
catalysts

Review

Single-Atom Catalysts: A Review of Synthesis Strategies and
Their Potential for Biofuel Production

Nurul Asikin-Mijan 1,* , Haslinda Mohd Sidek 2 , Abdulkareem G. AlSultan 3 , Nurul Ahtirah Azman 1,
Nur Athirah Adzahar 2 and Hwai Chyuan Ong 4,5,*

����������
�������

Citation: Asikin-Mijan, N.; Mohd

Sidek, H.; AlSultan, A.G.; Azman,

N.A.; Adzahar, N.A.; Ong, H.C.

Single-Atom Catalysts: A Review of

Synthesis Strategies and Their

Potential for Biofuel Production.

Catalysts 2021, 11, 1470. https://

doi.org/10.3390/catal11121470

Academic Editors: José María

Encinar Martín and Sergio

Nogales Delgado

Received: 30 October 2021

Accepted: 28 November 2021

Published: 30 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemical Sciences, Faculty of Science and Technology, Universiti Kebangsaan Malaysia (UKM
Bangi), Bangi 43600, Selangor, Malaysia; A171032@siswa.ukm.edu.my

2 Catalysis Science and Technology Research Centre (PutraCat), Faculty of Science, Universiti Putra Malaysia
(UPM Serdang), Serdang 43400, Selangor, Malaysia; lindasidek89@gmail.com (H.M.S.);
athirahadzahar22@gmail.com (N.A.A.)

3 Department of Chemical and Environmental Engineering, Universiti Putra Malaysia (UPM Serdang),
Serdang 43400, Selangor, Malaysia; kreem.alsultan@yahoo.com

4 Future Technology Research Center, National Yunlin University of Science and Technology,
123 University Road, Section 3, Douliou 64002, Taiwan

5 Centre for Green Technology, Faculty of Engineering and Information Technology, University of Technology
Sydney, Sydney, NSW 2007, Australia

* Correspondence: nurul.asikin@ukm.edu.my (N.A.-M.); ong1983@yahoo.com (H.C.O.)

Abstract: Biofuels have been derived from various feedstocks by using thermochemical or biochemi-
cal procedures. In order to synthesise liquid and gas biofuel efficiently, single-atom catalysts (SACs)
and single-atom alloys (SAAs) have been used in the reaction to promote it. SACs are made up of
single metal atoms that are anchored or confined to a suitable support to keep them stable, while
SAAs are materials generated by bi- and multi-metallic complexes, where one of these metals is
atomically distributed in such a material. The structure of SACs and SAAs influences their catalytic
performance. The challenge to practically using SACs in biofuel production is to design SACs and
SAAs that are stable and able to operate efficiently during reaction. Hence, the present study reviews
the system and configuration of SACs and SAAs, stabilisation strategies such as mutual metal support
interaction and geometric coordination, and the synthesis strategies. This paper aims to provide
useful and informative knowledge about the current synthesis strategies of SACs and SAAs for future
development in the field of biofuel production.

Keywords: biofuel; single-atom catalyst; surface chemistry; alternative fuel

1. Introduction

Biofuel is a fuel derived from biomass. Biofuels include bio-char, ethanol, biodiesel,
biogas, biohydrogen, and biosynthetic gas fuels [1,2]. The need for more biofuel production
is owed to the continued anthropogenic emission of greenhouse gases (GHGs) by fossil fuel
consumption coupled with the quickly dwindling availability of fossil fuels. By utilising
distinctive thermochemical or biochemical procedures, biofuel can be created from various
types of feedstocks, for example, food crops, farming waste, modern waste, waste cooking
oils, and animal fats. Thermochemical techniques involve the conversion of biomass to
biofuel via pyrolysis or gasification processes [3], while biochemical processes involve
the conversion of biomass into sugar via enzymatic or chemical hydrolysis using an acid
approach, where the sugar is applied to microbial fermentation to obtain biofuel [4]. Biofu-
els are generally classified as being first-, second-, third-, or fourth-generation. They are
characterised by their sources of biomass. First-generation biofuels are typically produced
from food sources (i.e., sugarcane, vegetable oils, and grains) [5], while second-generation
biofuels are derived from inedible biomass such as non-food crops, solid waste, and en-
ergy crops (i.e., woody biomass and wheat straw) [6]. In the case of third-generation

Catalysts 2021, 11, 1470. https://doi.org/10.3390/catal11121470 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-3574-7206
https://orcid.org/0000-0002-3791-9454
https://orcid.org/0000-0001-8807-7587
https://orcid.org/0000-0002-6731-4800
https://doi.org/10.3390/catal11121470
https://doi.org/10.3390/catal11121470
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11121470
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal11121470?type=check_update&version=2


Catalysts 2021, 11, 1470 2 of 30

biofuels, these fuels involve utilising algal feedstock [7], while fourth-generation biofuels
are produced from genetically modified microorganisms, specifically cyanobacteria and
algae [8]. It is noteworthy to mention that the majority of the biofuel produced today comes
from the first generation of feedstock or from food crops. For example, the United States
and Brazil use corn and sugarcane, whereas European nations use wheat and grain for
ethanol creation [9]. As of late, critical concerns have been raised about first-generation
biofuel production because of the food versus fuel issue. Therefore, specialists have been
urged to investigate different routes for biofuel production. As a result, the focus is on
second-generation biofuels [5]. Overall, lignocellulose feedstock is largely responsible for
producing second-generation biofuels. Lignocellulose is a substance composed of one
aromatic polymer (lignin) and two carbohydrate polymers (cellulose and hemicellulose).
These substances can be obtained from raw biomass, waste biomass obtained from agri-
culture, and energy crops specifically grown for biofuel production [10]. Though third-
and fourth-generation biofuels show very promising and advantageous technology in the
production of biofuel, the third-generation of biofuel has yet to be employed in massive
applications since this concept requires a series of technical and biotechnology improve-
ments [11]. Meanwhile, the fourth-generation of biofuel is still in an early stage and needs
more research and time to develop into a feasible technology [12].

Generally, reactions involved in biofuel production require the use of a catalyst to
facilitate the biofuel reactions, such as transesterification, esterification, hydrocracking,
hydrodeoxygenation, and deoxygenation. Catalysts can be divided into three classes:
homogeneous catalysts, heterogeneous catalysts, and enzymes. A homogeneous catalyst is
a type of catalyst that is usually dissolved in a solvent and operates in the same phase as
the reactants. Homogeneous catalysts are easier to operate than heterogeneous catalysts.
However, homogeneous catalysts have challenges in separating products. A homogenous
acid catalyst is suitable for being used for feedstock with high free fatty acid (FFA) content,
but the downside is that it is highly acidic and has a slow reaction time [13]. Note that
homogeneous catalysts also cannot be recovered after reaction, and therefore these homoge-
neous catalytic systems are difficult to commercialise. Due to this, the use of heterogeneous
catalysts in biofuel production reaction is focused [14]. Heterogeneous catalysts are eco-
friendly catalysts as they are easily recycled and separated from the biofuel product [15].
There are various types of heterogeneous catalysts, such as metal oxide, zeolite, sulfonic
ionic exchanged resin, sulfonated carbon-based catalysts, and mesoporous catalysts [16].
Among these, metal oxide catalysts have been found to be advantageous, owing to their
macroporous structures that are capable of speeding the organic transformations under
solvent-free conditions and resulting in excellent catalytic activity. Pore volume, the pres-
ence of a large internal surface area, and porous metal oxides allow for a good control
of reagent and product diffusion in the pores [17]. Although metal oxide catalysts have
made a lot of progress in development and are widely tested in biofuel production, the
reaction is still unselective [18]. The poor reaction activity is suggested due to the instability
of the bulk character of active metal species. This bulk-character catalyst typically has
low exposed active sites, as the active sites at the corner and edge, defects, and interfaces
between the metal and support are missing. However, this problem could be overcome by
atomically dispersing the active metal on the catalyst support [19].

In single-atom catalysts (SACs), supported SACs are made up of isolated individual
atoms scattered on and/or coordinated with the surface atoms of appropriate supports
(also known as hosts), which not only improves metal atomic efficiency but also provides
an alternative method for regulating the activity and selectivity of catalytic processes. The
strong host–metal interactions are responsible for the thermal stability of SACs, hence
maintaining the single atom’s isolation [20]. The historic evolution of scholarly works on
SACs from 2000 to 2021 is shown in Figure 1. Here, the statistics indicate an increment
from 97 scholarly works in 2000 to 1118 in 2021. An unexpected, inverted volcano curve of
the trend of academic work on SACs was noticed. The year 2018 was the most active for
SAC research.
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Figure 1. The annual number of scholarly works on SACs. (The Lens scholar analysis search system (formerly Patent Lens):
search term “single-atom-catalyst” within 2000–2021. https://link.lens.org/UXZ0NOGgH3i (accessed on 11 October 2021).

SACs are apparently used in the processes of transformation of gas or liquid towards
the production of small molecules for fine-chemical development. It is worth noting that
SACs are typically combined with a nanoparticle (NP) catalyst; SACs are positively charged
owing to the absence of metal–metal bonds, which differs from the NP catalyst [21]. Based
on the various SACs’ catalysed reaction processes, there are two areas that promise revolu-
tionary breakthroughs for SACs: first, they are employed as an alternative substitution for
precious-metal-based catalysts in energy-related processes, and second, they are used as
molecular catalysts in organic synthesis. Indeed, iron, cobalt, and nickel single atoms have
proven to be the most effective active metals in most energy-related processes [22].

