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Abstract: Single-atom catalysts (SACs), consisting of metals atomically dispersed on a support,
are considered as advanced materials bridging homogeneous and heterogeneous catalysis,
representing the catalysis at the limit. The enhanced performance of these catalysts is due to
the combination of distinct factors such as well-defined active sites, comprising metal single atoms
in different coordination environments also varying its valence state and strongly interacting with
the support, in this case porous carbons, maximizing then the metal efficiency in comparison with
other metal surfaces consisting of metal clusters and/or metal nanoparticles. The purpose of this
review is to summarize the most recent advances in terms of both synthetic strategies of producing
porous carbon-derived SACs but also its application to green synthesis of highly valuable compounds,
an area in which the homogeneous catalysts are classically used. Porous carbon-derived SACs emerge
as a type of new and eco-friendly catalysts with great potential. Different types of carbon forms,
such as multi-wall carbon nanotubes (MWCNTs), graphene and graphitic carbon nitride or even
others porous carbons derived from Metal–Organic-Frameworks (MOFs) are recognized. Although
it represents an area of expansion, experimentally and theoretically, much more future efforts are
needed to explore them in green fine chemical synthesis.

Keywords: porous carbons; atomically dispersed metal catalysts; fine chemicals

1. Introduction

Catalysis contributes to enhance our quality of life as a key technology in producing valuable
compounds such as plastics, flavors, perfumes, pharmaceuticals, among many other essential chemical
products in today’s society. In the frame of environmental sustainability, the scientific community is
immersed in the development of new, advanced, and more sophisticated materials with great potential,
particularly acting as highly performant catalysts for fine chemical synthesis. In this context, the use of
metal supported catalysts is widely extended in fine chemical production, especially metal-supported
carbon-based materials [1]. In fact, BASF is a leader in providing catalytic technologies useful in the
pharmaceutical and fine chemical industry, for instance heterogeneous precious metals catalysts such
as Pd, Pt, Rh, Ru, etc., dispersed on carbon and other supports.

Inertness, surface area, porosity, surface chemistry and purity are crucial parameters conditioning
the activity and selectivity of heterogeneous catalysts. The high thermal and chemical stability, in acid
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or basic media, of carbon materials together with its low corrosion capability and easily tunable surface
chemistry, using chemical or thermal methods or even by post-functionalization, make them almost
ideal and versatile catalysts or supports for fine chemical synthesis [2–5].

Other aspects, such as the metal loading, homogeneous distribution, and high dispersion of metal
nanoparticles, conditioned by the surface chemistry of the support, notably influence the catalytic
performance maximizing the metal efficiency. Therefore, the study of metal-supported, size-limited
particles is an issue of capital importance in heterogeneous catalytic processes [6]. Recently, Liu and
Corma (2018) summarized the influence of the metal species size on the catalytic performance of
different heterogeneously catalyzed reactions [7].

In this context, new advanced highly atomically dispersed metal catalysts, among them the
ones known as single-atom catalysts (SACs), emerge as promising catalysts offering high activity
and improved selectivity. Metal single atoms can hardly exist by themselves, their presence at the
surface being only possible if strong metal–support interactions are stablished. Then, the functions
or defects at the support surface plays an important role to prevent the metal cluster aggregation or
sintering. In this type of catalysts, the isolated active centers are randomly distributed, generating
different heterogenous coordination types, and it is strongly depending on supports nature [8–10].
The development of SACs could begin when the catalytic behavior of gold small clusters supported
on different oxides for hydrogen and carbon monoxide oxidation was reported. Haruta et al. (1989)
reported that the electronic states of the outer surface gold atoms are modified when interacting with
supports, thus contributing to the birth of the catalysis at the limit [11,12]. This type of catalysis
could be like enzymatic homogeneous catalysis in which transition metal ions are single active sites.
Therefore, it can be said that the use of SACs potentially presents the advantages of both homogeneous
and heterogeneous catalysis.

Among the supports reported for the development of SACs are certainly other metals, metal oxides
and porous carbon materials [13]. Interestingly, some examples of metal single atoms immobilized
on Metal–Organic-Frameworks (MOFs) [14] and zeolites [15,16] are also reported. According to this
scenario, the purpose of this review is to summarize the different synthetic strategies to prepare highly
metal dispersed porous carbon-based materials as a type of sustainable and environmentally friendly
catalysts, including carbon nanotubes, graphene and graphene oxide and N-doped carbon material as
graphitic carbon nitride applied in catalysis and, more specifically, in fine chemical synthesis [17–19].

2. Carbon Materials as Ideal Supports for Development of Highly Dispersed Metal Catalyst

Carbon materials such as biomass and MOF-derived porous carbons, carbon nanotubes, graphene
and graphene oxide, and graphitic carbon nitride have been extensively used as catalyst supports
due to their well-defined and custom-tailored properties such as surface area, chemical and thermal
stability, electronic conductivity, easy heteroatom doping and controllable defect engineering [19–21].
In addition, they can be prepared from low cost precursors such as biowastes, which represents a
huge advantage.

2.1. Synthetic Strategies and Properties

The synthetic strategies adopted to prepare SACs into carbon materials should guarantee well
dispersed active single-atom metals to prevent their further agglomeration and improve the catalytic
activity. Defect and doping sites are particularly important to anchor the metal active phases.

2.1.1. Impregnation—Wet and Dry Methods

Impregnation is considered as a post-treatment method of the carbon support since the
incorporation of the SACs is performed in the carbon material and not during the synthesis of
the carbon support. The wet impregnation method consists of introduction of the liquid solution
containing the metal precursor into the carbon porous support providing a strong anchoring of the
atoms onto the support. In contrast, a dry method usually provides weaker interactions between the
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metal and the support [17]. Wet impregnation of carbon support usually comprises the following
steps: incorporation of the active metal into the support through a solid–liquid mixing; drying of
the mixture to eliminate the solvent which contains the metallic precursor; and finally a calcination
and/or a reduction step (under H2 atmosphere) [17,18]. Recent works reporting wet impregnation
methods towards SACs over carbon materials have been published: palladium–cobalt phosphide
(Pd–Co2P) nanoparticles with Pd single atoms anchored on graphene oxide were used in the ethanol
electro–oxidation reaction [22]; single atomic Co supported on phosphorized carbon nitride nanosheets
was applied in electrocatalytic alkaline hydrogen evolution reaction (HER) [23]; atomically dispersed
Pd onto the surface of nitrogen-doped carbon cages prepared from pyrolysis of hollow ZIF-8 was
applied in the electrocatalytic reduction of oxygen [24]; Fe-SACs were incorporated in functionalized
carbon cloths with O and N groups [25]; bifunctional Ru/N-doped carbon (activated coal and graphene
nanoplatelets) was used as a catalyst of cellobiose hydrogenolysis into sorbitol [26]; Ni single atoms
in nitrogen doped ultrathin porous carbon templated from porous g-C3N4 was used for the CO2

reduction [27]; atomic Ru–N sites on boron-doped mesoporous carbon spheres were impregnated
followed by mild photo-activation and used as an electrocatalyst for HER [28].

