlike Pd nanoparticles, conning Pd
single atoms on oxygen vacancies exposed a greater number of
unsaturated sites for easy dissociation of H2, which helped
accelerate the hydrogenation process without causing any
leaching of the catalyst during the reaction.87 Selective oxidation
of methane to C1-oxygenates is a crucial reaction for the
synthesis of a variety of value-added products. But, this reaction
oen suffers from loss of activity and selectivity due to the
formation of large amounts of by-products. Low temperature
(<200 °C) methane conversions are found to be ideal for more
efficient utilization of methane. The introduction of carbon
vacancies and P dopants adjacent to Fe–N4 sites on graphene
sheets is found to signicantly enhance methane conversion at
room temperature. This signicant increment in its catalytic
properties comes from the introduction of defects, which not
only reduce Gf but also oxidise Fe–N4 sites to O–FeN4–O sites,
which act as potential active sites for methane oxidation.88

Removal of linkers and clusters via the modulator approach,
a mixed linker approach or post-synthetic treatment of MOFs
helps in increasing the distance between the activemetal centers,
and at the same time, leaves a greater number of unsaturated
sites available for catalytic reactivity, thus resulting in SACs.
MOF-derived Co SACs were prepared via MOF defect engi-
neering, followed by carbonization and acid etching in which
they introduced H2O for causing competitive coordination with
carboxylic acid, thus resulting in crystal nucleation and inhibi-
tion ingrowth, ultimately giving rise to crystal defects, as shown
in Fig. 11.89 But there is a huge room to develop MOF-based SACs
based on this strategy. It has been observed that the combination
of a thermostable and a thermolabile linker followed by the
selective removal of thermolabile linkers results in hierarchical
porous structures and the degree of porosity can be controlled by
using different lengths and concentrations of modulators. Also,
it has been found that using potassium hydroxide and propionic
acids results in missing linkers, clusters, and extra framework
cations and hence these defects can be used to generate MOF-
based SACs. Plasma etching is a green technique to generate
vacancy defects in MOF without destroying the original frame-
work, which can also be used to generate MOF-based SACs. The
realm of defect engineering potentially results in a highly porous
structure and a high specic area of defective MOF, which will
allow the substrates to reach the catalytically active single metal
atom efficiently.90

Using MOF and some metal oxides as piezoelectric catalysts
is emerging as a promising approach for various energy
conversions. Most piezoelectric catalysis processes seem to
require the assistance of a sacricial agent, which is not that
cost-effective. However, the pore size of MOF can be altered by
using exible organic linkers of different lengths. Moreover,
organic molecules that can change their conformations upon
external stimuli light irradiation can be incorporated within the
pores of MOF bonded to organic linkers. This strategy helps
generate photoswitches, which will be benecial for catalyzing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 An illustration of a plausible mechanism for SAC-based photoswitches.

Fig. 11 A schematic of the synthesis procedure for metal SACs through the defect engineering strategy in MOFs. Reproduced with permission
from ref. 89. Copyright 2021, Adv. Funct. Mater.
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various photocatalytic reactions inside the pores of the MOF.91,92

The concept of photoswitches can be combined with SACs, as
shown in Fig. 12, which will facilitate the electron transfer
process and result in a highly efficient photocatalyst.

Fig. 13 depicts the use of piezo photocatalysis using an
integral system of single Ag atoms with a piezoelectric material
SnO2 giving rise to a z-scheme heterojunction. Such systems are
found to be highly benecial for the activation of small mole-
cules like O2, H2O etc. So, there is an urgent call for the extensive
use of such catalyst applications in the eld of organic trans-
formations as well.93

Morphological studies on SAC-promoted piezocatalysis can
open new doors of research in sustainable chemistry. It has
been observed that ellipse and pyramid-shaped ZnO shows
excellent piezoelectric behavior, probably owing to the growth
of crystals along (002) containing a greater number of particles
along the c-axis, which is important for ZnO to show the
piezoelectric behaviour.32,94 The incorporation of active metal
© 2025 The Author(s). Published by the Royal Society of Chemistry
SACs onto such morphology control piezoelectric material can
be a leap forward for energy-efficient industrially important
organic transformations. Table 1 summarizes the synthesis of
various morphologically controlled SACs for organic reactions.
It is clear from Table 1 that the same materials with different
morphologies are highly selective for different reactions. Such
comparative studies help better understand the impact of
morphology on reaction mechanisms. It also depicts the
growing trend and versatility of carbon supports for diverse
organic transformations.
4. Application of atomically dispersed
metal catalysts for industrially
important organic transformations

The high efficiency and cost-effectiveness of the ADMCs have
drawn the attention of the scientic community in recent years.
Nanoscale Adv., 2025, 7, 1243–1271 | 1253
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Fig. 13 (a) Schematic representation of the synthetic process of Ag atoms-anchored polymeric carbon nitride (Ag–PCN)/SnO2−x. (b) TEM and (c)
high-resolution TEM (HRTEM) images of Ag–PCN/SnO2−x. (d) The spherical aberration-corrected high-angle annular dark-field scanning TEM
(HAADF–STEM) image of Ag–PCN/SnO2−x. The purple circles highlight some of the single Ag atoms (bright dots). (e) STEM image of Ag–PCN/
SnO2−x and the corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping profiles showing Sn (orange), O (red), Ag (purple),
C (yellow), and N (blue) distributions. Reproduced with permission from ref. 93. Copyright 2023, Adv. Sci.

Table 1 A comparative study of the morphology-controlled synthesis of SACs for various organic reactions

Metal Support Morphology Organic transformation Reference

Rh CeO2 Nanowires Oxidation of methane 95
Cube Hydroformylation 35

Exfoliated g-C3N4 Sheet-like Hydroformylation 96
N and P-doped carbon Polyhedra Carbene N–H bond insertion 97
N-doped carbon Rhombohedral dodecahedron,

nanorod
Formic acid oxidation 98 and 99

Pd N-doped carbon Hollow nanosheets Suzuki cross-coupling reaction 100
Nanosphere Semihydrogenation of acetylene 101 and 102

Ni Carbon nitride Sheet-like Photoredox C–N coupling 103
Mesoporous Photocatalytic C–O coupling 104

Co N-doped carbon Dodecahedral Dehydrogenation of formic acid 105
Concave Coupling of alcohols 106

g-C3N4 Rod-shaped Cyclohexane oxidation 70
Carbon nitride Laminar shape Oxidation of alkylaromatics 107