Aside from SACs, single-atom alloys (SAAs) have piqued the interest of researchers.
To be more explicit, SAAs are materials generated by bi- and multi-metallic complexes,
where one of these metals is atomically distributed in such a material. Apparently, the use
of expensive active metals in SACs can be solved by the utilisation of a variety of alloys [20].
It is worth mentioning that the strong metallic interaction between isolated single atoms
and the metal nanostructure/support (host) intrinsically induces the catalytic characteristic
of SAAs’ active sites; as a result, new atomic and electronic structures are formed [23].
Indeed, by atomically dispersing the isolated single atom or SAAs on the catalyst support,
the maximum active sites with the largest surface free energy may be realised, with the
surface free energy being substantially higher than the bulk character catalyst (Figure 2A).
It should be noted that, in comparison to SACs, SAAs maximise the metal’s atomic effi-
ciency while also providing more consistent and well-defined active sites [23]. Surprisingly,
recent research has shown that the majority of SAA catalysts exhibit remarkable catalytic
behaviour in a variety of chemical reactions (e.g., hydrogenation, hydrogenolysis, H2 evo-
lution) [24–26]. Based on former literature, the effectiveness of SAAs is attributed to relay
catalysis, a synergistic effect between metal–metal active sites. The effectiveness of SAAs is
evinced by the findings of Zhang et al. [27]. Indeed, a large H2 evolution was observed
when the Pt/Pd SAAs catalyst was employed in a hydrogen evolution reaction (HER) and
oxygen reduction reaction (ORR). Based on this study, it can be seen that the prepared
Pt/Pd SAAs (Figure 2B) outperformed a commercial Pt/C catalyst for both of the reactions.
Apparently, the excellent dispersion of single-atom noble metals was monitored using
sub angstrom-resolution, aberration-corrected scanning transmission electron microscopy
(STEM). Meanwhile, the atomic resolution high-angle annular dark-field (HAADF) was
used to identify the heavy atoms. Based on these analyses, the individual metal atoms
can be observed. This is evinced by the aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (AC HAADF-STEM) images from Huang
et al. (Figure 2C,D). Indeed, all the yellow circles exhibited the presence of isolated Co
single atoms, as supported by EDX mapping and XPS (Figure 2E,F) [28]. Based on the
aforementioned SAC and SAA findings, with 100% of metal dispersion and maximum
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active metal sites exposure, both of the catalysts will be expected to be very effective for
catalysing various types of biofuel reactions such as hydrodeoxygenation, photocatalytic
water splitting, water–gas shift (WGS), and dry methane reforming (DRM) for the produc-
tion of liquid fuel and gas fuel. In fact, many reaction studies have utilised SACs and SAAs
as catalysts [20,23,29]. However, the influence of SACs and SAAs on biofuel reactions is
still lacking. Despite the fact that the number of SAC and SAA catalysed reactions for
biofuel production is limited, in this review we will continue to summarise current trends
in the usage of SACs and SAAs for biofuel production. This is critical in determining the
potential of SACs and SAAs for biofuel manufacturing processes. It should be noted that
various methodologies for the synthesis of SACs and SAAs will be thoroughly examined.
Finally, we briefly explore the upcoming problems and prospects.

Figure 2. (A) The trend transformation of bulk-character NiCo surface free energy to SAC surface free energy. (B) Schematic
proposed for Pt/Pd alloys structure for HER and ORR reactions. Adapted from [27], (C,D) the HAADF-STEM images for
Co/SNC and Co/SNC after calcination at 2 h, (E) elemental composition of Co/SNC using EDX mapping, and (F) XPS
pattern for Co/SNC. Adapted with permission from [28].

2. SAC and SAA Systems and Configuration

The reactivity and selectivity of heterogenous catalysts are affected by various factors
(composition, shape, size of metal, surface area, pore size, acidity, basicity, metal dispersion,
metal loading, etc.) [30–33]. Among these factors, the size of the metal constituent and
metal dispersion have the greatest influence on the reaction activity, in which atomically
dispersed metal is thought to have the maximal impact [30]. For that reason, significant
attempts have been made to reduce the metal particles’ sizes to an atomic level over the
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years. Therefore, SACs and SAAs have garnered enormous attention for material synthesis
and their potential applications towards various catalytic reactions [34,35]. Taking into
consideration the ultimate low-coordination environment of single atoms, they are able to
attain maximum metal dispersion for high exposure of each atom as a catalytically active
site. On the other hand, the intrinsic quantum size effects of electron confinement are
pivotal for discrete distributions of energy levels and distinguishing the highest occupied
molecular orbital from the lowest occupied molecular orbital (HOMO–LUMO) gaps [36]. A
decrease of the number of metal atoms in a particle will lead to narrower electronic bands,
and in the end will be replaced by discrete states. Meanwhile, the density of d-states of
single atoms will become broader as a result of single atoms’ dispersion on the supports.
The degree of the broadening mainly relies on the single atom–host interaction. Most
importantly, the distinct electronic structures of SACs and SAAs are commonly attributable
to their unique atomic-local environments that are believed to give an outstanding catalytic
performance [37]. In regard to this, Ren et al. proposed a synthetic procedure to control the
coordination environment of Pt single atoms on a Fe2O3 support [38]. This work demon-
strates the existence of strong interactions between the coordination environment and the
oxidation state of single atoms, which can be used to describe the model catalytic reactions.

SAAs’ systems are often made of catalytically active metals that are atomically scat-
tered in a less reactive metal host. Typically, SAAs are comprised of a noble metal matrix
with metal atoms dispersed across the surface, so no bonds are formed between neigh-
bouring active sites. The catalytic performance of SAAs mostly depends on their electronic
properties. For example, the work done by Greiner et al. shows that the Cu d states of
AgCu SAAs existed as free atom states, which gave rise to notably different catalytic activ-
ities from the monometallic Cu catalysts [39]. Owing to their unique bonding geometry,
SAAs are potentially viable for changing the electronic structure of the solute atom [40].
Changes in electronic structure commonly involve a position shift in the d-band relative to
the Fermi level.

3. Stabilized SAC and SAA Strategies
3.1. Stabilization of SACs

The stability of SACs has become one of the greatest challenges and it is extremely
important that this impedes their broad applications in both fundamental and industrial
applications. SACs are known to be thermodynamically unstable because of their high
surface-free energy and low coordination number of free single atoms, which always
sinter or ripen with time, causing them to change to the favoured thermodynamically
state of fewer and larger particles [41,42]. Generally, there are two major factors that
cause degradation of the stability of SACs: leaching and aggregation. However, the SACs
can be stabilised by improving their mutual metal–support interaction and coordination
geometric effect.

3.1.1. Mutual Metal–Support Interaction

The theory of mutual-metal support interaction was introduced by Tauster and his
co-workers in 1978 when they first found the principle of mutual support interaction [43].
This interaction can be classified into two types: electronic defects and surface structural
defects. Surface structural defects include a variety of surface defects such as surface
vacancy, unsaturated site coordination, and surface step. All of these defects are used to
trap a single metal atom to stabilise it. On the other hand, electronic defects are all about
the interaction between single atoms and their hosts (supports), which is commonly related
to reducible oxide supports such as TiO2, CeO2, and so on. Electronic defects manage to
closely anchor individual atoms by forming M2–O–M1 formations or M2–M1 bonding,
where M1 is a single atom while M2 is the host. Due to the supreme anchoring sites for
single atoms with the advantages of multiple bonding, certain vacancies on particular
supports will be obtained in this arrangement. Both types of interaction show a significant
influence on the catalytic activity, selectivity, and stability of SACs [43–45].
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According to some studies, modulating the interaction between a single atom metal
and support can be well controlled by regulating the size of metal particles into nanoparticle-
sized metal for catalytic processes [46,47]; as single atoms are thermodynamically unstable,
they tend to form metal nanoparticles (NPs) or cluster in post-synthesis treatments at high
temperatures (see Figure 3) [36]. Notably, anchoring single atoms on a support with a
stronger metal–support interaction is one of the strategies for SAC stabilisation [48–50].
These interactions cause charge transfer and mass transport (via migration movement) from
supports to a single metal atom [51], that would not just lead to the stability of the atoms,
but would also have a significant effect on their electronic structures, hence boosting the
catalytic performance [52,53]. Few studies have been done in order to define the stability
of SACs in terms of binding energy (Ebind) of a single metal atom to the support [54,55].

Figure 3. Illustration of heteroatoms-doped metal and carbon support.

There are two early approaches in immobilising and enhancing SAC stability: (i) cap-
turing organometallics into the micropores of the support and (ii) anchoring organometallic
catalysts through organic linkers or weak interactions. However, there is no direct in-
teraction between the metal centre and the supports in both approaches [30]. Hence, to
confine single atoms, they can be physically trapped in micropores or chemically grafted
onto the frameworks of microporous matrices such as metal organic frameworks (MOFs).
According to the latter method, surface species on the supports behave like ligands that
trap single atoms for metal atoms’ isolation and stabilisation.

Even though great efforts have been devoted to this, the low-porosity structures
and ultra-low metal loading (generally < 1.0 wt.%) of these catalysts are still a major
challenge. Moreover, the metal atoms are prone to forming a large degree of aggregation
due to a lack of anchoring groups of supports for metal stabilisation or the relatively
weak interactions between the metals and hosts [56]. Due to this matter, recent studies
show that the most suitable substrate to anchor is carbon because it has a highly specific
surface area, excellent electrical and thermal conductivity, and is highly stable under harsh
conditions [57]. Moreover, carbon-based supports have a flexible surface, so they can
be adjusted accurately with engineering defects. Hence, due to these special properties,
heteroatom dopants or external ligands are introduced to carbon-based catalysts so that
more anchoring sites to stabilise single metal atoms are offered. For example, nitrogen and
sulphur dopants as lone-pair electrons tend to trap single metal atoms and form strong
chemical bonds [58,59]. As demonstrated by Figure 3, different heteroatom dopants create
different kind of defects. In contrast to the widely studied N-doped support, the presence
of P atoms as dopants into the carbon framework favours the formation of a distorted
configuration attributable to its larger size and lower electronegativity as compared to N
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atoms [60]. Moreover, the P species are easily oxidised to POx with electron deficiency and
slow down the formation of defects, which is essential for anchoring single metal atoms.

Alternatively, the anchoring of metal atoms can also be attained by the defective sites
of the catalyst support matrix as a substitutional or interstitial dopant and also by forming
metal-vacancy complexes with much higher binding energies [29]. In the past few years,
countless anchor species have been used in synthesizing for isolating the metal species
on the host matrix. The anchor species, also known as coordination atoms, that have
been studied include B, C, N, O, S, and P [61], where each metal atom coordinates with
three and four coordination atoms. According to the stability screening test, C and N are
further verified as the best coordination atoms which mostly acquire both threefold (3C)
and fourfold (4N) configurations. The descriptor was then used to analyse the catalytic
activity of the designated combinations based on the free energy of hydrogen adsorption
on the metal centres. The results from screening showed that most of the active and stable
catalysts were correlated to the 3C configuration as a result of the free orbitals of the
threefold-coordinated metal centre which strongly interact with the hydrogen 1s orbital.