Dry methods consist basically of the physical mixture of the carbon support with the SACs.
Recently, strategies such as ball milling are being presented given its simplicity and fastness, providing
high efficiency in atomically dispersing metallic catalysts. Jin et al. (2020), for example, synthesized
atomically dispersed Pt onto N-doped carbon support by using the ball milling method and successfully
applied the developed materials as electrocatalyst for the HER [29]. Using another methodology,
Indium–C bonds were formed along the broken edges of graphitic nanoplatelets by dry ball-milling
graphite in the presence of Indium beads and the resulting material was tested as an electrocatalyst for
oxygen reduction reaction (ORR) [30]. It was also reported that the as-cast AB5 alloy powders were
ball milled with carbon nanotubes and the resulting composite was employed as anode catalyst for
direct borohydride fuel cell [31].

2.1.2. Organometallic Compounds

A great number of efficient organometallic compounds have been developed and applied as
homogeneous catalysts. However, although the majority of these compounds exhibit high catalytic
activity and selectivity, they are usually sensitive to moisture and/or air and are difficult to separate from
the products [32]. Also, for reactions in aqueous solutions, it is very difficult to get an organometallic
compound that can function as a molecular catalyst with high efficiency and durability over a wide
pH range [33]. Hybrid materials constituted by supported metal complexes can be designed as
heterogeneous catalysts able to overcome the main problems associated with the use of the metal
complexes alone, with improved catalytic performance. Graphene and graphene oxide have been
applied in recent years for the synthesis of graphene-supported metal complexes [34,35]. According to
Kharisov et al. (2016), there are several ligands that can establish interactions with graphene, among
them are the N-containing ligands, such as Schiff bases and porphyrins as well as σ- and π- ligands,
such as carbonyls, cyclopentadienyls and pyrene [34]. Some of these ligands have been used on the
synthesis of hybrid catalysts: zirconocene or titanocene complexes have been attached to reduced
graphene oxide via π–π interactions between the cyclopentadienyl rings of the metallocenes and
graphitic surface of graphene and applied on the catalysis of polyethylenes with increased molecular
weight relative to those produced by free catalysts [36]; in a different approach, cobalt(II), iron(III), or
oxovanadium(II) Schiff base metal complexes were covalently grafted on graphene oxide previously
functionalized with 3-aminopropyltriethoxysilane and evaluated for the epoxidation of styrene, with
higher catalytic performances for the Co- and Fe- graphene oxide hybrids [37]. As seen, the interaction
between the metal complex and the graphene can be covalent or established through a π–π interaction.
The graphene oxide is more often used as support than graphene due to the wider possibilities for
reactions of the O-containing functional groups of graphene oxide with the metal complexes. Beyond
graphene nanosheets, other carbon nanoforms, such as fullerene [38], carbon nanotubes [39], nanohorns
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and nanodiamonds [40,41], among others [35], can also be used on the synthesis of these hybrids for the
application into heterogeneous catalysis. Some recent works apply the resulting hybrids of graphene
and metal complexes on the catalysis field. Pour and co-authors (2019) immobilized a new macrocyclic
Schiff base copper complex on graphene oxide nanosheets and tested its catalytic activity for olefins
epoxidation [42]. The catalyst exhibited high activity and selectivity for cyclohexene (100% conversion,
without by-products) and for norbornene (100% conversion and 93% selectivity). The catalyst was
reused four consecutive times without significant sacrificing activity. In Ren et al. (2020), a novel
terpyridine-based hetero-bimetallic Ni/Pd nanosheet supported on graphene oxide was synthesized,
exhibiting higher catalytic activity, substrate applicability and recyclability for the Suzuki coupling
reaction under mild conditions [43]. On the electrocatalysis field, Sánchez-Page et al. (2020), have
determined the influence of graphene sheet properties as supports of iridium-based N-heterocyclic
carbene hybrid materials on water oxidation [44].

2.1.3. Deposition

The deposition methods, chemical vapor deposition (CVD) [45,46] and atomic layer deposition
(ALD) [46,47] are in situ preparation techniques and, despite being more complex, are considered
more promising for the catalyst performance than other in situ methods such as pyrolysis [18,46]
and ball-milling [29,48] or than the post-preparation methods such as impregnation [17,46], which
with simpler approaches are usually associated with inhomogeneous particle sizes and compositions.
In the case of supported metal catalysts produced through conventional methods, the resulting
non-uniformity of metal sites can produce a mixture of reaction products instead of a single desired
product and often there is a struggle to find a balance between the activity, selectivity, and stability
of the catalyst. The deposition methods, CVD and ALD, allow the control of the catalytic materials
synthesis on the atomic level, thus being associated with a more effective control over the size and
dispersion of metal sites, as well as to the improvement of the catalytic variables referred above.

Chemical-Vapor-Deposition (CVD)

The CVD is a vapor-phase deposition process which consists of a substrate exposed to a single
or multi-component continuous precursor stream in an inert atmosphere at controlled temperature
and pressure. The method has been used extensively to produce catalysts since the 1970s [45] and
offers as main advantages (i) the possibility of an efficient and direct deposition of the active metal by
reaction with functional groups at the surface of the support and (ii) uniformity on dispersion and
narrow size distribution of the metal sites usually observed. Additionally, CVD is also considered a
relatively inexpensive process, which allows for a better control over the morphology and thickness of
the deposited catalyst layers and that generates more active and selective catalysts when compared
to the conventional techniques [45]. This is a method providing stable and active catalysts with a
well-defined nanostructure to be used in different areas. As examples for recent applications of this
technique in different fields are the synthesis of graphene-derived Cu-SACs for the reaction of oxidative
carbonylation of methanol [49], and the synthesis of efficient electrocatalysts based on nanoporous
holey graphene doped with both N and single-atom Mo [50].

Atomic-Layer-Deposition (ALD)

Despite being largely used, CVD is associated with lower control in the thickness of the catalyst
films when compared to ALD method. ALD is a vapor-phase deposition process but contrary to CVD,
in the ALD process the substrate is exposed to a sequential/discontinuous stream of precursors and
chemical reactants. The ALD process includes mainly four cyclic steps [18], as shown in Figure 1:
(i) exposure to the metal precursor; (ii) purge of the ALD reactor; (iii) exposure to a reactive gas to
eliminate remaining ligands on the metal; and (iv) a further purge of the ALD reactor. This cycle can be
repeated for an established number of times defining the self-limiting nature characteristic of the ALD,
which gives to the technique a high degree of precision. The advantages related to this feature include
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uniform surfaces, controlled and accurate film thickness and a high degree of reproducibility [51].
The main disadvantages are the high cost of the operation and its moroseness [18].
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Figure 1. Schematic representation of the atomic layer deposition (ALD) process adapted from O’Neill
et al. (2015) [51].