Cu g-C3N4 Irregular platelet-shaped Cyclohexene oxidation 71
Boron nitride Nanobers Nitroaromatics reduction 108

RuNi Al2O3 Hierarchical Hydrogenation of nitroarenes 77
Pt TiO2 Nanosheets Hydrogenation of nitrostyrene 109

1254 | Nanoscale Adv., 2025, 7, 1243–1271 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Industrially important organic transformations like the C–C
cross coupling reaction, hydrogenation reactions, oxidation
reactions, biomass conversion, and azide–alkyne cycloaddition
reactions are crucial for the production of various value-added
products. Biomass is mainly composed of carbohydrates,
lipids and proteins, which consist of carbon, hydrogen and
oxygen as its prime elements. The focal point of their conver-
sion to value-added products is the selective breaking and
formation of numerous C–C bonds between two different
organic molecules. So, catalysts that display high activity and
selectivity towards the C–C cross coupling reaction can also
potentially show better results for biomass conversions.
Furthermore, the azide–alkyne cycloaddition reaction, which is
central to click chemistry, is pivotal for sustainability, and the
catalysts used for this reaction oen aim for high efficiency. So,
Cu ADMCs used for azide–alkyne cycloaddition reactions with
superior and unique properties can help broaden the scope of
these reactions for better utility of biomass-conversion.7,8,110–112

But, it has been seen that they oen require harsh reaction
conditions like long reaction times, high pressure, or large
amounts of catalyst to give high yields.113 So, the development of
a cheaper alternative to the traditional catalyst that can provide
high efficiency without compromising environmental well-
being has become extremely crucial.
4.1 Biomass conversion

In recent years, people have become more aware of the deple-
tion of natural fossil fuel reserves. Shiing chemical processes
towards a greener approach using renewable resources and
substrates has become essential to protect Mother Nature.
Biomass conversion is one such process that has the potential
to yield green energy and industrially important products
without harming the environment. Noble metal-based nano-
particles like Pt, Ru, Au and Pd have proven to be excellent
catalysts for such reactions; however, the low availability, high
cost of noble metals, harsh reaction conditions and agglomer-
ation or leaching of the synthesized catalyst remain a challenge.
Hydrogenation of cellulose-derived levulinic acid (LA) to g-
valerolactone (GVL) is a highly important organic trans-
formation because the so-obtained product g-valerolactone
(GVL) is used in the manufacture of gasoline blenders, bio-
rening solvent, energy-dense fuel additives and can also be
transformed into intermediates of biopolymers.114–116 This
reaction involves simultaneous C]O bond activation and H2

dissociation, which requires electron-rich catalytic centres.
Many researchers have worked on the development of electron-
rich Ru nanoparticles anchored onto supports like graphene
oxide, N-doped C, hierarchical porous carbon and many more
Fig. 14 Schematic of levulinic acid conversion into g-valerolactone cata

© 2025 The Author(s). Published by the Royal Society of Chemistry
because of the captivating properties of Ru over other Pt group
metals but the activity and efficiency of electron-rich Ru
nanoparticle-based catalysts are not so appreciable because
only the surface Ru species can activate C]O and cannot cause
simultaneous H2 evolution along with C]O activation, which is
a very important step of such biomass conversions.116 To over-
come this drawback of Ru-based catalysts and maximize the
benets of utilizing Ru species, a MOF-derived RuCo SAA con-
taining electron-rich Ru atoms as the active centers was
synthesized for the reaction. It was stabilized onto an N-doped
carbon support via pyrolysis. SAA formation with less electro-
negative Co involves electron transfer to Ru, giving rise to
electron-rich Ru species that are important for efficient catal-
ysis. The lower melting point of Co leads to their agglomeration
into larger nanoparticles during pyrolysis, causing the disper-
sion of highly unsaturated Ru into its lattice matrix in atomic
form. So, a less electronegative host metal with a low melting
point is ideal for the formation of SAA catalysts for such reac-
tions. Also, Co–N–C sites accelerate the process of H2 activation,
as previously discussed in this work, which plays a key role in
the hydrogenation of LA to GVL. Their synthesized catalyst with
1.1 wt% of Ru loading exhibited a whopping turnover frequency
of 3500 h−1, higher than other Ru-based catalysts. Fig. 14
illustrates the mechanism involved in such conversions.117