Work by Bulushev et al. has shown homogeneously dispersed and well stabilised
single-atom Ni supported on N-doped carbon (1Ni/CN) and its parent carbon (1Ni/C).
Highly stabilised and isolated single-atom Ni has been proven by HAADF-STEM findings
(Figure 4A,B). Notably, both catalysts exhibited a superior transformation of formic acid
into hydrogen (Figure 4C) [62], in which the reaction is predominated by 1Ni/CN as a
result from the strong Ni atoms–N-species interaction on the carbon support (See XPS
result, Figure 4D). Cheng et al. also successfully synthesised a single cobalt atom anchored
to N-doped carbon nanofibers (CNFs) [63]. Overall, the synthesised catalysts possess
strong metal interaction with solid support as evidenced by aberration-corrected STEM
(Figure 4E,F) and HAADF-STEM (Figure 4G,H) images. The catalysts show a promising
performance, in which no loss of catalytic activity in electrochemical reactions is observed
(Figure 4I).

Figure 4. (A,B) HAADF-STEM images for 1Ni/C and 1Ni/CN (yellow arrow shows isolated single-atom Ni), (C) formic acid
conversion into hydrogen, and (D) Ni 2p3/2 XPS deconvolution peaks for 1Ni/C and 1Ni/CN. Adapted with permission
from [62], (E) aberration-corrected STEM image, (F) enlarged images of Co-N/CNFs (orange circle: single-atom Co), (G,H)
HAADF-STEM images of Co single atoms in different regions for Co-N/CNFs catalyst, and (I) stability test of Co-N/CNFs
within 10,000 cycles in O2-saturated 0.1 M HClO4. Adapted with permission from [63].
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Undeniably, improving the interaction between a metal atom and a host is believed
to be the right answer for stabilising the SACs on a catalyst support or host matrix [64],
and this can also be achieved by functionalizing with suitable “anchor” groups such as
carboxyl, hydroxyl, and amide groups [65,66].

Nonetheless, interatomic interaction has a varied effect on atomic number and the
configuration of the coordination environment because the electronic structure of active
metal sites shows a noticeable catalytic activity and selectivity.

3.1.2. Coordination Geometric Effects

Special locations of single atoms and strong metal–strong interaction (SMSI) causes the
supported SACs to have unique geometric and electronic properties. Another example of
the geometric effect of SACs is the homogenised active sites, which are all well-defined and
atomically dispersed on the supports. This results in an identical geometric structure of each
active centre, and is comparable to a homogeneous catalyst [67]. The SACs’ geometrical
pattern can be varied by two factors: the coordinates (coordinate number) and the types of
coordinates bonded to the metal centres (type of bonding). For SAC stabilisation, it has
been demonstrated that the coordination geometric effects play a crucial role in enhancing
interactions between metal atoms and coordinatively unsaturated sites (Figure 5A) [68]. For
instance, the work of Tang et al. demonstrates the anchoring of single-atom Ru catalysts on
alumina supports that contain a high content of coordinatively unsaturated Al3+ sites [69],
which contributes to the presence of abundant defects on the support that are able to
trap single atoms. The formation of strong interactions between Ru and Al3+ species was
determined to modify the electronic and geometric properties of metal atoms, which led to
an excellent catalytic activity for the hydrogenation reaction of benzene.

Figure 5. Illustrations of (A) SACs on unsaturated sites of Al3+ support and (B) geometric effect on nanostructure catalyst.

As illustrated in Figure 5B, the geometric effect can enhance the stability of SACs by
reducing the size of the nanostructure catalyst for the dispersion of single atoms. According
to previous research [70,71], the irregular morphology and inhomogeneous size distribution
are responsible for the wide range of reaction active centres. Later, structural simplification
is also beneficial for SACs. The benefit of finely dispersed isolated active centres over
the supports and well-designed isolated active centres is their high selectivity due to the
similarities in the coordination environment in each reaction centre [72].

The effect of coordination geometry on the stabilisation of SACs is shown in a few
studies. Wei and co-workers studied the function of contiguously located Pd sites and
found that the rate of the determining step changed with the formation of Pd single atoms
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on the Au surface [73]. Next, Song and co-workers found that differences in chemical
potential caused by charge transfer between single atoms and the support result in anchored
single atoms carrying charge [74]. Later, Jiu Liu and co-workers found that the bonding
or coupling of quantum levels of single metal atoms with surface species is caused by
the conjunction of a single metal atom with the surface groups of supports. For example,
an experiment on Pt1/FeOx SAC conducted by Qiao and co-workers showed that, when
anchored on FeOx, Pt atoms are positively charged and the discrete 5d-orbitals of Pt atoms
are evolved to d-bands as they mix considerably with the O2p band [67]. Thus, it can be
concluded that the electronic properties of the catalyst will be altered by upgrading the
coordination of single atoms with a support while metal–interaction that can overcome the
catalytic process that requires multi-atom sites decreases [67,72].

3.2. Stabilisation of SAAs

While SACs are stabilised by metal–support interaction and coordination geometric
effects, the stability of SAAs can be achieved by being alloyed with another metal via chem-
ical bonding [21]. When it comes to SAAs, there are two major parameters that need to be
considered for their stability: aggregation energy (a thermodynamic parameter determined
by the relative stability of individual dopant atoms to dopant clusters) and segregation
energy (a relative stability of the dopant inside the host versus bulk) [20,75]. Since SAAs
exhibit superior surface free energy, the segregation energy is negative, implying that the
dopant is highly stable in bulk character [76]. Moreover, aggregation energy is another
parameter that is crucial for obtaining stable SAAs. In order to form an SAA, two metals
need to possess a positive aggregation energy because those with negative values can
cause the formation of clusters by the dopant atom. Zhang and colleagues, for example,
investigated the segregation and mixing energies of various dopants such as Cu, Ni, Ag,
Sc, Ti, V, Cr, Mn, Fe, and Co in the Ag(111) system. Notably, dopants were detected in the
subsurface without adsorbates, with only Sc and Zn exhibiting mixing enthalpies (H) with
negative values, in which site isolation tends to occur in the surface layer [77]. In another
study by Fu and Luo, they discovered an absence of thermodynamic (H) inclination in the
case of noble metals (Ru and Os) and transition metals’ (Fe and Co) dopant site isolation
on a Cu metal host, with an exothermic condition (release energy as heat) caused by the
rearrangement of isolated sites into trimers [78]. Nevertheless, the dopants in the surface
layer are not segregated to the bulk, which might be assisted by relatively weakly bound
adsorbates. A specific alloy structure using ethene and acetylene and CO as adsorbates has
been demonstrated to have the ability to induce an excellent aggregation of particles and
homogenously disperse the atoms into isolated forms as a function of adsorbate surface
coverage in theory under vacuum [79]. Meanwhile, strong binding adsorbates such as
acetylene promote agglomeration [80], but weaker binding adsorbates such as Pt and Pd
do not [75,79]. In addition, at the initial state of alloying, the kinetic studies using a model
system of alloy formation can also become a useful guide for stable SAAs. A dopant
atom would be able to be placed at every site on the surface by controlling the alloying
temperature, followed by a density functional theory (DFT) simulation test of each site.

4. SAC and SAA Support

According to the preceding explanation, catalytic support is advantageous for the
stabilisation of SACs since different supports can serve as distinct anchoring sites for
single atom stabilisation attributable to the varied chemical bonding of metal atoms and
supports [71]. To date, oxide-supported SACs are one of the most largely explored systems
among the various kinds of supported SACs [81,82], owing to their definite and variable
properties such as acidity or basicity of the surface, as well as redox behaviours that can
contribute to specific catalytic properties [82–84].

Kwon et al. reported on the dispersion of rhodium SACs on a zirconia support for
the selective activation of methane by the wet impregnation method [52]. Due to the
stabilisation of single-atom Rh on a zirconia support, it is not only able to activate methane
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in mild conditions but is also able to convert methane to methanol using H2O2 in the form
of an aqueous solution under a closed cycle of catalytic activity. Moreover, the conversion
of methane to ethane using O2 under gas phase below 300 ◦C could be achieved as well.
DRIFTS measurement and DFT calculation were implemented to ensure the stabilisation of
CH3 intermediates on the single-atomic Rh1/ZrO2 upon methane adsorption. Meanwhile,
Xu and co-workers prepared a stable Pd single atom on the high-entropy fluorite oxide
(CeZrHfTiLa)Ox (HEFO) support, Pd1@HEFO SAC, by simple mechanical milling followed
by a calcination process [85]. From the HRTEM image, no agglomeration or sintering of the
Pd species was detected, suggesting the possible existence of isolated Pd sites. Furthermore,
the atomic dispersion of Pd on the HEFO was confirmed by HAADF-STEM and extended
X-ray absorption fine structure (EXAFS) results. The incorporation of single Pd atoms into
the HEFO sublattice produces stable Pd–O–M bonds (M = Ce/Zr/La), contributing to the
enhanced reducibility of lattice oxygen, hence demonstrating a higher low-temperature
CO oxidation activity with excellent resistance to thermal and hydrothermal degradation.
Another example of oxide supported SACs was reported for the preparation of Ir single
atoms supported on FeOx (Ir1/FeOx) via the coprecipitation method [86]. Even though the
loading of Ir is extremely low, Ir1/FeOx SAC possesses significantly high activity for the
water–gas shift reaction. The reaction rate of the present catalyst is 1 order of magnitude
higher than its clusters and nanoparticle counterparts. Based on thorough analyses, single
atoms are responsible for 70% of the total activity, suggesting that the important active sites
originate from Ir atoms. Fu et al. reported on the synergistic effect of dual SACs supported
on TiO2 (Ir1Mo1/TiO2) which was responsible for a better catalytic chemoselectivity with
96% at 100% conversion compared to an Ir1/TiO2 SAC [87].

Owing to its high vacancy density, ceria (CeO2) has become one of the promising
supports that can stabilise single metal atoms [82]. Han et al. created a single Rh atom
supported on CeO2 for a low-temperature CO oxidation reaction [88]. An excellent activity
of CO oxidation as well as good stability were attained on active sites of the single atom
through the Mars–van Krevelen mechanism that can also prevent low temperature CO poi-
soning. The proposed mechanism has been confirmed by CO-DRIFTS and kinetic studies.
Other work on CeO2-based support materials was done by Zhou and co-workers [89]. They
investigated a high-loading Pt SAC on a CeO2-modified diatomite support for the hydro-
genation of phenylacetylene to styrene. Modification of diatomite with CeO2 nanoparticles
increased the defect sites of the support, which is important for a high loading of single
atoms. The good performance of the selective hydrogenation was achieved due to an
improved metal–support interaction.