In recent years, ALD has emerged as an interesting tool for the precise design and synthesis of
catalytic materials with a controlled size distribution, composition, and active sites. ALD has been used
to produce carbon-based SACs using graphene and graphitic carbon nitride as substrates. Sun et al.
(2013) developed a practical ALD synthesis of isolated Pt single atoms anchored to graphene nanosheets
and N-doped graphene nanosheets [47]. The single Pt atoms and very small Pt clusters were grown to
form Pt nanoparticles. The number of nanoparticles raised for increasing the ALD cycles. Atomically
dispersed Pd atoms on graphitic carbon nitride (g-C3N4) [52] but also on graphene using ALD were
also reported [53]. Interestingly, the Pd1/graphene SAC applied in the hydrogenation of 1,3-butadiene
showed about 100% butenes selectivity and 95% conversion at mild reaction conditions of about 50 ◦C.
The authors highlighted the excellent durability against deactivation via either aggregation of metal
atoms or carbonaceous deposits during a total 100 h of reaction time. Low Pt content electrocatalysts can
also be obtained by the deposition of ultrafine Pt nanoparticles on low-cost carbon-derived substrates
using ALD [54]. As an example, Nayak and co-authors deposited Pt on graphene sheets by using
ALD to accelerate HER [55]. The activity of the HER was improved by increasing the Pt content,
which could be controlled with precision by the number of ALD cycles. In the same field, Zhang
et al. (2020) have developed an efficient HER catalyst but using nickel, a non-precious metal. They
have reported a novel strategy of fabricating nickel nanograins coated onto a Co, N-doped carbon
framework (Co-NCF@Ni) based on the manipulation of ALD and in situ transformation of a cobalt
zeolitic imidazolate framework [56]. The results were considered of great potential in developing both
high efficiency transition-metal-based electrocatalysts and flexible H2-production devices for use under
extreme conditions. The works described above are examples of the ALD application to the synthesis
of carbon-based SACs used on hydrogenation reactions and as electrocatalysts with improved activity,
selectivity, and/or stability. The precision and flexibility characteristics of this process allows for the
design of catalytic structures to be applicable in a wide range of chemical reactions, among them the
conversion of methane, CO2 and biomass, dehydrogenations, etc., [51] but these features can be also
relevant for the pharmaceutical and agrochemical industries allowing the synthesis of fine chemicals
with an extra degree of purity.

2.1.4. Pyrolysis

Pyrolysis is considered an in situ or one-pot synthesis method of SACs supported carbons since
the deposition of the active phase occurs simultaneously with the support synthesis. Through this
method, high loadings of SACs can be achieved, but the metal loading and its dispersion is more
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difficult to control [18], since at high temperatures metal atoms can be converted to nanoclusters
and nanoparticles.

Typical precursors that have been used within this strategy are MOFs that when submitted to high
temperatures (>500 ◦C), under inert atmosphere, are converted into metal/carbon hybrids through the
carbonization of the organic coordinating ligand and the deposition/dispersion of the single atoms
of metallic species under a strict control of pyrolysis conditions [57]. MOFs are heteroatoms-rich
precursors that can be highly dispersed in the resulting carbon materials, providing stable anchoring
sites of SACs. Sometimes, it is necessary to perform an acidic leaching of the aggregated metal particles
to obtain isolated atoms on the carbon support, which represents a disadvantage. Although some
of the high surface area of the original MOFs can be lost during pyrolysis, the resulting carbon still
possesses well developed porosity allowing an efficient exposure and accessibility of the generated
SACs. Atomically dispersed metal sites in MOF-carbon materials were reviewed by Liang et al.
(2018) [57], but recent progressions in the development of these metal/carbon hybrids have been
presented: a new Pt electrocatalyst has been produced by pyrolysis of MOFs with Pt2+ cations and
phosphomolybdic acid confined in their pores; the resulting nano-sized molybdenum carbide with a
Pt loading of only 0.7 wt% presented high electrocatalytic activity for HER [58]. In a recent approach,
Ru single atoms distributed in nitrogen-doped porous carbon from ZIF-8 precursor, were synthesized
by high-temperature pyrolysis to act as electrocatalysts of Li-O2 batteries [59]; atomically dispersed
Ni-N species in carbon nanotubes have been prepared by pyrolysis of ZnO@ZIF-NiZn core–shell
nanorods acting as active electrocatalysts for CO2 reduction reaction [60]; cobalt single atoms supported
on N-doped carbon were prepared by the direct pyrolysis of Zn/Co bimetallic zeolitic imidazolate
framework and used as catalyst in the selective hydrogenation of nitrobenzene [61]; mesoporous
carbon nanoframes with hierarchical pore size distribution and atomically dispersed Fe–Nx active sites
were synthesized from Zn–Fe bimetallic zeolitic imidazole frameworks and applied as electrocatalyst
for ORR [62].

Polymer precursors impregnated with a specific metal precursor have been also carbonized to
obtain SACs supported on carbon materials. A fluorine-tuned single-atom catalyst with an ultrathin
nanosheet morphology and high Ni content of 5.92 wt% was fabricated by PTFE assisted pyrolysis
approach and used for electrocatalytic CO2-to-CO conversion [63]. Also recently, atomically dispersed
Mn single atoms on nitrogen doped carbon were produced from pyrolysis of a polypyrrole polymer
produced via in situ polymerization with MnO2 that served as a polymerization initiator of the pyrrole
monomers, but also as a sacrificial template and metal source. The obtained materials were employed
as photocatalyst in CO2 reduction to produce synthesis gas [64].

Also, Fe rich biomass has recently been used to generate single-atomic Fe-N4-contained carbon
materials with high-performance for ORR using silica spheres as hard template [65]. Using a different
methodology and biomass as the carbon support precursor, Wang et al. (2019) produced oxygen and
nitrogen coordinated single copper atom active sites anchored within porous carbon synthesized by
direct pyrolysis of Cu2+ saturated aubergine biomass; the authors obtained polymer/aubergine-Cu2+

by immersing Cu2+ saturated aubergine in an aqueous solution of poly(vinyl alcohol) and KHCO3;
this mixture was then submitted to pyrolysis treatment at 800 ◦C under N2; the resultant electrodes
proved to possess exposed rich defects and heteroatoms (O, N) doped carbon active sites, delivering
bifunctional ORR and oxygen evolution reaction (OER) activities [66].