Lignin degradation involving selective cleavage of C–C bonds
is an extremely important reaction for the synthesis of high-
value aromatic compounds and the production of fuels. The
high dissociation energy of the C–C bond (226–494 kJ mol−1) as
compared to the C–O bond (209–348 kJ mol−1)118 makes the
selective dissociation of C–C linkage difficult. Electrocatalytic
oxidative lignin degradation is a promising approach over other
methods like pyrolysis, reduction and hydrolysis because it
results in higher yields under mild reaction conditions while
supporting sustainability. Moreover, electrocatalytic oxidation
also results in the generation of value-added H2 at the cathode
as a by-product. It is observed that the traditional metal and
metal oxide-based electrocatalyst suffers from low product
yields as well as poor selectivity. So, considering the challenges
faced during the degradation of lignin, the potential of SACs for
electrocatalytic lignin degradation was explored. A highly effi-
cient single atom Pt catalyst anchored onto the surface of N-
doped carbon nanotubes was designed successfully for selec-
tive cleavage of the Ca–Cb bond. Based on DFT calculations, as
shown in Fig. 15f and g, they concluded that, unlike the previ-
ously reported catalysts, the synthesized Pt1/N-CNTs electro-
catalyst proceeded through the formation of Cb radical
intermediate in place of Ca ketone or Ca radical intermediates,
which then induced highly selective Ca–Cb bond cleavage by
coupling with tBuOc.119
lyzed by Ru1Co-NC SAC.
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Fig. 15 A depiction of the proposed strategy and characterization of the Pt1/N-CNTs catalyst. (a) Schematic of the preparation of Pt1/N-CNTs. (b)
TEM image of Pt1/N-CNTs. (c) HAADF-STEM image of Pt1/N-CNTs. (d) Representative AC HAADF-STEM image of Pt1/N-CNTs. (e) EDX elemental
mapping analysis of Pt1/N-CNTs, structural identification of a Pt single atom in the Pt1/N-CNTs catalyst, (f) proposed mechanism of the Pt1/N-
CNTs-catalyzed conversion based on experiments and DFT calculations (g) DFT-calculated potential energy surface for the reaction on the Pt1/
N-CNTs surface. Reproduced with permission from ref. 119. Copyright 2021, J. Am. Chem. Soc.
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The electro-oxidation of 5-hydroxymethyl furfural (HMF) not
only yields a variety of value-added products but also can serve
as an alternative anodic reaction that has the potential to
improve the sluggish kinetics of reactions such as oxygen
evolution reaction (OER). Successful loading of about 0.5 wt% of
Ru single atom was accomplished on ultrathin nanosheets of
CoOx. The high dispersion of Ru was ensured with the help of
lyophilization. They found that the selectivity and yield ob-
tained with their synthesized catalyst for electrooxidation of
HMF were 13.8% and 13.3%, respectively, which was more than
CoOx.120 This enhanced catalytic activity can be attributed to the
synergy of SAC and the support. The highly unsaturated sites of
the SACmight facilitate greater adsorption of the substrate onto
the surface of the catalyst, thereby providing a lower energy
barrier for C–H bond activation, which is the rate-determining
step for the electrooxidation of HMF. Moreover, it is also
observed that precise modulation of the coordination environ-
ment of the single atoms through its combination with various
other desirable metals leads to a synergic effect, which might
help in overcoming the drawbacks of their individual counter-
parts. The incorporation of single atoms into the host material
sometimes also alters the rate-determining step of the conven-
tional reactions, as evident from the electrooxidation of hydra-
zine. Thus, a good understanding of the impact of the
coordination environment of the single atom on the reaction
mechanism might open new doors of exploration for their
application in biomass conversion as well.121,122 The mecha-
nistic study of hydrodeoxygenation of lignin derivatives by H.
Guo and co-workers suggests the importance of atomic isola-
tion for controlling the adsorption modes of substrates for
enhanced conversion and selectivity. Anchoring isolated Ni on
Mo2C changes the geometry of the adsorbed intermediate from
vertical to horizontal, resulting in an alternative reaction
pathway with a lower energy barrier.123 A similar observation
1256 | Nanoscale Adv., 2025, 7, 1243–1271
was also obtained by Y. Lu and co-workers when they used Ir
SAC supported on Co3O4 as a catalyst for the electrooxidation of
HMF. The LSV curve showed a record low onset potential (1.15
VRHE), whereas Co3O4 and IrO2 exhibited a comparatively higher
value of onset potential (1.35 and 1.48 VRHE, respectively). These
lower onset potentials at higher current densities can be
attributed to the preferential adsorption of C]C of the furan
ring on the Ir single atom and C]O on the adjacent Co atom of
the support. The temperature-programmed desorption (TPD)
measurements reveal that the desorption temperature of
ethylene molecules is higher on Ir1/Co3O4 than on Co3O4. But,
in the presence of a CO atmosphere, the reverse takes place. The
concentration of the intermediate on their synthesized catalyst
is also found to be less as compared to the support, which
ultimately results in the fast kinetics of the oxidative process.124

Nb2O5 containing Nb(V) has also been proven to be a great
support material for anchoring Ru atoms onto its surface for
selective conversion of lignin to arenes. The porous material so
formed helps with the deprotonation of C–OH groups and the
phenoxide ion is bonded to the vacant sites of the synthesized
catalyst, which ultimately results in the selective activation of the
C–O bonds.125 However, there are certain reports where porous
supports like g-C3N4 encapsulated the active metal species in
between its layers, ultimately reducing the catalytic activity.
Thus, selecting a suitable support material that can expose most
of the catalytically active sites for the proper binding of the
substrates is extremely important for the reaction to proceed
effortlessly.126 In biomass conversions, very harsh hydrothermal
reaction conditions are oen used, so hydrothermal stability of
the synthesized SACs plays a crucial role in efficient catalysis.
Moreover, biomass consists of a variety of functional groups and
heteroatoms, which have a very high tendency to form complexes
with isolated doped metals, which might result in rapid leaching
of the developed SAC, thus limiting their recyclability.127 Core–
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 TEM images of (a) a-FeOOH@PDA; (b and c) SA-Fe/CN. (d) HAADF-STEM image and corresponding EDX mapping of SA-Fe/CN, C
(pink), N (green) and Fe (yellow). (e and f) AC HAADF-STEM image and enlarged view of SA-Fe/CN. (g) An illustration of core–shell structured SA-
M/CN materials for direct hydroxylation of benzene to phenol. Reproduced with permission from ref. 130. Copyright 2017, J. Am. Chem. Soc.
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shell structures with higher stability and extensive charge
transfer between the layers can hold onto the SACs rmly and
also promote photocatalytic biomass conversion when the shell
is composed of light-harvesting systems.128,129 Fig. 16 illustrates
the TEM images of a core–shell structured Fe-based SAC
prepared by pyrolysis and further leaching of PDA-coated a-
FeOOH. This work emphasizes the importance of core–shell
structured SACs for direct hydroxylation of benzene to phenol.
Such strategies can also be extended for other industrially
important organic transformations.130

Reactions involving the conversions of furfural to more value-
added products are found to be catalyzed highly efficiently by
noble metal nanoparticles like Au and Cu supported on CeO2

nanorods. The high catalytic activity of these catalysts is attrib-
uted to the (100) and (110) exposed planes of Au/CeO2 and Cu/
CeO2. This is because these planes are found to have the highest
content of oxygen vacancies, which facilitates the easy absorption
of oxygen species. The metal nanoparticles are stabilized by
surface oxygen vacancies with simultaneous oxidation by adsor-
bed oxygen species, resulting in cationic metal species. Although
such metal oxide-supported nanoparticles oen exhibit satis-
factory results, the SACs exhibit a better dispersion of active
metal centers. These cationic metal centers are extremely crucial
for C–H bond activation, which is one of the major steps for
furfural conversions, as shown in Fig. 17j.131 Thus, under-
standing the mechanism of the reactions will provide us with
insight into the morphological requirements of the catalyst for
utmost efficiency. Such a plane-specic strategy can also be used
© 2025 The Author(s). Published by the Royal Society of Chemistry
for stabilizing the single metal atoms onto the surface of metal
oxides by controlling the morphology of the supports through
surfactant-assisted techniques so that more plane-specic strat-
egies can be used for catalyzing conversions.132–134