MoS2 materials have been extensively studied, especially in the application of electro-
catalytic HER due to their unique structure and electronic properties as a result from the
coordination of unsaturated sulphur (S) atoms along its edges [90]. Zhang et al. synthesised
single-atom Ru supported on a MoS2 (SA-Ru-MoS2) electrocatalyst for HER [91]. They
found that single-atom Ru as a dopant causes a MoS2 phase transition and S vacancies,
which remarkably enhances the HER performance of MoS2. The synergy effects between
single-atom Ru doping and S vacancies mainly contribute towards significantly high HER
activity, as demonstrated by DFT calculations. A comparable study was done by Wang
et al., in which single-atom Ni was decorated on a MoS2 support for the same purpose as
HER [92]. Atomic STEM data show the anchoring of Ni single atoms on the S-edge and H
sites of the basal plane that are responsible for the enhancement of HER activity.

In the case of SAAs, a small amount of an isolated single metal atom is present on the
surface layer of the metal host [20]. For example, Liu et al. synthesised a PdAu SAA catalyst
for the selective hydrogenation of 1-hexyne in the liquid phase [93]. The as-prepared PdAu
SAAs and SAAs supported on silica were both prepared to investigate their activity. They
demonstrated that the PdAu SAA catalyst shows an outstanding selectivity and stability for
the hydrogenation of 1-hexyne to 1-hexene. This is mainly attributable to the enhancement
of hydrogen activation on PdAu SAA. It is worth noting that the catalytic performance
of supported PdAu SAA on silica is similar. Therefore, silica support is not necessarily
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required for catalytic performance. The summarisation of the various types of supports
and metal hosts used as supports in SAC and SAA catalysts are shown in Table 1.

Table 1. Summarisation of supported SACs and SAAs.

Catalyst Preparation Performance Ref.

Rh/zirconia SAC
i. Preparation of zirconia support by sol-gel method

ii. Deposition of Rh on zirconia by a wet impregnation
method

Activation of methane in mild conditions by
single atomic Rh catalysts on zirconia support. [52]

Pd/fluorite oxide (CeZrHfTiLa)Ox
(HEFO)SAC

Combination of mechanical milling with calcination at
900 ◦C

Incorporation of single Pd atom into HEFO by
forming stable Pd–O–M bonds (M=Ce/Zr/La).

The reducibility of lattice oxygen has been
improved with higher CO oxidation activity at

low-temperature and superior resistance to
thermal and hydrothermal degradation.

[85]

Ir/FeOx (Ir1/FeOx) SAC

Co-precipitation method
Aqueous mixture of H2IrCl6 and Fe(NO3)3 with

appropriate ratio was added dropwise to NaOH solution
(pH of the final solution was maintained at around 8)

The activity is 1 order of magnitude higher than
its Ir cluster or nanoparticle counterparts and

even higher than those of the most active Au- or
Pt-based catalysts.

[86]

Ir1Mo1/TiO2 SACs

i. TiO2 support was treated at 600 ◦C for 2 h under argon
ii. Ir2Mo2(CO)10(η5-C5H5)2 was dissolved in dry

n-pentane, forming an orange colour solution
iii. TiO2 support was added to the previous orange

solution, followed by vigorous stirring overnight until
the orange colour was not observed

iv. The solvent was removed by evacuation using
Schlenk techniques, then was heated at 450 ◦C under

argon

Dual single-atom catalyst supported on TiO2,
Ir1Mo1/TiO2 SACs demonstrate a superior

catalytic performance for selective hydrogenation
of 4-nitrostyrene (4-NS) to 4-vinylaniline (4-VA) as

compared to single-atom catalyst Ir1/TiO2.

[87]

Pt/CeO2 modified diatomite SAC

Dispersion of diatomite in the solution of
1,3,5-benzenetricarboxylic acid and Ce(NO3)3 mixture,

followed by calcination.
CeO2@diatomite was dispersed in solution of H2PtCl6

and further calcined in air at 300 ◦C

Highly active for hydrogenation of
phenylacetylene to styrene [89]

Rh1/CeO2 SAC Co-precipitation method Highly active and good stability for CO oxidation
(TOF of 0.41 s−1 at 100 ◦C). [88]

Ru/MoS2 SAC
Simple one-step impregnation methodRuCl3 was added
into a MoS2 nanosheet dispersed in a mixed solution of

ethanol and deionised water

Significantly improved hydrogen evolution
reaction (HER) of 2D MoS2 (low overpotential of

76 mV at 10 mA cm−2 in alkaline media).
[91]

Ni/MoS2 SAC
MoS2 on carbon cloth was immersed into NiCl2 ethanol

solution before being dried at 80 ◦C, followed by
calcination at 300 ◦C for 1 h under 10% H2/Ar atm

Enhanced HER activity (98 mV and 110 mV in 1M
KOH and 0.5M H2SO4, respectively. [92]

PdAu SAA
PdAu/silica SAA

Sequential reduction method (Pd/Au ratio of 1/250)
Fumed silica was introduced into PdAu SAA solution in

water and stirred overnight

Excellent selectivity and stable activity of PdAu
SAA for the hydrogenation of 1-hexyne to

1-hexene.
Silica support is not required to catalyse the

reaction.

[93]

Obviously, most single atoms interact with support materials for high dispersion in
order to avoid the formation of clusters. Strong single atoms–host/support interaction
has been proven to promote the excellent performance of catalytic activity in various
applications. Based on the aforementioned findings in Table 1, SAC and SAA supported
catalysts still suffer from a low-porosity structure, which would increase the resistance
to mass transport, leading to poor catalytic activity. Therefore, the utilisation of porous
and large-surface area hosts or catalyst support is necessary as it can provide many more
available sites for the attachment of metal atoms [94,95]. Moreover, the aggregation of
metal atoms can be avoided by the pore structure of porous materials, which enhances the
metal atom loading.

Graphene (GN) is an advanced carbon nano-material with a two-dimensional single
sheet of carbon atoms arranged in a hexagonal network. GN is a material that has a
large specific surface area (high catalyst loading) and good stability (tolerance to harsh
operational conditions [96]. Under realistic catalytic conditions, GN also has extraordinary
physicochemical properties such as a high mechanical strength and thermal stability [48].
An ideal GN structure (large surface area) can be achieved by using the mechanical ex-
foliation technique. Using this method, the surface area of GN can be obtained up to
2630 m2g−1, which is an ideal structural system for improving the distribution of metal
atoms. Undeniably, this will maximise the exposure of the catalytic centres to the reac-
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tants [97]. It should be noted that modifying the GN sheets will also result in a porous
structure and, apparently, it will increase the accessible surface area. Indeed, untreated GN
sheets are inappropriate to be used as SACs and SAAs because the dangling-bond free GN
sheets consist of highly mobile adatoms and could easily aggregate as a result of their low
migration energy barrier. It should be noted that the presence of an adatom on GN will
prevent the bonding configuration for the metal atoms. For this reason, the formation of
defective sites in GN is necessary as the defective sites will provide numerous possible
bonding configurations for metal atoms, thus stabilising the SACs and SAAs. One of the
common methods that has been widely used in the powder production industry is ball
milling, which applies kinetic energy to the materials through the movement of balls. This
method reconstructs the chemical bonds of materials and produces fresh surfaces [98]. For
GN production by the exfoliation of graphite, the ball milling method has also been imple-
mented. This also involves the fragmentation and chemical functionalisation of GN [99].
Very recently, work by Deng et al. showed the preparation of well-dispersed single atoms
(FeN4) confined in the GN matrix by applying a ball milling strategy to iron phthalocyanine
(FePc) and GN sheets. Interestingly, the FeN4/GN was successfully prepared in a large
quantity [48]. Based on the images obtained from HAADF-STEM and LS-STM analysis in
this study, the FeN4 centre was obviously embedded in the graphene lattice. This approach
was then implemented by the same group to prepare various atomic 3d transition metals
such as Mn, Fe, Co, Ni, and Cu within graphene lattices [29,100].

As a result of N-doping into the carbon network, the electronic properties of carbon
will be modified, making carbon nitride (CN) a promising porous support material for
single atoms. Compared to C, it is much easier for metal atoms of SACs to coordinate with
N due to the presence of the lone electron pairs of N. This will lead to the coordination of
most metal atoms of SACs with N to form M–Nx (M: metal atom) [101]. There has recently
been a report on SAC preparation by confining single Fe atoms in CN [102–104]. All of
these Fe SACs demonstrate a superior catalytic performance with excellent stability. In
order to fulfil industrial needs, it is undoubtedly essential to synthesise SACs within CN on
a large scale. This work has been realised by Zhao et al. in the development of a large scale
metal-NC SAC series [105]. Indeed, an optimum metal loading was found to be 12.1 wt.%
for the maximum electrochemical CO2 reduction reaction (CO2RR).

Zeolite is another important porous material that has been widely used in various
applications such as thermocatalysis and dehydrogenation/hydrogenation [106]. Taking
into account the uniform pore and cage structure of zeolite, the metals can be uniformly
distributed in these structures, and are thus strongly confined to the metal atoms. Liu et al.
prepared single-atom catalysts confined to zeolites through an in situ synthesis method in
the zeolite crystallisation process. The metal and ethylenediamine were complex, forming
a precursor to avoid the precipitation and aggregation of metal [107]. The aberration-
corrected high-angle annular dark-field scanning transmission electron microscopy (AC-
HAADF-STEM) analysis showed the presence of single metal atoms, which are represented
by bright dots that are clearly different from the zeolite. In contrast to the impregnation
method, the precursors are commonly assembled in the shallow layer of the zeolite crystals
because of the limitation of micropore diffusion. It can be observed that the uniform
dispersion of the precursors in the entire block was successfully implemented by this in
situ synthesis strategy. Moreover, the most stable configuration demonstrated by DFT
calculation and EXAFS consists of metal atoms that were coordinated with two oxygen
atoms in Al–O–Si bridges and the six rings of the zeolite Y framework for Pt atoms. On
the other hand, Sun and co-workers applied one-pot hydrothermal synthesis conditions
followed by H2 reduction for rhodium atoms encapsulation within MFI silicalite (S-I) and
ZSM-5 zeolites [108]. Based on the EXAFS analyses, due to the formation of superfine
Rh species, all zeolite-encaged Rh species had a higher oxidation state than the Rh foil,
resulting in a high efficacy in the tandem hydrogenation of nitroarenes by coupling with
ammonia borane (AB) hydrolysis.
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Metal organic frameworks (MOFs) are one of the promising well-dispersed metal
catalyst porous support materials owing to their ability to provide coordination sites
for metal atoms by introducing metal species into tunable inorganic metal nodes and
organic ligands [109]. Li et al. used a single-ion capture method to develop a stable single-
atom catalyst in an MOF-808 structure [110]. This approach involved an exchange of an
ethylenediaminetetraacetic acid (EDTA) ligand with the original ligand that anchored on
the metal node of the Zr6 cluster. This has been proven to effectively capture a single metal
ion with excellent photocatalytic hydrogen evolution activity and also high stability. DFT
data revealed that the outstanding performance was correlated to the lower free energy
of hydrogen binding that has been efficiently produced by Pt atoms under photocatalytic
conditions. Apart from single atom incorporation into the MOF, the formation of defects in
MOFs is very useful for anchoring metal atoms. For example, the work done by Guo and
co-workers demonstrated the anchoring of Pt atoms in a Ce-MOF caused by the formation
of defects [111]. This provided an abundant active site for CO conversion resulting from
the strong interaction between isolated Pt atoms and ceria in the MOF. Zhao et al. also
reported that the formation of defects in an MOF assists in anchoring metal atoms in order
to obtain a high-quality SACs [112].