3. Carbon-Supported Metal Single Atom Catalysts. Application in Fine Chemical Synthesis

The use of carbon-based SACs with application in fine chemical synthesis is getting much
attention mainly because it offers the maximum metal efficiency, while providing high activities and
selectivities [18]. In this context, graphene [48,67] and carbon nanotubes (CNT) [68] are often the
preferred carbon forms for SACs synthesis because they present relatively large surface area and
can be synthesized in high yields, by catalytic CVD. Also relevant is the recently great expansion of
carbon nitride and carbon-based materials synthetized with assistance of MOFs. New families of
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porous carbon-based SACs are then summarized in the next sections, classified as different structural
carbon forms, involved in the synthesis of valuable compounds mainly through oxidation and
hydrogenation reactions, with both types of processes being of utmost importance for chemical
industry. These transformations take place in the production of several important compounds such as
active pharmaceutical molecules, dyes, rubber chemicals and other chemical upgrade reactions.

3.1. Carbon Nanotubes

SAC-based CNTs have been reported catalyzing oxidation of silanes or thiophenol, Suzuki coupling
reactions and hydroalkylation reactions. In this regard, considering the great interest in the catalytic
properties of gold in the past years, related to particle size, morphology, among others, John et al.
(2011) reported a sophisticated synthetic approach to prepare CNT-gold nanohybrids able to efficiently
catalyze the oxidation of silanes to silanols as intermediate compounds useful in a great variety of
chemical processes (Scheme 1) [69]. Catalysts were synthetized through a layer-by-layer approach
roughly consisting of the following steps: (i) multi-walled carbon nanotubes (MWCNTs) covering
with diacetylene nitrilotriacetic amphiphile (DANTA), (ii) stabilization by photo-polymerization,
(iii) deposition of the second layer by addition of poly(diallyldimethylammonium chloride)
(PDADMAC) and, finally, (iv) the resulting twice-coated CNTs treated with freshly gold nanoparticles
solution interacting with the PDADMAC network (Figure 2). The authors demonstrated that AuCNT
is a totally reusable and selective catalyst affording the corresponding silanols in excellent yield,
under mild reaction conditions, even when starting from deactivated or sterically hindered silanes.
Even when using lower catalyst amounts (0.01% mol), 90% of phenyldimethylsilanol was obtained in
comparison with almost unreactive colloidal Au-nanoparticles or HAuCl4.
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Regarding another easier and practical approach, Corma et al. (2013) reported a SAC composed by
isolated gold atoms supported on functionalized MWCNT active in the aerobic thiophenol oxidation
to disulfide, showing similar catalytic activity to sulfhydryl oxidase enzymes [70]. This catalyst is
particularly interesting since the authors demonstrated that the single gold atoms were inactive but
when aggregated into gold small clusters (5–10 atoms), during the reaction, are able to simultaneously
activate thiophenol and O2, as theoretically confirmed, notably increasing its catalytic activity. In this
case, the cluster size is a relevant parameter because the catalyst was also inactive when larger
nanoparticles were formed.

Other synthetic methodologies for both the confinement of metal species inside the tubular
structure or its dispersion over the external surface of CNTs have been reported. The first strategy
allows the stabilization and, therefore, the protection of metal atoms or under-coordinated metal sites
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as small clusters. This is the case of Pt@CNT catalyst, consisting of Pt nanoclusters (down to 1 nm)
within CNT channels (1–1.5 nm in diameter) highly active in the oxidation of toluene [71]. On the other
side, Lee et al. (2017) recently reported thiolated MWCNTs, synthetized by using the amidation method
from oxidized MWCNTs, able to stabilize Pd or Pt species, denoted as Pt-S-MWNT and Pd-S-MWNT,
in which the existence of the single atoms was confirmed [72]. Pt-S-MWNT resulted in highly
efficient catalyst for the Suzuki coupling reaction from 4-iodoanisole and 4-methylbenzene boronic acid
leading to the corresponding biphenyl derivative in almost quantitative yield, also demonstrating high
recyclability (Scheme 2). Its catalytic activity was in a range of 2–30 times higher compared to other
traditional catalysts such as Pt/C. The authors attributed this enhanced activity to the combination of
different factors including large surface area, and extraordinarily high Pt particles dispersion evidenced
as almost zero-valent Pt single atoms, in which a fast charge compensation of Pt by sulfur atoms in
organic functions is produced. A similar synthetic strategy has been applied to the preparation of
analogous Pt SAC active in intramolecular hydroalkoxylation reaction of unsaturated alcohols in the
presence of PPh3 (Scheme 3) [73]. The authors confirmed that the functionalization of the surface
with thiol groups was determinant to obtain atomically dispersed Pt-S-MWNT catalyst, observing
the formation of metal agglomerates in the absence of those groups. Cyclization of two unsaturated
alcohols was investigated, 3-buten-1-ol or 4-penten-1-ol, yielding tetrahydro-2-methylfuran (70%) or
2-methyloxetane, the last one with only 10% due to the increased ring strain.
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3.2. Graphene and Graphene Oxide

Graphene-based materials are excellent and promising candidates for development of SACs due
to their unique structural and electric properties. Additionally, the edge sites or carbon vacancies in
graphene are key for anchoring metal atoms. In this context, the understanding of the transition metal
atoms coordination as single atoms on graphene surface has recently been reviewed [74]. Considering
this scenario, and aimed to the application of graphene-based SACs in fine chemical synthesis, an
easy and efficient methodology to obtain highly dispersed single FeN4 centers confined in a graphene
matrix, FeN4/GN, has been reported [75]. The synthetic approach consisted of high-energy ball milling
of iron phthalocyanine and graphene nanosheets under controllable conditions. This catalyst showed
high activity and selectivity in the direct catalytic oxidation of benzene to phenol, in the presence of
hydrogen peroxide as benign oxidizing agent, at room temperature or even at 0 ◦C, in contrast to the
high temperatures used in traditional procedures for the C-H bond activations (50–140 ◦C). Concerning
benzene oxidation, the iron in FeN4/GN catalyst as an unsaturated coordinatively site is able to activate
hydrogen peroxide increasing the coordination number to form Fe=O functions, as theoretically and
experimentally demonstrated (Scheme 4).
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Scheme 4. Direct catalytic oxidation of benzene to phenol, in the presence of hydrogen peroxide,
catalyzed by FeN4/GN [75].