The combination of SACs with the conventional heteroge-
neous catalyst has the potential to exhibit excellent photo-
catalytic biomass conversion, as depicted in Fig. 18, but it still
needs much exploration. One of the most difficult tasks for
achieving highly efficient photocatalytic biomass conversion is
to obtain highly valuable products with high selectivity without
causing complete mineralization of the substrate into CO2 and
H2O. The presence of oxygen promotes the mineralization of
various reactive oxygen species into CO2 and H2O. The incor-
poration of single atoms into suitable semiconducting support
not only results in unique bandgap properties but also helps
control the composition and coordination environment so that
a highly selective photocatalyst can be developed for each
reaction pathway. It has been observed that the combination of
suitable metal atoms in the form of SAA results in better
adsorption at substrates due to the high surface energy and
unsaturated sites, along with reduced coke formation, thereby
lowering the energy barrier for C–H bond activation. Such
supporting information reects the potential of SACs to be used
for highly selective photocatalytic biomass conversions, as C–H
bond activation is one of its crucial steps.135–140

The anchoring of Ni single atoms on the surface of TiO2 is
proven to exhibit superior catalytic activity for C–C bond
cleavage, which seems to be benecial for biomass conversions.
Nanoscale Adv., 2025, 7, 1243–1271 | 1257
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Fig. 17 Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and scanning electron micros-
copy (SEM) images: (a and b) CeO2-rod, (d and e) CeO2-cube, (g and h) CeO2-oct, (c) Au/CeO2-rod, (f) Au/CeO2-cube and (I) Au/CeO2-oct. The
insets of (c), (f) and (i) indicated the statistical distribution of Au particles. The inset in (b) shows a zoom-in image in the (110) lattice fringe. The
inset in (g) shows the SEM images of CeO2-oct. (h) Possible reaction mechanism for oxidation of HMF to FDCA. Reproduced with permission
from ref. 131. Copyright 2019, Catal. Sci. Technol.

Fig. 18 An illustration of photocatalytic biomass conversion.
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This enhanced photocatalytic activity arises because of the
introduction of new vacant states near the conduction band of
TiO2, which not only acts as the acceptor of photogenerated
electrons but also acts as an active centre for the activation of
molecules. The isolated active centers, due to their highly
1258 | Nanoscale Adv., 2025, 7, 1243–1271
dispersed nature, lower steric hindrance and precisely controlled
local environment, help with tailoring highly selective photo-
catalysts for the desired organic transformations.137–140

The selective hydrogenation of unsaturated aldehydes and
ketones in the presence of –C]C– is highly desirable and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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challenging for biomass conversions. However, the isolated
environment and unique binding modes of the substrate on the
active metal center of SACs facilitate such conversions. A
pocket-like structure of Rh1/MoS2 SAC is found to exhibit 50%
higher selectivity towards hydrogenation of crotonaldehyde to
crotyl alcohol without reducing the –C]C– as compared to their
nanoparticle counterpart. The dominant absorption peak at
2090 cm−1 in in situ CO-dris indicates the atop adsorption
conguration of CO on Rh atoms anchored to the edge sites of
2D MoS2 nanosheets. This top-on adsorption of the croto-
naldehyde molecule is exothermic by 0.70 eV and stabilized by
0.18 eV, which increases the probability of such adsorption
modes by 99%. DFT calculations also reveal that the h1 mode of
adsorption is much more favourable than the h2 mode of
adsorption, which results in higher chemoselectivity of SACs
compared to their nano-counterparts.141

4.2 Hydrogenation reactions

Hydrogenation reactions are central to the petrochemical, ne
chemicals and coal industries. About one-fourth of industrially
important organic transformations include at least one hydroge-
nation step. Selective hydrogenation of aldehydes and ketones in
the presence of –C]C– is crucial for various avouring, perfume
and pharmaceutical industries.142,143 a,b-Unsaturated aldehydes/
ketones are oen adsorbed at the active centers through the di-
s or p mode. They can also get co-adsorbed through 1,4-di-s
modes. All these adsorption modes result in the preferential
reduction of –C]C– due to thermodynamic and kinetic reasons.
But, as mentioned in Sections 2.2 and 4.1, the synergy of H2

molecule activation followed by its spillover and unique h1 mode
of adsorption on SACs helps achieve such energetically
demanding selective hydrogenation.77–80,144–146 Fig. 19 depicts the
Fig. 19 An illustration of different binding modes of a,b-unsaturated a
reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
different bindingmodes of a,b-Unsaturated aldehydes/ketones on
nanoparticles and SACs, showcasing better chemoselectivity of
SACs over other nanocatalysts for the hydrogenation process.

Semi-hydrogenation of acetylene to produce plastics is
extremely crucial for polymer-based industries. The three most
common side reactions hindering the hydrogenation process of
alkynes to alkenes are the hydrogenation of alkenes to alkanes,
oligomerization of alkynes and intermediates to higher hydro-
carbons and coke formation.147,148 It has been observed that
SACs promote the chemoselective hydrogenation of acetylene to
ethene without causing further hydrogenation. This enhanced
chemoselectivity can be attributed to the two most unique
properties of SACs-ensemble effect and active site isolation.
Based on the number of metal atoms present in an ensemble,
there are three modes of adsorption for alkynes whose
adsorption strength decreases in the order of ethylidyne on 3-
fold Pd-sites > di-s on bridged Pd dimers > p-bonded on iso-
lated Pd single atoms, as shown in Fig. 20. Among the three
modes of adsorption, it is found that the desorption energy for
ethylene molecules is lower as compared to the hydrogenation
process, by which ethylene molecules desorb from the surface
of SACs as soon as it is formed, thus preventing unwanted side
reactions.124,141 It is found that hierarchically hollow structures
of supports provide an abundant number of channels for better
mass transport with a greater number of exposed sites, which
proves to promote transfer hydrogenation of nitroarenes. This
is also supported by the fact that hollow pocket-like structures
of supports, as mentioned in Section 4, help enhance the che-
moselectivity of hydrogenation processes by providing steric
hindrance to side reactions. The strategy of enclosing SACs
within such porous structures is adopted from enzyme catalysis,
where their pocket-like structures successfully protect organic
ldehydes/ketones on nanoparticles and SACs for the hydrogenation

Nanoscale Adv., 2025, 7, 1243–1271 | 1259
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Fig. 20 An illustration of increasing chemoselectivity for semi-hydrogenation of acetylene on SACs.
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molecules by controlling the conguration of adsorption sites
and promoting the formation of low-energy transition states.
Thus, the construction of more sterically hindered sites around
the active metal centers results in better performance of SACs
than their nanoparticle counterparts.141,149