5. Synthesis of SACs and SAAs

Bottom-up synthesis strategies and top-down synthesis strategies are the two types of
SAC and SAA synthesis strategies.

5.1. Bottom-Up Synthesis Strategies of SACs and SAAs

Bottom-up strategies such as atomic layer deposition (ALD), co-precipitation and
wetness impregnation are traditional methods for the development of SACs. The ALD
technique is a practical technique to use to synthesise single metal atoms on graphene
or other supports. ALD is beneficial for synthesising desired SACs because it has pre-
cise control over the growth of metals that will construct composites with a variety of
morphological features. Unfortunately, the ALD process yields a lower amount of SACs,
making it less appealing to industry [1,3]. Interestingly, the SACs produced by the ALD
method have greater stability properties. This esd evinced by Nongbe and co-workers in
the development of sulfonated graphene (GR–SO3H), whereby insignificant metal leaching
was observed after being used in biodiesel synthesis [113]. Sun et al. discovered a similar
trend over Pt/graphene for methanol oxidation, demonstrating strong catalytic activity at
0.59, 0.60, 0.62, and 0.70 V and stability with 50, 100, and 150 ALD cycles [114].

Co-precipitation is the most popular approach for producing SACs, in which chemicals
that would normally dissolve under the conditions are expedited. This method has several
advantages, including a simple synthesis stage, low cost, and it saves more time. This was
evinced by Qiao et al. in their development of nanocrystalline Pt1/FeOx SAC, utilizing
H2PtCl6·H2O as a metal antecedent blended in with (Fe (NO3)3·9H2O in a legitimate molar
proportion and pH [35]. The results revealed that single Pt atoms were homogenously
distributed on the FeOx SAC surface with a metal stacking level of 0.17 wt.%, resulting
in an extraordinarily high atom productivity. The Pt1/FeOx SAC catalyst exhibited a
greater strength and prevalent movement for both CO oxidation and the special oxidation
of CO in H2. Similar trends was observed by the research group of Qiao [115], whose
results showed that Au1/CeO2 SAC and Au1/FeOx SAC, which were prepared via the co-
precipitation method, exhibited a higher CO conversion (60–90%). It can be noted that the
co-precipitation method has also been used for synthesizing Pt1/ZnO SAC and Au1/ZnO
SAC [116]; both Pt1/ZnO SAC and Au1/ZnO SAC exhibited high methane conversion
rates (28–43%) and a high CO2 selectivity (88–100%) during methanol steam reforming
processes. This synthesis method was also found to be effective in the development of
a Ru/CoFe-LDH SAC for electrochemical reactions using CoFe-LDHs and RuCI3.H2O
as a metal precursor. According to their findings, the RuCoFe-LDH SAC catalyst only
requires 198 mV of overpotential in basic solution to produce a current density of 10 mA



Catalysts 2021, 11, 1470 14 of 30

cm2, making it one of the best OER electrode materials. Furthermore, XAS measurements
revealed high synergetic electron interactions between individual Ru metal atoms and LDH
substances, which can increase OER activity and stability when compared to CoFe-LDHs
or commercial RuO2 catalysts [117].

Galvanic replacement (GR), incipient wetness co-impregnation, physical vapour de-
position (PVD), and ALD techniques are the basic methods for the preparation of SAAs.
Galvanic replacement (GR) is a straightforward response driven by the distinction in electro-
chemical potential between two metals in an arrangement and is a broadly utilised strategy
for making hollow nanostructures for use in catalysis, plasmonic, and biomedical examina-
tion [118]. The Pd0.18Cu SAA was successfully synthesised by Boucher and co-workers
using GR [119]. Cu NPs were made by mixing Cu(NO3)2 with poly(vinylpyrrolidone)
PVP (MW: 40,000–80,000) at a molar ratio of Cu: PVP (1:1 wt./wt.), which then under-
went a chemical reduction process using NaBH4 under a N2 atmosphere. Following that,
Cu/Al2O3 was supported on alumina at 250 ◦C in a H2 atmosphere, and the necessary
amount of Pd (NO3)2 was introduced to the suspension with sonicating tips immersed in
the suspension to increase the GR reaction. The results of UV-Vis spectroscopy and XPS
examination showed that Pd was spread uniformly on the Cu nanoparticles. Furthermore,
Shan and colleagues produced Pd1Cu SAA, Pt1Cu SAA, and NiCu SAA via GR for ethanol
dehydrogenation, and the results revealed that the NiCu SAA has a higher activity in
ethanol dehydrogenation than Pd1Cu SAA and Pt1Cu SAA. This is due to the presence
of Ni, which decreases the C–H activation barrier and thus increases the activity [120].
Similarly, Marcinkowski and colleagues [121] studied Pt/Cu SAAs for C–H activation,
whereas Lucci and co-workers produced the same catalyst for the hydrogenation reaction
via the GR method as in the schematic diagram shown in Figure 6A [122]. The HAADF-
STEM (Figure 6B) result showed that Cu metal particles with reduced Pt atoms exhibited a
grid dispersion of Cu of 0.21 nm at a 2 nm scale. Moreover, EXAFS (Figure 6C) analysis
revealed the formation of a Pt–Pt bond in Pt/Cu alloys, indicating that Pt0.1Cu14/Al2O3
and Pt0.2Cu12/Al2O3 have isolated Pt atoms whereas Pt2Cu6/Al2O3 formed a Pt cluster.
The GR method has also been used in transforming CuMgAl-LDH (layered double hy-
drotalcide) to PtCu SAA by partially substituting the Cu species with Pt ions by the GR
method [24]. PtCu SAA catalysts with various Pt/Cu atomic ratios (atomic ratio: 0.010 to
0.015, 0.030, 0.15, and 0.50) were also investigated. However, when using the GR method,
the support must be larger than the active metal to avoid metal host shrinkage if the
contrary situation occurs [123].

Incipient wetness co-impregnation followed by physical vapour deposition (PVD)
procedures are currently the most extensively utilised SAA catalyst synthesis methods.
Gong et al. used an incipient wetness co-impregnation approach on a γ-Al2O3 support to
make a thermally steady PtCu–(γ-Al2O3) SAA catalyst for the synergist dehydrogenation
of propane. The results demonstrated that the propylene selectivity in the dehydrogenation
activity over the Pt0.1Cu10 SAA catalyst was significantly improved [124]. The incipient
wetness co-impregnation approach has also been used by Aich et al. in the development of
Pd–Ag/SiO-SeqIWI SAA catalysts and monometallic pure Ag/SiO2 catalysts for hydro-
genation reactions. Pd–Ag/SiO-SeqIWI was found to be more catalytically effective than
Ag/SiO2 [125]. The same catalyst synthesis approach has also been applied by Kim et al.
in the development of the Pt1/ATO (antimony doped tin–oxide) support SAA catalyst
in electrochemical reactions for H2 production. Interestingly, the existence of individual
Pt atomic sites positively influences reaction activity. Indeed, the Pt1/ATO SAA catalyst
shows an outstanding longevity [126].

PVD is a process that includes transporting elements at the atomic scale in a vacuum
condition, utilising electron beam evaporators to produce the vapour deposition of confined
metal particles onto a subsequent metal surface [127]. The PVD method has been used
by the Kyriakou group for the development of the Pd/Cu(111) SAA catalyst, who found
that Pd atoms were predominantly placed above the step edges throughout terraces and
areas with arbitrary dispersion [128]. Lucci and colleagues also produced Pd–Au SAAs
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using a PVD technique for H2 activation, and Pd–Au SAAs were shown to be beneficial for
enhancing the CO tolerance of the catalysts [129]. Similarly, Hannagan et al. reported a
similar conclusion on a RhCu/SiO2 SAA in the dehydrogenation of propane, demonstrated
through scanning tunnelling microscopy (STM) analysis, which showed an outlying Rh
atom in Cu(111) [130]. In addition, temperature-programmed desorption analysis (TPD)
was performed on Cu(111), sputtered Cu(111), 0.2% RhCu(111) SAA, and 0.2% RhCu(111)
SAA; it was demonstrated that the RhCu/SiO2 SAA had the highest propene selectivity
(100%) [130].

Figure 6. (A) Schematic description of GR method to synthesise Pt1/Cu SAA NPs, (B) HAADF-STEM images of secluded
Pt atoms with Cu metal particles using 2nm scale, and (C) EXAFS data at room temperature from Pt foil and pre-reduced
Pt0.1Cu14/Al2O3, Pt0.2Cu12/Al2O3, and Pt2Cu6/Al2O3. Adapted with permission from [122], (D) schematic flow for the
development of Pd1Ni SAAs via ALD approach, (E) HAADF-STEM image for 5Pd-Ni/SiO2 using 2 nm scale, and (F) the
number of turnover frequencies (reaction parameter = 0.5 g catalyst loading under 0.6 MPa H2 pressure at 80 ◦C). Adapted
with permission from [131].