In another approach, Bakandritsos et al. (2019) recently reported a mixed-valence ionic copper
catalyst, prepared from cyanographene, G-CN, in which 3.4 wt% Cu ions are homogeneously distributed
at the sheet surface as mixed Cu(II) and Cu(I) [76]. The presence of Cu(I) is probably due to specific Cu
interactions developed with G-CN support. This catalyst was used with very low metal loading in the
synthesis of imines, by oxidative dehydrogenation of amines to imines, but also ketones from benzylic
hydrocarbons, obtaining excellent conversions and selectivities, both as a class of intermediated
compounds useful for the production of pharmaceuticals (Schemes 5 and 6). The authors suggested
that the imine obtention in the presence of Cu(I)/Cu(II) G-CN catalyst takes place through a reaction
mechanism in which Cu(I) centers is responsible for the O2 activation originating a copper-oxyl
intermediate releasing one water molecule. The cyclic intermediate specie involving the two Cu(II)
ions evolved to the imine species, by two-hydrogen abstraction from the neighboring amine, able to
react with other benzyl amine molecule affording the corresponding imine with release of water and
ammonium (Scheme 7).
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Interestingly, Sun et al. (2018) investigated the catalytic behavior of atomically dispersed Pt
atoms on the nitrogen and boron-doped graphene catalysts involved in the direct dehydrogenation
of propane [77]. The presence of nitrogen or boron as doper on graphene modifies the Pt electronic
structure, since both show an opposite effect on the Pt charge, affecting the catalytic performance.
The authors concluded that the pyridine nitrogen doped graphene supporting single Pt atoms is
found to be the most active catalyst, the rational doping being a practical strategy for the optimized
development of SACs.

SACs comprising highly dispersed Co atoms onto N-modified graphene were also reported for
the selective aerobic oxidation of benzylic alcohols to benzaldehydes exhibiting high conversions and
selectivities (94.8% of conversion with 97.5% of selectivity to benzaldehyde) [78]. In this case, the
catalysts were prepared from graphene oxide (GO) and Co(NO3)2 aqueous solution and subsequent
thermal treatment at different temperatures under NH3 ambient. While the oxygen content of the
samples diminished when increasing the pyrolysis temperature, the nitrogen loading was increased,
favoring thus the coordination with Co and enhancing the catalytic performance.

Considering that Au nanoparticles either alone or supported on inert materials are efficient and
selective catalysts for styrene oxidation, the epoxidation of ethylene was theoretically investigated in
the presence of O2 using Au atomically dispersed onto graphene. Herein, the defects on graphene
played an important role in metal dispersion acting as strong trapping sites and making Au atoms
active [79]. The authors suggested that the ethylene oxidation would involve the co-adsorption of
both oxygen and ethylene with formation of a peroxametallacycle intermediate which undergoes
a dissociation process to give ethylene oxide and one adsorbed O atom available to start another
catalytic cycle. Theoretical calculations indicated that the epoxidation reaction is favored vs. aldehyde
formation confirming the great potential of this SAC.

SACs consisting of transition metal supported on graphene catalyzing hydrogenation reactions
of nitroarenes or olefins have been also reported as experimental but also theoretical studies. In this
context, Wang et al. (2020) very recently reported on a theoretical study, by DFT calculations, concerning
the nitrobenzene adsorption on SACs consisting of transition metal single atoms (Ni, Cu, Pd, or Pt)
embedded graphene [80]. Interestingly, this study could contribute to the rational design of stable
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and efficient SACs as electrocatalysts for aniline production under ambient conditions. In this case,
the authors demonstrated that PtN3/G was found to be the most active catalyst, identifying that
the formation of Ph-NOOH intermediate species, strongly binding to PtN3/G, in the nitrobenzene
hydrogenation, could be the potential rate-limiting step and responsible of its superior catalytic activity.

Interestingly, Lou et al. (2019) produced a hollow nanocarbon (h-NC) with high density of
defective sites, high surface area and developed mesoporosity, in which Pt atoms are strongly
interacting with carbon in graphene sheets, Pt1/h-NC [81]. This mesoporous nanocarbon, prepared
by catalytic EtOH reforming/decomposition on ZnO nanowires surfaces, resulted in excellent and
superior catalytic activity in the 3-nitrostyrene hydrogenation to 3-vinylaniline, notably higher than
other reported catalysts.

More complex SACs as ordered mesoporous carbons with embedded and well-dispersed
transition metal nanoparticles (Ni, Co, Fe) modified with nitrogen-doped graphene, showing excellent
catalytic performance in the hydrogenation reactions of nitroarenes to anilines in water, have been
recently reported [82]. The catalysts presented 2D hexagonally arranged pore structure with a
pore size distribution ranging 3.8–4.3 nm, depending of pyrolysis temperature, and exhibiting a
well-developed micro- and mesoporosity and high surface area (500 m2/g). The Ni sample pyrolyzed
at 800 ◦C, Ni/NGr@OMC-800, resulted in the best catalytic performance yielding aniline in 86% with
95.6% of selectivity. The conversion was notably higher than the one obtained for Ni/OMC-800
without nitrogen-doped activated graphene. Therefore, the presence of Ni/NGr is determinant for
a better catalytic performance, attributed to the synergistic effects between Ni nanoparticles and
nitrogen-doped graphene.

Analogously, Xi et al. (2018) theoretically investigated, through DFT calculations, the interactions
of Pd single atoms on different carbon supports, amorphous carbon, graphene and constructed
graphene/amorphous carbon structure [83]. These results indicated that Pd, in this case, is strongly
bound on the interface between graphene and amorphous carbon, these interactions being notably
superior to those observed for each separately carbon supports, graphene or amorphous carbon. Based
on the predictive study, the authors synthesized a Pd SAC consisting of atomically dispersed Pd on
graphene/amorphous carbon structure, highly active in the reduction of 4-nitrophenol in the presence of
NaBH4 as reducer, but also for Suzuki coupling reaction. The carbon structure of the catalyst consisted
of a double-shelled hollow carbon nanosphere comprising reduced graphene oxide (RGO) as the inner
shell and amorphous carbon as the outer shell, in which Pd species were incorporated by using the
impregnation method. The large specific surface area (667 m2/g), high accessibility of the active sites as
Pd atoms, in combination to the confinement effect and the strong π–π stacking interactions between
RGO shell and aromatic ring in 4-nitrophenol are probably account for its superior catalytic activity.