4.3 Oxidation reactions

Most oxidation reactions require harsh reaction conditions like
high temperature and pressure to give high yields. Poor che-
moselectivity is a limiting factor for such organic trans-
formations.150,151 A strong metal–support interaction and the
ability to activate oxidising species are the two most important
factors for developing a highly selective catalyst for such reac-
tions. The type of oxygen species adsorbed and activated on the
surface of the catalyst depends on the surface properties like
defects, vacancies and arrangement of the atoms on the surface
of the catalyst. It is found that when Pt SAC is dispersed onto the
surface of MgO nanosheets, it shows superior oxidation of
toluene as compared to the MgO nanosheet alone. The intro-
duction of SACs reduces the formation energy of oxygen
vacancies (4.19 eV) on the catalyst, which acts as the active
centers for the oxidative process. Their synthesized catalyst
showed excellent activity in the presence of H2O, which is
contradictory to previous reports. DFT calculations suggested
that this can be attributed to a lowered activation energy barrier
for H2O as compared to O2 on Pt1/MgO nanosheets.152 Selective
oxidation of benzene to phenol is a crucial chemical trans-
formation for the production of resins, bisphenol, and nylon,
but the traditional cumene process involves very harsh reaction
conditions and also results in low yields while causing envi-
ronmental pollution. Since modulation of the coordination
environment of SACs with different heteroatoms like C, N and O
results in unique geometrical and electronic structures, it is
found that the Fe–N4 coordination environment gives the best
conversion and selectivity as compared to the Fe–N3C1 and Fe–
N2C2 coordination environment for benzene oxidation to
phenol. DFT calculations and temperature-programmed
desorption (TPD) measurements revealed that the increase in
the Fe–N coordination number results in more facilitated
adsorption and activation of O2 molecules and also enhances
hydrophilicity of the catalyst, which promotes better interaction
with the substrates of the reaction.153 A recent microkinetic
model-based study conducted to understand the inuence of
1260 | Nanoscale Adv., 2025, 7, 1243–1271
coordination of different transition metals with four N atoms
revealed that such a microenvironment is necessary for C–H
bond activation of benzene and O–H bond weakening of
phenol, which ultimately results in better conversions.154 While
the introduction of carbon into the coordination environment
of SACs is found to degrade the percentage conversion, the
introduction of heteroatoms like oxygen along with nitrogen for
coordinating SACs is surprisingly found to enhance such
conversions from 78.4% to 98.1% of phenol. This can be
attributed to the synergy of high electrophilicity of O and more
number of unoccupied 3d-orbital present on the partially
oxidized central metal, which helps with easy excitation of
electrons and hence yields highly selective outcomes at a low
concentration of H2O2.155 Similar observations are also made
by W. Chen and co-workers where dual-coordinated Cu1–N3O1

moiety does not require the H2O2 activation step due to which
the activation energy barrier for the oxidation reaction is
signicantly lowered and hence results in higher turn-over
frequency.156

4.4 C–C cross coupling reaction

Suzuki–Miyaura cross-coupling reaction is a well-known reac-
tion for C–C bond formation for organic synthesis of various
bioactive molecules and natural products. Moreover, they are
used for the production of a large number of materials, such as
molecular wires, liquid crystals, and conducting polymers.
Conventionally, Pd-phosphine complexes are used for cross-
coupling reactions. The phosphine ligands help the intercon-
version of oxidation states between Pd(0) and Pd(II) by reversibly
dissociating from Pd. However, the high moisture and air
sensitivity of the phosphorus ligand pose difficulty in the
recovery and reuse of the catalyst and they oen get oxidized to
phosphine oxide. The high cost and toxic nature of palladium
remain a challenge for their large-scale production in indus-
tries. Therefore, the development of a non-toxic, environmen-
tally benign, cost-effective and highly efficient alternative to the
Pd-based catalyst is becoming extremely popular among the
research community. In the C–C cross coupling reaction, the
valence state of the metal changes dynamically during the
oxidative addition and reductive elimination pathways. This
dynamic change of the valence state of the metal at the active
center becomes a challenge during the development of a suit-
able catalyst. SACs have been found to be more chemo-selective
© 2025 The Author(s). Published by the Royal Society of Chemistry
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as compared to nanoparticles because of their restricted
adsorption modes and high atom utilization; however, leaching
or deactivation of the single metal atoms from the support and
insufficient activation of the substrate are some of the chal-
lenges that need to be addressed.113,157,158 There have been few
works where Pd-based SACs have been used as an efficient
catalyst for catalyzing the Suzuki–Miyaura reaction.159,160 The
dependence of the reaction on phosphine ligands puts forward
a limitation for the reaction because of the high cost and
complicated nature of the procedure. So, the need to li this
limitation and the goal of efficient reaction at room tempera-
ture led to the development of an atomically dispersed palla-
dium catalyst supported onto oxides and bimetallic oxides like
ZnO–ZrO2.160,161 J. Du and co-workers adopted the strategy of
using MOF-derived N–C carriers as supports for stabilizing
atomically dispersed Pd onto the surface. The unique structure
of MOF-derived SACs proved to show high catalytic activity for
a longer duration without much reduction in catalytic perfor-
mance. They doped ZrO2 in UiO-66-NH2 to anchor the Pd single
atoms and developed N-doped carbon supports for holding the
Pd single metal atoms in place. Their results indicated that
uncoordinated functional groups are extremely important for
binding and stabilizing single metal atoms. The absence of
these uncoordinated functional groups oen leads to aggrega-
tion of single atoms into nanoparticles, which is found to cause
a reduction in their catalytic activity. The ZrO2 doping into the –
NH2 functionalized MOF framework (UiO-66-NH2) has been
shown to increase the Pd loading from 0.15% to 0.27%, which
points towards the importance of doping of metal oxides with
functionalized MOF frameworks. Fig. 21 depicts the catalytic
scheme in which electron transfer from Zr ions to Pd leads to
the generation of electron-rich Pd, which helps to make the
oxidative addition process faster and easier.160

The at surface and open active sites of the supports oen
lead to poor interaction of the active sites with the reactant
Fig. 21 A schematic representation of the Suzuki–Miyaura cross couplin