The ALD method is equally effective for SAA catalyst creation. As illustrated in
Figure 6D, Wang and co-workers effectively produced a Pd1Ni SAA for the hydrogenation
of nitriles [131]. The HAADF-STEM images revealed a single Pd atom isolated on Ni NPs
(Figure 6E). Acrolein hydrogenation over Pd1Ni SAA was also found to be catalytic reactive.
The turnover frequencies (TOFs) of the reaction over Pd/SiO2 SAA, Pt/SiO2 SAA, and
5PdNi/SiO2 SAA (5% Pd is the best Pd concentration) were also determined. As expected,
the TOF value of 5Pd-Ni/SiO2 SAA was higher (515 h−1) than that of Pd/SiO2 (64 h−1)
and Pt/SiO2 (127 h−1) (Figure 6F). A two-step sequential reduction process was also
introduced to produce complex SAA structures. This was demonstrated by Pei et al. [132]
and Trimpalis et. al. [133] when they synthesised a Pd1/Au SAA supported on silica gel for
hydrogenation reactions and Ni0.005Au/SiO2 SAAs for selective oxidations of methacrolein.
Furthermore, Yao and colleagues established a number of catalysts on a carbon support
using this technique for water oxidation electrocatalysts, yielding catalysts with stable
activity [134].

5.2. Top-Down Synthesis Strategies of SACs and SAAs

Besides the bottom-up strategy, SACs and SAAs have also been widely synthesised
by top-down synthetic methods via the high temperature pyrolysis method, the high
temperature metal migration method, and the ball-milling process. These approaches have
been shown to be capable of generating SACs with precise frameworks, easy scalability, and
high metal loading [135]. The disintegration of organised nanostructures into smaller bits is
described as a top-down technique. This technique has proven to be particularly effective
in the creation of SACs with a high precision over microstructures or nanomaterials [136].
The high temperature pyrolysis method has been a prominent way to synthesise nanosized
carbon-supported SACs. This method appears to include the construction of a template-



Catalysts 2021, 11, 1470 16 of 30

sacrificial approach by acid leaching or calcination at temperatures ranging from 400 to
600 ◦C [137–140]. Li and colleagues proved this strategy in the synthesis of Zn–N–C SACs
and Fe–N–C SACs using ZnCl2 and FeCl3.6H2O as a precursor for the ORR process, and the
findings of XANES and EXAFS tests demonstrated that Zn–N4 and Fe–N4 were the main
active sites in the Zn–N–C SACs and Fe–N–C SACs [141]. As demonstrated by the DFT
calculations, the Zn–N4 structure is more electrochemically robust than the Fe–N4 structure
in Fe–N–C during the ORR process, owing to Zn’s full-filled d-orbital (3d104s2) greater free
energy. Yin and colleagues also used a high temperature pyrolysis method at 800 ◦C for the
development of a CoSAs/N–C catalyst for ORR [142]. The result showed that CoSAs/N–C
(900) exhibited the most elevated ORR action over CoNPs/N–C and commercial Pt/C
catalysts. Zhao et al. prepared Ni SAs/N–C and Ni NPs/N–C using Zn nodes as ionic
transfer and the adsorbed Ni salts method at 1000 ◦C; the results demonstrated the Ni
SAs/N–C catalyst has a higher value of onset potential for reversible hydrogen electrodes
(RHEs) than the Ni NPs/N–C catalyst [143]. A higher onset potential is beneficial for CO2
reduction due to a faster electron transfer rate at a given potential, thereby enhancing the
reaction.

For synthesising SAA catalysts, a ball milling method has been reported to be an
effective approach [48,144,145]. This method can disrupt and rebuild the chemical bonds
in materials or molecules with an appropriate energy input. As reported by Deng and
co-workers [48] in the synthesis study of GN-embedded FeN4 (FeN4/GN) catalysts via
ball milling, this catalyst exhibited an 18.7% phenol yield with a conversion of 23.4% for
the direct catalytic oxidation of benzene to phenol. The high stability of the FeN4/GN
catalyst was proven by yielding 8.3% of phenol after 24 h of reaction time. The catalytic
activity in the GN matrix was found to be positively influenced by the highly dispersed
and well-stable FeN4 centres. Gan et al. used the ball milling technique in the synthesis
of Pt1/Co SAAs for the hydrodeoxygenation (HDO) reaction of 5-hydroxymethylfurfural
(HMF) to 2,5-dimethylfuran (DMF). The results illustrated that the catalyst obtained high
HMF conversion (100%) and was highly selective towards DMF (93%) [144]. A similar
method was used by Gan et al. for the development of Au1/CeO2 SAAs for the preferential
oxidation of CO [145]. They found that Au1/CeO2 SAAs showed an excellent stability
and superior activity by converting 100% of CO after 160 h in stream. Even though
SAA catalysts have been shown to be useful for several reaction activities, the top-down
manufacturing technique for SAAs has received little attention.

Table 2 shows the merits and downsides of the various SAC and SAA synthesis
approaches. Although PVD appears to be successful for the activation and desorption
of reactants in theory, it is not suited for practical use due to the high equipment cost
and low yield. Notably, because of its ability to control particle size and dispersion, ALD
is commonly used for the large-scale synthesis of stable SACs and SAAs. However, the
ALD process has certain limitations, such as slow deposition rates and a shortage of
metal precursors. The incipient wetness co-impregnation process is simple and widely
acknowledged amongst the most cost-effective methods for manufacturing SACs and
SAAs in the enterprise environment. Due to the inclusion of single metal atoms in NPs,
this approach cannot be employed for large metal loadings surpassing 1 wt.%. Following
that, GR can introduce many different types of SAC and SAA structures, but it is limited to
specific differences in reduction potentials between the two metals, whereas the sequential
reduction method has the advantage of employing SACs outside of the metal host via
segregated reduction, though the process is somewhat difficult. Finally, the ball milling
process has been versatile and suitable for the large-scale production of SAAs, but due to
its limitations in terms of time and high equipment cost, this method is also not favoured.
To summarise, using the wet-chemical route, specifically wetness co-impregnation and
sequential reduction, is more preferred in the production of SACs and SAAs due to their
low cost and being the easiest method to prepare, along with varying metal atom choices.
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Table 2. Synthetic method of bottom-up and top-down strategies for SACs and SAAs catalysts.

Method Merits Demerits Catalysts Application Performance/Condition Ref.

Bottom-up strategy

Atomic layer deposition
(ALD)

Controllable size and
dispersion of particles

High equipment cost
Low yield

Pt/graphene SAC Methanol oxidation
Pt/graphene SAC found to be effective for methanol
oxidation at 0.59, 0.60, 0.62, and 0.7 V with order of

ALD cycles 50–150.
[114]

Pd1Ni SAA Hydrogenation
Successful hydrogenolysis of nitriles by Pd/Ni to

secondary amines with yield > 94%, exhibiting
excellent recyclability.

[131]

Physical vapour
deposition (PVD)

Simple preparation High equipment cost
Low yield

Pd-Au SAAs Hydrogenation
Pd−Au SAAs highly dissociate H2 at 85 K, and

reaction better than that of Au (111). [129]

RhCu/SiO2 SAA Dehydrogenation

RhCu/SiO2 SAA catalyst showed propene selectivity
100% versus ~80% on Pt/Al2O3 and sustained

transformation of propane to propene and hydrogen
for more than 50 h on stream at 623 K.

[130]

Co-precipitation
Simple and quick

preparation
Low cost

Easy agglomeration
Low metal loading

Au1/CeO2 SAC and
Au1/FeOx SAC Preferential oxidation of CO

Au1/CeO2 SAC and Au1/FeOx SAC effectively
catalysed CO conversion at 60− 90 ◦C with excellent

stability.
[115]

Pt1/ZnO SAC and
Au1/ZnO SAC

Methanol steam reforming
(MSR)

Pt1/ZnO SAC catalyst showed 43% conversion at the
steady state, higher than that of Au1/ZnO SAC

(28%). Au1/ZnO SAC showed higher CO2 selectivity
(100%) than Pt1/ZnO (88%).

[116]

Ir1/FeOx SAC Water–gas shift (WGS)
Under atmospheric pressure with different Ir

loadings from 0.01, 0.22, 0.32, and 2.40, the Ir1/FeOx
SAC showed high WGS activity.

[86]

Incipient wetness
co-impregnation

Low cost
Simplest method

Varies metal choices
Low yield

Pd-Ag/SiO2 _SeqIWI SAA
and Pd-Ag/SiO2_CoIWI

SAA
Hydrogenation

Pd atom enhances acrolein adsorption through the
C=C bond (1.36 eV) more dramatically than the C=O

bond while acrolein adsorbs weakly to the
monometallic pure Ag/SiO2 catalyst.

[125]

Pt1/ATO (antimony doped
tin–oxide) SAA

Electrochemical
reactions—formic acid

oxidation reaction (FAOR)

Owing to the existence of single atomic Pt sites,
which initiate the O–H bond of formic acid and have
good resistance, the Pt1/ATO SAA catalyst exhibited

superior FAOR activity.

[126]

Sequential reduction Available complex structure
Complicated steps

Uncontrollable
structure

Ni0.005Au/SiO2 SAA Selective oxidation

Ni0.005Au/SiO2 SAA showed superior activity with
100% conversion to methyl methacrylate (MMA)
than NiAu/SiO2 (2%) for selective oxidation of

methacrolein with methanol to MMA.

[133]

Ru1–PtCu3/AC SAA,
Ru1–PtCu/AC SAA, and

Ru1–Pt3Cu/AC SAA

Water oxidation
Electrocatalysis

The PtCu alloy’s OER activity was low, with an
oxidation potential of 410, implying that the

atomically scattered Ru1 incorporated into the Pt–Cu
alloys serve as, or at least participate in, the OER

active sites.

[134]
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Table 2. Cont.

Method Merits Demerits Catalysts Application Performance/Condition Ref.

Galvanic replacement Special compositions and
structures

Need difference
reduction potential
between two metals

Limited choices

Pd1Cu SAA, Pt1Cu SAA,
and NiCu SAA. Ethanol dehydrogenation

NiCu SAA alloy exhibited higher activity than
Pd1Cu SAA and Pt1Cu SAA due to the presence of
Ni, which lowers the barrier for C–H activation and

thus increases the activity.

[120]

Pt/Cu SAAs C–H activation

Catalytic studies showed that Pt/Cu SAAs catalysed
the exchange reaction at 250 ◦C, compared to
∼550 ◦C on Cu NPs, and are stable during the

reaction.