Highly stable single-atom Pd1/graphene catalyst highly active in the selective 1,3-butadiene
hydrogenation to butenes, under mild reaction conditions, has been also reported [53,84]. The catalyst
was prepared by atomic layer deposition of Pd over reduced graphene oxide, by using palladium
hexafluoroacetylacetate Pd(hfac)2. The presence of appropriate type and concentration of surface
oxygen functional groups was key to create single atoms on graphene nanosheets. In this case, the
thermal deoxygenation of graphene oxide predominantly generated phenolic oxygen species able to
interact with Pd atoms through three Pd-C and one Pd-O-C coordinations. The developed catalyst
showed an excellent durability, exhibiting total selectivity for the hydrogenation of 1,3-butadiene
to butenes, under mild reaction conditions. The notably superior selectivity of this catalyst was
attributed to the changes on the adsorption mode of 1,3-butadiene, which is different when extended
to Pd surfaces contained on commercial Pd catalysts or Pd nanoparticles over graphene. The authors
proposed the heterolytic dissociation of H2 at the 1,3-butadiene covered single Pd atom and then the
hydrogenation of the C=C bond through pseudo Horiuti–Polanyi mechanism.
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3.3. Carbon Nitride

Carbon nitride (C3N4) is a material structurally similar to graphite but covalent C-N bonds are
present in each layer. These are very thermal and chemically stable structures with very interesting
electronic properties.

Due to the abundant coordination sites present in the structure formed by the nitrogen rich
heterocycles, these materials are particularly suitable for single atoms stabilization. Additionally, in
the edges and defaults of the graphitic sheets of g-C3N4 there is the presence of amino groups. These
coordination sites and the properties of carbon nitride material can be tailored aiming to specific
properties of SACs [85]. A most attractive characteristic of these materials is the possibility of preparing
them by using low cost precursors such as urea, thiourea, cyanuric acid, cyanamide and melanine.
Biomass waste precursors like chitosan resulted in a sustainable environmentally friendly approach
for carbon nitride production [86].

More advanced and tailored structures can be obtained using appropriate synthetic strategies [87].
Mesoporous g-C3N4 can be obtained using silica materials as templates through nanocasting
methods [88]. Nanosheets and thin films synthesis have been described using similar approaches
to graphene manipulation such as sonication-assisted liquid-exfoliation, taking advantages of the
similitudes between materials [89]. Nanotubes, nanowires and nanorods of carbon nitride have also
been reported [87].

These materials have proven versatility and found applications in several areas, mostly in
photocatalysis [90], electrocatalysis [91], sensing [92] and related subjects. Particularly interesting is
their application as SACs for different catalytic reactions for fine chemicals, although much less explored.

Searching for a replacement of the Hg-based catalyst normally used in the acetylene
hydrochlorination reaction (Scheme 8), of vital importance for the production of PVC, Dai et al.
(2015) studied the application of mesoporous carbon nitride as a support for an Au catalyst. The work
concluded the effectiveness of the catalysts and the ability of the support to control the metal surface
distribution [93].
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Some recent examples of using carbon nitride-based SACs for hydrogenation reactions can be
found in the literature. The group of Pérez-Ramírez dedicated some attention to the carbon nitride
(C3N4) Pd SACs for hydrogenation reactions [94]. The authors evaluated Pd-C3N4 catalysts in the
semi-hydrogenation of 2-methyl-3-butyn-2-ol, an important building block in the synthesis of vitamin
E. Using advanced characterization techniques, the materials were thoroughly studied and DFT
calculations were employed to better understand the stabilization of palladium in the distinct carbon
nitride scaffolds used. It was possible to establish an inverse correlation between the activity and
the degree of oxidation of palladium. In a complementary work, the authors evaluated the influence
of heteroatom doping of the surface material on the catalytic performance, and they also assessed
the scalability of this catalyst looking at large scale applications [95]. With an optimum 0.25 wt%
phosphorous doping, there was an improvement of catalytic performance presenting a rate over
5 times higher than the pristine C3N4. Phosphorus doping increased the electron density of carbon
nitride thus lowering the oxidation state of the Pd. In another work, the authors looked to the
same reaction and compared the palladium SAC based on exfoliated carbon nitride with other three
nitrogen doped carbons, carbon nanofibers, reduced graphene oxide derived from graphene oxide,
and mesoporous carbon [96]. The developed work intended to understand the effect of the specific
properties of the host material on the catalyst performance and on the metal coordination. The reaction
of semi-hydrogenation of 2-methyl-3-butyn-2-ol allowed to distinguish the reactivity of single atoms
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and nanoparticles, and the results showed that it was possible to reach similarly high stability and
tunability of the metal in other nitrogen-doped carbon, as is for carbon nitride SACs despite their lower
nitrogen contents and greater heterogeneity.

Huang et al. (2017), using ALD, prepared a carbon nitride (g-C3N4) presenting atomically
dispersed Pd atoms and studied the selective hydrogenation of acetylene [52]. Carbon nitride
supported Pd catalysts revealed higher ethylene selectivities at high acetylene conversions when
compared with other supports studied, Al2O3, and SiO2. Additionally, single-atom Pd/C3N4 catalyst
presented improved catalytic performances, compared to nano particle g-C3N4-supported Pd catalyst,
and demonstrated higher resistance to coke formation.

Hydrogenation and hydrodeoxygenation reactions are extremely relevant in the upgrade of
biomass-derived chemicals into value-added products. SACs may play an important role in this area,
including carbon nitride supported ones. Palladium catalyst supported on mesoporous graphitic carbon
nitride was used in the selective hydrogenation of biomass-derived 5-hydroxymethylfurfural (HMF)
to 2,5-dihydroxymethyl-tetrahydrofuran (DHMTHF) [97]. The authors reported a complete conversion
of HMF with 96% selectivity. Tian et al. (2018) reported the temperature-controlled selectivity
of hydrogenation and hydrodeoxygenation in the conversion of vanillin in aqueous media by the
Ru1/mpg-C3N4 catalyst [98]. The Ru supported on mesoporous graphitic carbon nitride (Ru/mpg-C3N4)
was prepared by a wet impregnation method and revealed excellent catalytic performance for both
the hydrogenation and hydrodeoxygenation of vanillin depending on the reaction temperature.
The authors reported that the temperature effect was due to a switching between the deoxygenation
prohibited and deoxygenation allowed products.

SAC iridium catalysts were prepared with mpg-C3N4 and with TiO2 as hosts and investigated for
the selective hydrogenation of furfural [99]. This work demonstrated the importance of metal support
interactions in the resulting properties of the catalysts. While Ir/TiO2 showed very high activity, the Ir/
mpg-C3N4 sample only resulted in trace product formation.