Fig. 22 A schematic representation of CTE modification of Pd/CeO2 an

© 2025 The Author(s). Published by the Royal Society of Chemistry
molecules. The addition of an organic monolayer can modulate
the microenvironment of Pd atoms and improve its extent of
interaction with the substrate, similar to ligands of a homoge-
neous catalyst. Fig. 22 shows the probable p-stacking between
the aromatic catechol (CTE) ring and reactants on the surface of
CeO2, which stabilizes the transition state and hence acceler-
ates the reaction. However, the addition of bulkier organic
molecules results in the blockage of Pd active sites. Thus, using
catechol rings provides better p-stacking interaction, which
compensates for the steric hindrance.162–164

Excellent conversion to biphenyls is also observed in the case
of various carbon-supported Pd ADMCs, attributing to their
abundant anchoring sites, larger specic surface area and 3D-
structure of the anchoring sites for active metal
centers.100,165,166 However, the design and development of
atomically dispersed metals other than Pd have become more
desirable, considering the drawbacks associated with a Pd-
based catalyst.

A major portion of the sunlight is composed of visible light.
Photocatalytic organic reactions in the visible region have
become a breakthrough solution for the growing energy
demands and provide a greener and more sustainable route for
the generation of value-added products.167–169 Recently, Cu SACs
embedded into the intra and interlayers of the carbon nitride
(CN) framework, as shown in Fig. 23, have been proven to
improve the catalytic behavior of Pd-based catalysts for photo-
catalytic Suzuki–Miyaura cross-coupling reaction. These incor-
porated metal atoms act as mediators for electrons to reach the
Pd species at the catalyst surface so that electron-rich Pd species
responsible for catalyzing the Suzuki–Miyaura cross-coupling
reaction could be formed easily. Such intercalation of the
transition metal single atoms in between the layers of 2D
support assists the noblemetals on the surface of the support by
promoting faster charge transfer to the LUMO of the aryl
halides, thereby enhancing the rate-determining step of the C–C
g reaction catalyzed by the Pd@ZrO2/N–C SAC.

d subsequent p-stacking between CTE and substrates.
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Fig. 23 An illustration of the impact of Cu SAC incorporation into intra/interlayers of the carbon–nitride support on bandgap tuning and catalytic
cycle of the photocatalytic Suzuki–Miyaura cross coupling reaction.
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coupling reactions.125 Thus, a highly efficient support must not
only stabilize the single atoms but should also be modied in
such a way that maximum charges reach the catalyst surface for
faster oxidative addition processes in C–C cross-coupling
reactions.160,161,167–169

Since the Suzuki–Miyaura cross-coupling reaction proceeds
through a series of elementary steps, enough coordination sites
of the catalyst are required for the utmost efficiency of the
photocatalytic process. So, supports that can provide reversible
coordination sites seem extremely benecial for such reactions.
The microstructure of 2D g-C3N4 and its N-coordination sites
give rise to weak bonds between the active metal and coordi-
nation sites of the support, which can reversibly bind with
substrates during reactions. Such structures of the supported
SACs resemble a homogeneous system, thereby resulting in
better efficiency of the photocatalyst. Moreover, ligand-to-metal
charge transfer (LMCT) between the active metal and the
organic support and intrinsic HOMO–LUMO charge transfer in
the organic support results in better charge separation, which
ultimately gives rise to a superior photocatalytic behaviour.170,171

ADMCs show excellent catalytic behavior even for other cross-
coupling like Sonogashira, Ullman, and alcohol coupling.170

Au alloyed SAAs like Au–Pd and Au–Cu have shown high cata-
lytic conversions for the Ullmann and Sonogashira type of
coupling. The decreasing active metal-to-host metal ratio
increases the separation between the active centers, resulting in
a unique coordination environment and more coordination
1262 | Nanoscale Adv., 2025, 7, 1243–1271
sites for substrates. A comparison based on the exponential
correlation curve of TON revealed that low-coordinated corner
and edge Pd atoms of Au–Pd are the active centers for the
Sonogashira coupling reaction. Moreover, the synergic effect
and close proximity of the two different metals oen result in
unique binding modes, which help with the activation and
subsequent coupling of various organic molecules.172,173 The
coordination of Pd single atoms to the TiO2 surface through
four oxygen atoms is energetically found to be favourable. Such
a coordination environment leads to effortless adsorption and
cleavage of the C–I bond of iodobenzene on Pd atoms and
ensuing C–H bond activation on TiO2 oxygen. The as-obtained
phenyl and phenylacetylenyl then couple together due to their
close proximity.174 Apart from C–C cross coupling reactions,
N–N bond formation is another crucial industrially important
organic transformation with potential benets for the dye,
pharmaceutical and food additive industries. Commonly, such
reactions proceed through oxidative coupling of the substrates
to form azo dyes. However, such mechanistic pathways oen
require high temperatures and toxic oxidants, which oen lead
to uncontrolled reactions, thus affecting the overall selectivity
and efficiency of reactions. However, the high efficiency of SACs
for hydrogenation reactions helps in proceeding with the reac-
tion through a hydrogenative coupling pathway, which seems
more sustainable and results in higher product yields with
better selectivity.175–177
© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.5 Click reaction

The very well-known click reaction is a class of simple and
highly convenient reactions that ts best as a green trans-
formation. This reaction results in the formation of triazoles,
which are crucial for the synthesis of drugs, pesticides, natural
compounds, and other valuable materials.178,179 Various homo-
geneous as well as heterogeneous Cu(I) based catalysts have
already been used as effective catalysts for this reaction.
However, they oen suffer from rapid catalyst deactivation,
product contamination and reduced selectivity, even though
their activity is very high. Moreover, Cu is cytotoxic in nature
and is incompatible with living systems, so researchers are
switching to Cu-free catalysts for click reactions. But, none can
match the high activity of Cu(I) catalysts.178 Therefore, to over-
come these drawbacks of traditional homogeneous and
heterogeneous catalysts, a Cu-based SAC supported on g-C3N4

was synthesized. The development of such SACs helps to
enhance selectivity while reaping maximum benets of the high
activity of Cu(I) species at their lowest possible metal content.
Fig. 24 illustrates various anchoring sites on the surface of
a mesoporous polymeric graphitic carbon nitride for Cu single
atoms. It was concluded that a mixture of sites (a–e) is
responsible for anchoring the Cu single atoms.179