[121]

Pt/Cu SAAs’ Hydrogenation

Near 2D volcano plot, Ru1–Pt3Cu (111) showed the
highest OER activity (η = 0.42 V) while Ru1–Cu (111),
Ru1–PtCu3 (111), Ru1–PtCu(111), and Ru1–Pt (111)

exhibited 0.82, 0.71 and 0.66, and 0.92 V, respectively,
which are less dynamic.

[122]

Top-down strategy

High-temperature
pyrolysis

Suitable large-scale
production

Easy to anchor heteroatoms

Dangerous etching (HF)
High temperature

needed

Co SAs/N-C, Co NPs-N/C,
and Pt/C Electroreduction of CO2

CoSAs/N–C (900) had the strongest ORR activity,
with an Eonset number that was almost comparable
to Pt/C (0.982 V vs. RHE) and E1/2 (0.881 V) more

favorable than that of Pt/C (0.811 V) and
CoSAs/N–C (800) (0.863 V).

[142]

Ni SAs/N-C and Ni
NPs/N-C Electroreduction of CO2

Ni SAs/N–C catalyst demonstrated higher amount
of onset potential for reversible hydrogen electrode

(RHE) than Ni NPs/N–C catalyst.
[143]

Ball milling
Easy scalable

Environmentally friendly
High maintenance
Time consuming

FeN4/GN SAAs Catalytic oxidation benzene
to phenol

FeN4/GN showed phenol yield (18.7%) and
conversion (23.4%) for direct catalytic oxidation of
benzene to phenol. The FeN4/GN also exhibited

high stability by yielding 8.3% of phenol after 24 h of
reaction time.

[48]

Pt1/Co SAAs Hydrodeoxygenation
Pt1/Co SAAs showed high HMF conversion (100%)
and were highly selective towards DMF (93%) for the

catalyst.
[144]

Au1/CeO2 SAAs Preferential oxidation of CO
Au1/CeO2 SAAs had 100% CO conversion after 160
h in the mainstream, showing that the catalyst has

excellent stability and superior activity.
[145]
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6. The Challenge and Opportunities of SACs and SAAs in Biofuel Production

In recent years, there has been a lot of interest in SACs and SAAs for biofuel. With all
the benefits discussed above, the utilisation of these catalysts, especially in liquid-phase
reactions, is still problematic because of their stability issues [21]. The mass loading of
SACs and SAAs is also one of the reasons for limiting the overall production rate in the
reaction system. Increasing the precursor concentration during the synthesis of SACs and
SAAs will not fix these problems since the strong metal–metal interactions will cause single
atoms to form metal clusters or nanoparticles. Figure 7A provides the annual number of
scholarly works on SACs. In recent years, fewer scholarly works were found for biofuel
processes using SACs. Most of the work was published in scientific journals, with a total
of 630 publications from 2000 to 2022. The result also revealed that the application of
SACs in biofuel showed remarkable growth from 2011 to 2020, and globally, this research
attained its highest peak level in 2017. Elsevier is of note as a significant publisher of topics
surrounding the use of SACs for biofuel (Figure 7B).

Figure 7. (A) The annual number of scholarly works on SACs and biofuel and (B) scholarly work on SAC and biofuel
(published by top 5 publishers). (The Lens (formerly Patent Lens) scholar analysis search system, search term “single-atom-
catalyst AND biofuel” within 2000–2021). https://link.lens.org/LXnxsRHrG9c (accessed 11 October 2021). * The annual
number of scholarly works on SACs and biofuel.

Table 3 shows recent studied focused on the utilisation of SACs and SAAs in renewable
chemical and biofuel (liquid and gas) production processes. In summary, the biofuel
production process over SACs and SAA catalysts has been extensively investigated at
the atomic level, in which most of the catalysts focus on the production of gas biofuels
(hydrogen) from biomass and gas phases; the production of liquid biofuel over SACs has
also been conducted, but it is insignificant or minor. An example in this regard is shown in
the work by Liu et al. [146], in which they used Co-MoS2 SAC in the hydrodeoxygenation
of biomass 4-methylphenol at 180 ◦C to toluene. Compared with traditional Co/MoS2

https://link.lens.org/LXnxsRHrG9c
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catalysts, Co-MoS2 SAC showed a higher selectivity, activity, and stability. This study also
revealed that a large number of basal sulphur vacancies within Co-doped single-layer MoS2
provided a sufficient number of Co–S–Mo active sites for the hydrodeoxygenation reaction
to occur at a low operating temperature. Later in the same year, Cao and co-workers
reported on the hydrogenation of biomass levulinic acid (LA) to (renewable chemicals and
fuels: γ-valerolactone (GVL)) over 0.85 wt.% of Ru/ZrO2@C SAC catalyst using a new
stabilisation strategy based on UiO-66 (Zr-MOF) material [147]. There was no reduction
in catalytic performance after recycling. There was also no leaching of ruthenium found
even under pH 1. Compared with commercial Ru/C, which is highly active and selective,
the downside is that it undergoes severe deactivation due to Ru leaching. Recently, the
transformation of liquid biomass (castor oil) to a liquid biofuel (octadecane) over Fe–Au–Pd
SAAs via hydrodeoxygenation in 3 h at 250 ◦C, 40 bar of H2, and 20 bar of CO2 pressure
was reported by Bhattacharjee et al., and the result revealed that the octadecane selectivity
was obtained at 72.6% [148]. Indeed, it can be seen that most of the SACs and SAA
catalysts demonstrate remarkable stability with excellent catalytic activity compared to
traditional catalysts, which often require harsher reaction conditions, such as elevated
hydrogen pressure, moderate to high reaction temperatures, and hot water or even acidic
reaction media.

Apart from studies related to the transformation of biomass into liquid chemicals
or biofuels, there have been many studies reported on the production of gas biofuel
hydrogen. Firstly, the study by Akri and co-workers showed that Ni SACs are effective in
the DRM reaction and allow carbon deposition to react with CO2 at 750 ◦C to syngas (CO,
H2), which is an indication of having an excellent resistance to carbon deposition [149].
Using the strong electrostatic adsorption (SEA) approach, Akri’s group was able to easily
synthesise single-atom Ni nanoparticle dispersed on a hydroxyapatite (HAP) substrate.
The experiments showed that Ni SACs demonstrate a significant improvement in stability
when polyvinylpyrrolidone (PVP) is used in preparing the catalyst. It is worthy of mention
that the efficacy of SACs to be used in high-temperature reactions has been confirmed.

Formaldehyde oxidation and photocatalytic hydrogen synthesis (solar-driven hydro-
gen evolution) on the ultrathin carbon nitride (SAVCN) with a charge-transfer on the V-N
bridge as the reaction switch has also been recently characterised [150]. Surprisingly, the
V-N bridge’s electronic structure enables the photocatalytic hydrogen evolution activity
to be nearly three times that of virgin carbon nitride. Jin and co-authors discovered that
bringing the most common unpaired d-electron in the photocatalyst into the intermediate
state by modifying the oxidation state of Ni single-atom active sites to a specific Ni2+/Ni0

ratio optimises the electronic production for dramatically improved photocatalytic per-
formance [151]. As a result, the photocatalytic hydrogen generation rate approached
354.9 µmol h−1 g−1, which is among the highest reported for carbon nitride photocatalysts
ornamented with single metal atoms, especially low-cost transition-metal single atoms.

Zhang and co-authors recognised that the fixed bond and oxidation state should
be extremely simple in single-atom Pt/C3N4 SAC photocatalysts; the dynamic electron
transfer and bond changes between the single-atom Pt and C3N4 were first demonstrated
by combining SI-XPS and SI-DRIFTS after light irradiation [152]. Pt0 and C3N4 are desig-
nated as sites for reduction and oxidation reactions, respectively, by the bond evolution.
As a result, single-atom Pt/C3N4 SAC has a much better photocatalytic H2 evolution
performance than Pt particle–C3N4 and C3N4. Indeed, Zhou et al. discovered a similar
trend in photocatalytic activity at sub-zero temperatures over PtNP-loaded g-C3N4SAC
catalysts [153], with the findings indicating that H2 evolution was particularly successful
due to a reactive metal–support interaction (RMSI). Trofimovaite et al., who studied pho-
tocatalytic activity over Cu/meso-TiO2-500C SAC, state that with a controllable pattern,
photophysical specifications and high surface area properties play an important factor in
improving the photocatalytic activity [154].

There are few studies reported on the production of hydrogen via WGS
reactions [155,156]. Liang et al. [155] reported a combined theoretical and experimen-



Catalysts 2021, 11, 1470 21 of 30

tal single-atom Ir1/FeOx study of the WGS reaction on an Ir1/FeOx catalyst. It was shown
that the dual metal active site consisting of Fe and Ir1 single atoms has a synergetic effect to
catalyse the WGS reaction with the involvement of an oxygen vacancy (Ovac) on the surface
of Ir1/FeOx. This work further supports the concept that for SACs, covalent metal–support
interaction plays a unique role in tuning their catalytic properties and also supports the
role of Ir1 single atoms in stabilising the catalyst in the form of the Ir–O–Fe moiety, which
plays a dominant role in the WGS reaction. Interestingly, the SACs were also found to be
effective in WGS at room temperature. This was evinced by Li and her co-workers [156]
in the WGS reaction over single-atom nanocatalyst Pt@Mo2C. Notably, WGS activity over
Pt@Mo2C SAC was found to be similar to that of the Pt systems, implying the advantage
of lower cost.

It has been well-established by the previous section that hydrogen generation can be
efficiently produced via CO2RR. The effectiveness of SACs was strongly confirmed by a
recent finding using a single-atom CoNi-NC catalyst [157]. The CoNi-NC was discovered
to be advantageous in balancing CO2RR activity and producing high yields of CO and
H2. A series of Co and Ni concentrations were studied in order to tune the CO/H2 ratio
suitable for use in thermochemical reactions, and it was concluded that varying the Ni and
Co ratio in CoNi-NC represents an opportunity to further tune the CO/H2 ratio without
sacrificing the high syngas production rate. Last but not least, SACs have been employed
in the semi-hydrogenation of acetylene to produce ethylene gas [158]. Surprisingly, the
Cu alloyed Pd SAC demonstrated an ~85% selectivity for ethylene and 100% removal of
acetylene. The Cu alloyed analog’s conversion outperformed both the Au and Ag alloyed
Pd SACs, while its selectivity was on par with the Ag alloyed Pd SAC and even better than
the Au alloyed Pd SAC.