A palladium catalyst was prepared by microwave-irradiation-assisted deposition on exfoliated
graphitic carbon nitride and applied in Suzuki coupling reactions [100]. The catalytic performance of
the obtained catalyst was evaluated in the reaction of bromobenzene with phenylboronic acid pinacol
ester under optimized conditions (Scheme 9). The catalyst revealed very good catalytic behavior and
outperformed other homogeneous catalysts tested as well as more conventional heterogeneous catalyst.
Additionally, the catalyst proved to be stable and no leaching was observed. The authors concluded
that the carbon nitride support plays a central role in the catalyst properties.
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3.4. Carbons from Emerging Precursors: Metal Organic-Frameworks

MOFs are porous materials composed by the self-assembly of metal ions and organic ligands,
also known as crystalline porous coordination polymers. MOFs present high surface areas, high pore
volumes, ordered porous structure, abundant metal sites and can be synthesized in a great variety
of molecular composition. MOF-derived carbons have received growing attention in the production
of a variety of carbon-based nano materials. Several synthetic strategies have been reported for the
preparation of MOF-derived carbons and SACs, being pyrolysis always a crucial step [101,102].

Different MOF-derived carbon SACs have been reported in hydrogenation reactions. Wei et al.
(2018) used a nitrogen doped carbon (CN) derived from MOF ZIF-8 as support for several noble
metals (Pd, Pt, Au) [103]. The work reported the transition of nanoparticles to single atom metals at
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high temperature as a function of time, using in situ environmental transmission electron microscopy
(ETEM). The prepared catalyst presented enhanced catalytic performance in the semi-hydrogenation
of acetylene, confirming the influence of metal support interactions.

Wang et al. (2017) developed a new synthetic method to obtain a single ruthenium site supported
on nitrogen-doped porous carbon (Ru SAs/N−C) using MOF UiO-66 as precursor [104]. Ensuring
that the Ru single atoms were stabilized in the interior of pores, the aggregation of the metal particles
during pyrolysis was avoided. The obtained catalyst was applied in quinoline hydrogenation reaction
(Scheme 10) and revealed improved selectivity compared to a similar material where the metal particles
are clusters. Additionally, the authors were able to demonstrate the stability of the Ru SAs/N−C, since
TEM images after 5 reaction runs revealed that the atomic dispersion of Ru atoms remained unchanged.
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In a different approach, Li et al. (2018) developed SAC-based ZIF-8 by incorporating the MOF
in a spherical activated carbon structure followed by carbonization [105]. This method resulted in a
material with highly dispersed nanoparticles, and the formation of bamboo-like carbon nanotubes on
the surface of the spherical particles. The authors concluded that in the acetylene hydrochlorination
reaction, the optimized catalyst, 17% ZIF-8/SAC, promoting the adsorption of hydrogen chloride and
acetylene, presented better stability and lower coke formation while displaying an acetylene conversion
of 81%.

Starting from a Zn/Co bimetallic zeolitic imidazolate framework (BIMZIF(Co,Zn)), it was possible
to prepare a carbon supported cobalt catalyst with atomically dispersed Co species. This catalyst
was used in the hydrogenation of nitroarenes, aiming at reducing the cost associated with the metal
while improving selectivity in comparison with the industrially used Pt catalyst. The catalyst revealed
both high activity and selectivity in the hydrogenation of industrially relevant nitroarenes toward
their corresponding anilines, and even with sterically hindered nitroarene high chemoselectivity was
reported [106].

In the upgrade reactions for biomass-derived chemicals and platform molecules, the oxidative
esterification of 5-hydroxymethylfurfural (HMF) into dimethyl furan dicarboxylate (DMFDCA) is
a relevant transformation related to the polyester synthesis. Fen et al. (2020) reported a Co-based
carbon catalyst prepared from the precursor ZIF-67 with high catalytic performance (>99% conversion
and 95% yield) [107]. DFT simulations provided better insight into the mechanism and revealed that
molecular oxygen and HMF were adsorbed and activated on C-N sheets. Also, no 2,5-diformylfuran
(DFF) was observed indicating the preferential oxidative esterification of aldehyde over the oxidation
of hydroxyl group in HMF (Scheme 11).
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A one-pot sequential Knoevenagel condensation-hydrogenation reaction was catalyzed by a
bipyridyl metal–organic framework (MOF-253)-derived carbon catalyst [108]. The Cz-MOF-253
resulting from the MOF-253 pyrolysis revealed to be a solid base catalyst with excellent catalytic
efficiency in the Knoevenagel condensation reaction. The material was subsequently modified by
incorporating Pd in the surface aiming at bifunctional catalyst for tandem reaction in which Knoevenagel
condensation and subsequent hydrogenation of substituted benzaldehyde with malononitrile occurs.

Nanozymes are a class of nanomaterials presenting enzyme-like characteristics that are considered
promising alternatives for natural enzymes in various applications. However, much work is still
needed to improve these materials performances. SACs may represent an alternative pathway to
design functional materials as highly active enzyme-like catalysts. Niu et al. (2019) reported a
peroxidase-mimicking nanozyme composed of atomically dispersed Fe-Nx moieties over MOF-derived
carbon. The nanozyme was prepared by pyrolysis of ZIF-8 Fe doped MOF (900 ◦C, N2, 2 h) followed
by NH3 at 900 ◦C for 1 h. The obtained Fe-N-C SAN revealed a specific activity of 57.76 U mg−1, this
being value very close to the level of natural horseradish peroxidase (HRP) [109].

3.5. Other Porous Carbons

As previously mentioned, single-site cationic Au often evolves sintering of small Au clusters during
the acetylene hydrochlorination. In this context, Lan et al. (2020) recently reported an unsuspected
phenomenon when investigating Au supported on activated carbon [110]. The authors demonstrated
the dynamically evolution of gold nanoparticles to cationic Au single-sites spontaneously dispersed
and stabilized on carbon matrix defects occurring during the hydrochlorination process. This study
was especially relevant constituting an interesting synthetic approach for designing Au SACs since the
metal nanoparticle dispersion on carbon supports is a well-known and developed strategy.

In another context, highly dispersed Pd nanoparticles supported on carbon nanofibers [111] and
nitrogen doped carbon nanofibers, Pd/NCNFs, [112] for the selective acetylene hydrogenation have
been also investigated. Different metal contents were explored, however, single Pd atoms were formed
at the surface when Pd concentration was below 0.2 wt.% or less, existing as two states with ratio
strongly depending on the metal loading and, consequently conditioning the catalytic performance.
In the case of Pd/NCNFs, the presence of porphyrin nucleus at the CNFs surface, among others,
favors the stabilization of Pd atoms. In the same context, Feng et al. (2019) developed a catalyst,
in which atomic Pd is N-coordinatively bound on the inner walls of mesoporous nitrogen-doped carbon
foam nanospheres (ISA-Pd/MPNC), following a hard-template Lewis acid doping approach using
polyaniline as nitrogen precursor [113]. This SAC with thin pore walls ranging 1–2 nm and high surface
area (634 m2/g) resulted in high catalytic activity and excellent selectivity in the semi-hydrogenation of
acetylene to ethylene.