Their synthesized catalyst exceeds other Cu(I) nanoparticles in
terms of performance by avoiding leaching of the catalyst, which
may be due to the adsorption of the Cu single atoms into the
Fig. 24 An illustration of the structural features of Cu adsorbed in the
dicarbon vacancy in N-doped graphene hosted by Cu (c), octahedral c
doped N-graphene intercalated in mpgC3N4 (e). Reproduced with perm

© 2025 The Author(s). Published by the Royal Society of Chemistry
heptazinic pores of the g-C3N4. They found that the synthesized
catalyst showed better activity over all the other homogeneous as
well as heterogeneous catalysts with a turnover frequency of 189
h−1. This tremendous catalytic activity of their synthesized cata-
lyst is because of the atomic dispersion of Cu over the surface of
mesoporous g-C3N4, which makes a large number of unsaturated
coordination sites available for the substrates to attack.179 P. Ren
and co-workers also developed a Cu SAC supported on N-doped
porous carbon, which also showed excellent selectivity towards
the targeted 1,4-disubstituted 1,2,3-triazole by making use of
a large number of alkynes and azides under mild reaction
conditions in a cost-effective and environmentally benign way.
Even aer several successive cycles, they spotted no leaching of
the catalyst, which suggested that their synthesized catalyst
showed excellent stability and catalytic properties.178 Fig. 25
clearly illustrates that surface active metals are extremely impor-
tant for efficiently catalyzing the reaction. In homogeneous cata-
lysts, catalytically active Cu(I) speciesmight also be trapped inside
the bulk of the catalyst because of which the catalytically active
species cannot be efficiently approached by the substrate. The
mesoporous structures of support materials with lone pairs con-
taining atoms on their surfaces act as Lewis acid sites for gener-
ating abundant Cu(I) SACs on the exposed surfaces of the catalyst,
resulting in greater interaction of the substrate with the Cu(I) sites
for rapid formation of the intermediate, thereby enhancing the
catalytic rates. Organic supports with a high degree of porosity are
oen chosen for stabilizing the single atoms for most click
heptazinic pore of mpgC3N4 (a) C substituted by Cu in mpgC3N4 (b)
omplex [Cu(bpy)(tcm)4]

2+ (d) and sandwich-like arrangement of Cu-
ission from ref. 179. Copyright 2022, ACS Catal.
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Fig. 25 A schematic representation of the proposed catalytic cycle for
triazole formation over supported Cu SAC. Reproduced with permis-
sion from ref. 179. Copyright (2022), ACS Catal.
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reactions because their mesoporous nature exposes a larger
number of active sites, which causes a better charge transfer and
results in better adsorption of the substrates onto the active site.
Moreover, unlike other Cu nanoparticle-based catalysts, SACs
anchored onto such mesoporous supports provide a larger
surface area and stronger metal–support interaction, due to
which there is minimum loss of active sites over time, resulting in
higher durability as well as higher selectivity of the catalyst.178,179

Similarly, some recent works on the azide–alkyne cycload-
dition reaction catalyzed by Cu-based SAC showed positive
Fig. 26 A schematic representation of the photocatalytic azide–alkyne

1264 | Nanoscale Adv., 2025, 7, 1243–1271
outcomes and amazing sustainable results.180Modulation of the
microenvironment of Cu SACs gives rise to stronger metal–
support interactions andmore suitable geometry for interaction
with substrates. Cu(II) SACs bonded to the support through
both N and O give better conversions than their N-bonded
counterparts. This might be because of the greater electroneg-
ativity of O as compared to N, which makes the active metal
center more electrophilic in nature, resulting in accelerated
rates. Moreover, the comparatively stronger M–O bonds prevent
the leaching of the catalyst by preventing their aggregation.112

Noble metals like Ru, Au, Ag and Ir are proven to be good
candidates for catalyzing the azide–alkyne cycloaddition,
among which Ru is more widely explored.159 The uniqueness of
the Ru-based homogeneous catalyst lies in the fact that it gives
rise to regioselective product 1,5-disubstituted 1,2,3-triazoles,
unlike the traditional CuAAC-catalyst that results in both 1,4
and 1,5- disubstituted regioisomers at elevated tempera-
tures.181,182 But, the homogeneous nature of the catalyst and
bulky nature of the ligand hampers the recyclability of the
catalyst, and at the same time, provides steric hindrance in the
reaction. Moreover, the potential of SACs composed of metals
other than Cu(I) has not been explored well till now.

According to Y. Li and co-workers, it was concluded that
a metal-to-ligand charge transfer (MLCT) occurs when metals
like Pt and Cu are anchored onto the surface of g-C3N4. Such
charge transfer processes give rise to a narrow bandgap as
compared to traditional HOMO to LUMO charge transfer
processes, thereby causing absorption at a longer wavelength by
preventing rapid charge recombination. The highly unsaturated
nature of isolated single atoms not only helps with the better
adsorption of molecules but can also act as the center of light
harvesting at the same time. Due to the exible nature of the
SAC, it can also be intercalated between the layers of organic
supports, which can act as a medium for transferring the
cycloaddition reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maximum number of photogenerated charges to the surface for
catalyzing the reaction.183–187 Considering all these positive
aspects of SACs, they can also be utilized for photocatalytic click
reactions (Fig. 26); however, such investigations are still in their
infancy stage. Table 2 lists the different types of SACs that are
highly efficient for various industrially important organic reac-
tions. This table will help identify which type of SACs are
benecial for a specic reaction.

The production of bio-based azides is found to be extremely
benecial for sustainability as they are derived from lingo-
cellulosic biomass. These bio-based azides are useful for the
bioconjugation of biomolecules, which is an important tool for
developing pharmaceutical industries. However, their use is
oen limited to academia because of their hazardous nature,
which hinders their scale-up in industries. They can be easily
derived from readily available monosaccharides and disac-
charides in a pure diastereomeric form, which aids their
practical utility for Cu-based click reactions.188,189 Lignocellu-
losic biomass-based building blocks are also benecial for
sustainable thiol–ene clicking reactions, which help build
covalent interaction between ene functionalities benecial for
polymer synthesis. Conventional methods use large quantities
of Cu(II) salts with reducing tendencies but oen come with the
disadvantage of undesirable side reactions, which might alter
the structures of biomolecules during bioconjugation.189

However, SACs offer catalytic poisoning effects due to their
ability to alter binding modes, which makes them potential
candidates for catalyzing click reactions of biomass-based
substrates. Moreover, compared to the nanoparticles, the iso-
lated environment and high chemoselectivity of the SACs can
potentially promote the orthogonality of the reactions, thereby
promoting one-pot click reactions.141,144,190 Oxidation-induced
click reactions have also taken the central stage in recent
years due to their tremendous benets but oxidative processes
oen lead to the generation of highly reactive functional
groups.190 So, reaction kinetics need to be controlled to elimi-
nate the possibility of side reactions, which can be achieved by
downsizing the nanoparticles to SACs and controlling their
distribution.