Based on Table 3, it can be seen that SACs and SAAs are very effective for the con-
version of biomass, organic chemicals, and GHGs (CO2, CO) to biofuel under various
reaction temperatures (room temperature to > 300 ◦C). It is worth noting that research
on high-temperature reactions are limited in number. Contradicted with the reaction at
room temperature, in which UV-light is used as a source, transformation of UV-light to gas
biofuel at a lower reaction temperature via photocatalytic water splitting, dye degradation,
and electrochemical CO2RR, have been researched in numerous studies [150,151,154,157].
Based on the above finding, the high effectiveness of SACs and SAAs in photocatalytic
reactions is owing to their electron configuration, which apparently results in an elevated
light response, conductivity, charge separation, and mobility of the photocatalyst [151].
Similarly, a single-atom configuration is beneficial for an increment of total current density,
which consequently leads to optimal metal catalyst utilisation and improves the elec-
tro/thermocatalytic processes for CO2RR [157]. In the case of biomass transformation at
high reaction temperatures, SACs and SAAs, which have a maximum atomic efficiency
and a uniform and tunable metal centre, as well as an adjustable metal–support interaction,
were the keys to boosting the catalyst efficiency and thermal stability. Their well-defined
and uniform structure also provides advantages to fundamental studies for understanding
the intrinsic reaction mechanism and site requirement in biomass and CO2 conversion [159].

Other than liquid biofuel and gas biofuel processes, SACs and SAAs have recently
shown great promise for environmental catalysis against a variety of pollutants due to the
maximum site exposure by SACs and SAAs. It should be noted that SACs and SAAs can
also be used effectively for major reactions such as the electrochemical oxidation of volatile
organic compounds (VOCs), dehydrogenation of VOCs, and SO3 decomposition [160,161].
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Table 3. Summarisation of SACs and SAAs in the production of biofuel and renewable chemicals.

Catalyst/ Biofuel and Renewable Chemical Reaction Product Remarks Refs.

Liquid renewable chemicals/biofuels

Co–MoS2 SAC Hydrodeoxygenation Toluene
Hydrocarbon fuels

-High metal dispersion and stability associated to a strong interaction between
Ru and nano tetragonal ZrO2.

-The catalyst exhibited clear deactivation in the recyclability study. The
deactivation of the catalyst was associated to the leaching.

[146]

Ru/ZrO2@C SAC Hydrogenation of levulinic acid (LA) to
γ-valerolactone (GVL) γ-valerolactone (GVL)

-A strong covalent bond between Co atoms to monolayer MoS2 enhances the
number of Co–S–Mo interfacial.

-The catalyst is clearly effective and highly stable for 4-methylphenol to toluene
transformation.

[147]

Fe–Au–Pd SAAs Hydrodeoxygenation Octadecane Octadecane selectivity of 76% was obtained. [148]

Gas biofuel

Ni SACs Dry methane reforming (DRM) Carbon monoxide and hydrogen -Ni SACs is coking-resistant agent.
-PVP method during catalyst synthesis stabilised the catalyst. [149]

SAVCN SAC Photocatalytic hydrogen production and
formaldehyde oxidation Hydrogen -SAVCN rendered excellent photo-catalytic activity at room temperature. [150]

CN–0.2Ni–HO
(CN: nitride) Photocatalytic water splitting Hydrogen -Photocatalytic H2 production rate was the highest (354.9 µmol h−1 g−1), higher

than that of reported CN photocatalysts SACs. [151]

Pt–C3N4 SAC Photocatalytic water splitting Hydrogen
-High H2 production activity (14.7 mmol·h−1·g−1) was achieved over Pt/C3N4

SAC catalyst.
The reaction activity was 20 times higher than that of metallic Pt–C3N4 catalyst.

[152]

PtNP-loaded g-C3N4 SAC In situ photocatalytic reduction method at a
sub-zero temperature Hydrogen

-Excellent H2 evolution is due to RMSI.
-RMSI contributes to the supra-high-density PtSAs on the electron- deficient

g-C3N4.
[153]

Cu/meso-TiO2-500C SAC Photocatalytic dye degradation Hydrogen

-A synergy between Cu(I) and CuO increased photocatalytic H2 production
four-fold relative to the mesoporous anatase scaffold.

-Tailoring textural and photophysical properties positively affect chemical mass
transport, energetics, and lifetime of charge carriers.

[154]

CoNi-NC SAC The electrochemical CO2 reduction reaction
(CO2RR) Hydrogen, carbon monoxide

-The CoNi-NC catalysts maintained the high syngas yield.
-Co and Ni with varies ratios co-existed in an SAC configuration exhibited to

have controllable CO/H2 ratios.
[157]

Ir1/FeOx SAC Water–gas shift Hydrogen -Fe and Ir1 single atoms play a synergetic effect to catalyse the WGS reaction. [155]

Pt@Mo2C SAC Water–gas shift Hydrogen
-Pt@Mo2C SAC promoted WGS, demonstrating the advantages of lower cost and

higher thermal stability.
-The synergetic effect of bimetallic (Mo–Pt) is beneficial to H2 production.

[156]

Cu alloyed Pd SAC Semi-hydrogenation of acetylene Ethylene

-Ethylene selectivity of ~85% was achieved.
-The isolation of Pd atoms by the IB metal played a key role in enhancing the
ethylene selectivity, while the electronic effect had a relatively minor effect on

their catalytic performances.

[158]
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Based on the above discussion, despite tremendous advances in the synthesis and
environmental catalysis of SACs and SAAs, there are still a number of challenges to
overcome, which are detailed in the following section.

1. Large-scale and controllable SACs and SAAs preparation

The evolution of appropriate techniques to upscale SAA manufacture under moder-
ated conditions is of value but remains a challenge for pragmatic functionality. Contempo-
rary protocols for SAA synthesis have included PVD, ALD, and wet-chemistry processes.
A number of hurdles still need to be surmounted in order to upscale SAA manufacture via
a straightforward and widespread approach and to have an effective expenditure: yield
ratio [162].

2. Stability of SACs and SAAs

The practical utility of SAAs mandates their stability, particularly for reactions over
the long-term and at high temperatures. An issue is maintaining the single-atom properties
over long-term employment owing to the marked inclination of the high surface energy
to generate clustering. The lone atomic active loci of SAAs should thus be appraised by
deploying in situ analytical techniques over the course of reactions. Of note is that choosing
the alloy elements and enhancing their engagement has the potential to upgrade their
stability [163].

3. Additional SACs and SAAs applications in the environmental sector

Contemporary studies have only concentrated on conventional contaminants, e.g.,
VOCs and additional noxious inorganic vapours [160]; there is little research evaluating the
eradication of water pollutants [86]. From both experimental and pragmatic perspectives,
SAAs have a lot of promise for the recovery of air, water, and soil. They are also likely to be
of value for the extraction and conversion of VOCs through a range of catalytic pathways.
For instance, VOCs can be efficaciously oxidised into water, CO2, and additional non-
toxic substances at low temperatures using catalytic oxidation. Thus, there is significant
potential for the application of SAAs for diverse catalytic reactions in the environmental
sector [86,161,164]

4. Complex SACs and SAAs structures for specific applications

Attention has been drawn to the synthesis of involved SAA configurations from SAA
basic elements for targeted use. These constructs offer the individual traits of the SAA,
whereas the complicated infrastructure yields a superior surface area with a plethora
of active loci, improved porosity, and upgraded mass and electron transfer. Thus, the
production of intricate SAA configurations with high performance statistics for certain
utilities is an attractive proposition [165,166].

5. Further studies on the active sites and reaction mechanisms of SACs and SAAs

A more in-depth comprehension of active loci and reaction pathways is key to en-
hancing and designing efficacious catalysts. The transparent and regular configuration of
SAAs enables the recognition of active loci and the delineation of mechanisms underlying
the reactions via DFT computations, analytical methods, and catalytic appraisals. Never-
theless, during a reaction, SAA catalysts may be subject to a dynamic reconfiguration; in
situ progressive analytical techniques should be employed in order to examine geometric
reconformations of active loci during the catalysis. This would enable structure–property
associations and reaction pathways to be characterised and facilitate the logical creation of
efficacious catalysts [165].

An ongoing issue is generating a hypothetical model of sizeable and involved molecules
using DFT simulation. Additional computations are necessary to assess the absorption and
activation functionality of significant environmental contaminants with respect to SAA
catalysts in order to comprehend the relevant catalytic pathways and screen for appropriate
catalysts [167].

Despite the fact that SACs and SAAs face significant challenges in making them viable
for a variety of important applications, such as high-temperature biofuel production pro-
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cesses and electrochemical energy conversion, both of these catalysts show great promise
in terms of metal utilisation, catalytic site tunability, and selectivity. It is noteworthy to
mention that in the form of single atoms, they drastically reduced the catalyst cost. Active
noble metals are costly; thus, the downsizing of noble metals from nanoclusters to isolated
single atoms is an ideal strategy that will significantly reduce the cost and enhance the
economic viability of each of the catalytic processes.

7. Conclusions and Remark

Years have passed since SACs and SAAs were first introduced, and there has been
remarkable progress in the development of strategies to synthesise both SACs and SAAs.
In this review paper, we have summarised the progress of synthetic methods of SACs
and SAAs for various catalytic reactions and the new development methods that benefit
the production of liquid and gas biofuels. Most of the synthetic methods used for the
development of SACs and SAAs are wet-chemical routes, co-impregnation, and sequential
reduction. As discussed previously, the challenge of synthesising SACs and SAAs in the
liquid phase is their stability. Single atoms generally have high energy, so only when they
are fixed on the support can they be stable. There are two strategies that can be used to
overcome this challenge, which are mutual metal–support interaction and the coordination
geometric effect. More, it has also been found that coordination number, nano-structuring,
and ligand selection affect the catalytic activity of SACs and SAAs. Next, it is challenging to
find a practical method to strongly anchor single atoms on high-surface area and low-cost
support materials. There is only a small amount of research that has been done specifically
for liquid biofuels. Further investigation of SACs and SAAs for liquid biofuel production
is expected to have more innovative synthesis strategies, advanced characterisation tools,
and theoretical calculations to understand the intrinsic properties of supported single-atom
metals and catalytic systems to obtain a fascinating design of SACs and SAAs for desirable
reactions with high efficiency and sustainability applications.
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