Single-atom sites metals (Fe, Co, Ni)/nitrogen-doped porous carbons, prepared from metal salts
and dopamine, by polymerization in alkaline medium followed by pyrolysis, using a top-down
polymerization-pyrolysis etching-activation (PPEA) approach, as highly efficient and selective (up to
99% to phenol) catalysts for benzene oxidation have been recently reported [114].

In continuation within the scope of hydrogenation reactions, Liu et al. (2018) reported
an ultradurable and reusable Ni SAC with high hydrothermal stability useful in hydrogenation
of biomass-bearing unsaturated groups, under mild reaction conditions, showing an excellent
catalytic activity for the hydrogenation of nitroarenes and unsaturated compounds such as styrene,
phenylacetylene, among others [115]. The catalyst was prepared from Ni(phen)3 dispersed on MgO
and subsequently pyrolyzed at 600 ◦C in N2 atmosphere, the initial MgO support being removed
by acid etching. This Ni SAC presented high Ni loading (7.5 wt.%) in which Ni is covalently bound
to N atoms, the catalytic active sites comprising (Ni-N4)-N. The authors experimentally confirmed
the involvement of Lewis basic sites in the nitroarenes hydrogenation. In the same context, some of
these authors used a similar synthetic strategy to prepare a Co SAC exhibiting an excellent catalytic
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performance in the hydrogenative coupling of nitroarenes chemioselectively yielding the corresponding
azo compounds [116] (Scheme 12).
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Much more recently, Long et al. (2020) developed an atomically Fe dispersed on phosphorus
doped porous carbon active in hydrogenation of nitroarenes, N-heterocycles such as quinolines, and
reductive amination reactions [117]. The synthetic strategy consisted of using Fe impregnated SiO2

nanoparticles, SiO2 as sacrificial hard template and sucrose and phytic acid as carbon and phosphorous
precursors, and pyrolyzed at different temperatures from 700 to 1100 ◦C. The authors attributed the
excellent catalytic activity and selectivity to the presence of Fe-P4 sites, in situ generated by reduction
of initial O2-Fe-P4 species, demonstrating that Pgrap is key in the hydrogenation reaction. In the same
context, metal (Co, Fe, Ni, Mn, Cu) single atoms tethered on a hierarchical mesoporous N-doped
carbon prepared by molten salt assisted method, in the presence of chitosan and melamine as carbon
and nitrogen precursors, involved in the selective hydrogenation of bioactive pharmaceuticals such
as nimodipine (Scheme 13) or large sized quinolines, 2-(3′,4′-methylenedioxyphenylethyl)quinoline
(Scheme 14) for instance, have been recently reported [118]. The authors attributed the notably superior
catalytic activity mainly to the accessibility of metal sites and to the hierarchical porous structure.
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Interestingly, Zhang et al. (2015) reported a recyclable Co−N−C SAC, Co−N−C/CMK-3,
synthetized by pyrolysis of cobalt−phenanthroline on a mesoporous carbon, able to catalyze the
aerobic oxidative cross-coupling of primary and secondary alcohols to α,β-unsaturated ketones in
almost quantitative yields and also showing an excellent catalytic activity, in which single Co atoms
bound to N in graphitic sheets are the catalytic specie [119] (Scheme 15).
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4. Conclusions

One of the challenges in catalysis concerns the development of SACs as a new generation of
heterogeneous catalysts and particularly with applications in fine chemical production [32]. SACs share
some characteristics with heterogeneous and homogeneous counterparts. However, SACs also present
their own individual characteristics, making them catalysts with great potential for the synthesis
of highly valuable compounds. Metals atomically dispersed over an appropriate support allow to
maximize the efficiency of the metal, conditioning then their catalytic performance. A decrease in
nanoparticles or nanoclusters population favoring single atoms can notably alter the reactivity due to
changes in the active-site structure. In fact, the great catalytic performance reported for a variety of
SACs is mainly attributed to the presence of different coordination environments resulting from the
distinct single metal atoms coordination modes in structurally different defects at the support surface.
Although diverse experimental and theoretical studies focused on the catalytic behavior of SACs have
led to better understanding, many more efforts to achieve a similar knowledge are needed, in this case
at the atomic level, as that for organometallic catalysts [120]. Obviously, the morphology, texture and
composition of the support matrix are also determinant factors in the development of SACs in order to
obtain high density of accessible and active metal atoms. The stability of metal atoms is also key in
this type of catalysts, guaranteeing both durability and recyclability [6]. Therefore, strong interactions
between metal atoms and the support are crucial.

Considering the unique physico-chemical properties of porous carbons and the possibility of
introducing controlled high concentration of defects on its structure, they are ideal supports for the
design and synthesis of highly dispersed metal catalysts. Different synthetic strategies and even
sophisticated approaches for the preparation of carbon-based SACs have been reported. Among
them, the impregnation-thermal treatments by using notably lower metal concentrations to avoid the
agglomerates formation, the metal deposition by using CVD or ALD methods, but also the pyrolysis
of organometallic compounds or those supported on carbon matrices have been highlighted. The
modification of the surface chemistry of the porous carbonaceous support or the pyrolysis of the
organometallic compounds are the preferred methods to synthetize stable SACs.

Several carbon supports, such as preferably MWCNT and graphene or even CNF, and to a lesser
extent other porous carbons—AC or mesoporous carbons—have been explored in SACs development.
Interestingly, MOF-derived carbons using different techniques often result in metal-doped materials,
but it is common that more careful synthetic approaches are needed in order to obtain single atom
dispersions, preventing the formation of nano particles or aggregates. These materials have been
developed mainly for applications such as photocatalysis or electrocatalysis and to a much lesser extent
to fine chemical synthesis, where their potential remains to be further explored. In the same context,
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graphyne can also be a promising carbon support for the noble-metal SACs [121], since theoretical
studies developed by Ma et al. (2015) showed that the adsorption of single atoms of noble-metal such
as Au, Pt, Ir, Pd, among others, is certainly strong at the ring formed by three acetylenic functions in
graphyne sheet.

The main goal for the development of SACs is the design of effective strategies guaranteeing
stability and hence durability. In general, the thermal treatments should be carefully controlled,
since small metal clusters often sinter to bigger nanoparticles, at increased temperatures, due to its
thermodynamic stability. Contrarily to that, sintering reversion effects were observed when synthetizing
a N-doped carbon derived from ZIF-8 at elevated temperatures (900 ◦C) [103], emphasizing the potential
of using MOFs as highly valuable precursors of SACs.

In summary, porous carbon-derived SACs can be considered as a type of new and eco-friendly
catalysts with great potential, yet to be explored in terms of both synthesis strategies and activity in
a considerable variety of organic transformations, through cascade reactions, involved in the green
synthesis of highly valuable compounds.
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