5. Conclusion and future perspective

The atomic dispersion of active metal species on a suitable
support surface promisesmaximum atom utilization at the lowest
metal content by providingmaximumunsaturated sites. However,
developing highly efficient SACs requires precise control over the
metal loading. It is not only the high metal loading that matters
while determining the efficiency of the catalyst but also the actual
number of catalytically exposed active sites whose density needs
to be higher for maximum activity. The isolation of active sites
provides an opportunity to modulate the local environment of the
active metal species, leading to an ensemble effect, which can
alternate the reaction pathways, thus resulting in more energy-
efficient reactions. With the growing energy crisis, sustainable
approaches towards various industrially important organic
transformations like biomass conversion, hydrogenation, oxida-
tion, C–C coupling reaction and click chemistry have become
Nanoscale Adv., 2025, 7, 1243–1271 | 1265
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a cause of concern for the research community. It is observed that
selective hydrogenation is a crucial step for biomass conversion as
well as most other organic transformations. The isolation of the
active sites gives rise to a poisoning effect, which prevents unde-
sirable side reactions, thus enhancing selectivity. Moreover, the
synergy of H2 molecule activation followed by its spillover and
unique h1 mode of adsorption on SACs helps to achieve such
energetically demanding selective hydrogenation. A strongmetal–
support interaction unique to SACs is also another factor
responsible for their better performance than other supported
nanoparticles. It was found that defect and vacancy-rich support is
most ideal for stabilizing selective SACs. Synthesis of more steri-
cally hindered structures surrounding the active metal center
prevents further adsorption of unwanted intermediates, thus
preventing side reactions. It is observed that the incorporation of
SACs on various kinds of supports decreases the activation energy
for the formation of oxygen vacancies, which is the governing
factor for deciding the type of oxygen species adsorbed and acti-
vated on the surface of the catalyst for oxidative processes. The
neighbouring groups and coordination number of the active
metal species can alter the reaction kinetics, as it is evident from
the fact that the introduction of carbon into the coordination
environment of SACs is found to degrade the percentage conver-
sion, whereas the introduction of heteroatoms like oxygen along
with nitrogen for coordinating SACs is surprisingly found to
enhance selective oxidation processes. C–C bond and C–N bond
construction are extremely important for the synthesis of various
compounds like agrochemicals, pharmaceuticals, and other
special chemicals. Recently, Pd SACs have been extensively used
as catalysts for the Suzuki–Miyaura coupling reaction. C–C
coupling reactions require a large number of unsaturated
reversible coordination sites, which are effectively provided by
SACs. This results in their superior performance as compared to
other catalysts. But, due to the high cost of Pd, developing tran-
sition metal-based SACs is more desirable. Although Cu SACs
have been developed as a co-catalyst for such conversions, they
have not been able to replace Pd-based SACs. Apart from C–C
cross coupling reactions, N–N bond formation is another crucial
industrially important organic transformation that usually
requires high temperature and toxic oxidants, oen leading to
uncontrolled reactions. However, the high efficiency of SACs for
hydrogenation reactions helps proceed with the reaction through
a hydrogenative coupling pathway, which seemsmore sustainable
and results in higher product yields with better selectivity. Carbon
supports with a high degree of porosity are oen chosen for
anchoring Cu SACs for most of the azide–alkyne cycloaddition
reactions as they expose a larger number of active sites, which
causes a better charge transfer and results in better adsorption of
the substrates onto the active site. Such mesoporous support-
based SACs provide a larger surface area and stronger metal–
support interaction that leads tominimum loss of active sites over
time, thus resulting in higher durability as well as higher selec-
tivity of the catalyst. Lignocellulosic biomass-based building
blocks are benecial for sustainable thiol–ene clicking reactions.
Conventional catalysts oen suffer from undesirable side reac-
tions that might alter the structures of biomolecules during bio-
conjugation. The isolated nature of SACs and the ability to alter
1266 | Nanoscale Adv., 2025, 7, 1243–1271
binding modes can enhance the chemoselectivity of the reaction,
which can potentially promote the orthogonality of the reactions,
thereby promoting one-pot click reactions. Oxidation-induced
click reactions have also taken the central stage in recent years
due to their tremendous benets but oxidative processes oen
lead to the generation of highly reactive functional groups. So,
reaction kinetics need to be controlled to eliminate the possibility
of side reactions, which can be achieved by downsizing the
nanoparticles to SACs and controlling their distribution. When
the nanoparticles are downsized to single atoms, the quantum
connement effect gives rise to a unique HOMO–LUMO energy
gap of SACs, proving it to be an outstanding photocatalyst. The
perfect combination of unsaturated sites, unique electronic
properties and precise modulation of the local environment
seems to help develop highly selective photocatalysts for various
sustainable organic transformations. The piezoelectric behavior
of catalysts has been explored for photocatalytic activation of
small molecules like H2O, O2 etc. However, such strategies can be
extended to activate larger organic molecules by using the
extraordinary potentials of SACs. Supports likeMOF can behave as
photoswitches because of their exible pores. Such photo-
responsivity of MOF can be used for photocatalyzing the organic
molecules if highly active metal nodes are incorporated into it as
single atoms. It is clearly evident that, most oen, highly
complicated procedures are adopted to develop SACs. Strategies
like MOF-derived SACs involve a very cumbersome process. So,
researchers should consider simpler methods for the preparation
of SACs so that any additional physical and chemical processes
can be avoided. There is a huge scope for surface engineering of
support, which determines the number of catalytically active
single atoms anchored onto its surface. By manipulating the
morphology of the support material, one can control the number
of exposed planes responsible for anchoring the maximum
dispersion of single atoms, consequently yielding highly efficient
SACs. New strategies need to be introduced to enhance the
stability and lifetime of SACs. The upscaling and practical utility
of the catalyst is still a huge challenge to overcome.
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N. López, S. M. Colins, P. A. Midgley, S. Richard, G. Vilé
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