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of waste and pollutants.[1,2] In order to 
achieve these goals, it is of fundamental 
importance to design new catalysts that 
enable new benign routes to produce/
store and convert renewable energies and 
to obtain chemicals from waste.[3–5] We 
need to design new chemical pathways 
that replace traditional petrochemical-
based routes, considering new platform 
molecules, possibly derived by renewable 
resources such as agriculture/municipal 
wastes. This transition must fully involve 
the energy sector, with the entire redefini-
tion of the pool of energy vectors for trans-
portations, building heating systems, and 
power production. As the burning of fossil 
fuels and biomass are not anymore com-
patible with the dramatic increasing air 
pollution and global warming.

To achieve all these targets, we will 
need to design nontoxic, earth-abundant, 
and less-expensive, highly efficient, and 

selective catalysts that can work under mild reaction conditions 
without producing significant waste.[6,7] Catalytic activity and 
selectivity are enabled via the many factors such as accessibility 
of active sites, interaction with the surface, i.e., varying support 
and coordinating sphere, composition of metals (bimetallic 
and many-metallic), size and shape; and chemical states of 
active sites which can to tailored via developing 2D catalyst[8–10] 
or via developing single atomic sites stabilized on hollow 

A heterogeneous catalyst is a backbone of modern sustainable green indus-
tries; and understanding the relationship between its structure and properties 
is the key for its advancement. Recently, many upscaling synthesis strategies 
for the development of a variety of respectable control atomically precise 
heterogeneous catalysts are reported and explored for various important 
applications in catalysis for energy and environmental remediation. Precise 
atomic-scale control of catalysts has allowed to significantly increase activity, 
selectivity, and in some cases stability. This approach has proved to be 
relevant in various energy and environmental related technologies such as 
fuel cell, chemical reactors for organic synthesis, and environmental reme-
diation. Therefore, this review aims to critically analyze the recent progress 
on single-atom catalysts (SACs) application in oxygen reduction reaction, 
oxygen evolution reaction, hydrogen evolution reaction, and chemical and/or 
electrochemical organic transformations. Finally, opportunities that may open 
up in the future are summarized, along with suggesting new applications for 
possible exploitation of SACs.

1. Introduction

Our society is facing massive challenges to ensure a sustainable 
future. For instance, numerous strategies exist or are under 
investigation to guarantee progress based on more energy-
efficient technology, able to produce value-added chemicals 
with low energy and mass requirements, in a circular economy 
concept that includes dramatic reduction of the generation 
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surfaces.[11,12] For example, Somorjai and co-workers controlled 
the selectivity of dendrimer-encapsulated Au nanoclusters (Au-
G4OH/SBA-15) by varying the dendrimer properties which is 
in a similar strategy used by ligand modification in a homo-
geneous catalyst.[13] In another example to tune the selectivity, 
Ag nanowire was found more selective for ethylene epoxidation 
reaction compared to spherical catalyst.[14]

However, heterogeneous catalysis is essentially a surface 
process, and therefore it is limited by surface accessibility. The 
catalyst development therefore involves a decrease in size of 
the active phase, as the reduction in particle size implies an 
increase in surface-to-volume ratio. This process has gained 
enormous advancement by the advent of nanoscience and nano-
technology, more recently has found a revolutionary approach 
in the development of single-atom catalysts (SACs).[15] In 2003, 
Saltsburg and Flytzani-Stephanopoulos investigated Au and 
Pt in an ionic forms which were strongly associated with the 
surface of ceria and responsible for the water-gas shift reac-
tion. They reported that Pt or Au nanoparticles on the surface 
of ceria did not participate in the catalysis, the ionic form of Au 
or Pt on the surface of ceria has functioned as SACs.[16] Sub-
sequently, in 2006, Bashyam and Zelenay investigated cobalt 
and iron porphyrins complex which was pyrolyzed under con-
trolled temperatures to produce M–Nx species which were sug-
gested as an active site for oxygen reduction reaction (ORR).[17] 
However, even before 2003, the role of trace metal existence in 
organic catalysis cannot be completely ruled out which were 
the single metallic active sites in homogeneous form.[18,19] In 
the subsequent years the advancement in characterization tools 
made it possible to confirm the existence of single-atom (SA). 
Later in 2011, first the term SACs was introduced by Zhang 
and co-workers, where they have prepared SACs by using Pt 
metal on FeOx support that exhibited high catalytic activity and 
stability for CO oxidation in a H2-rich stream.[20] A metal SA 
can occupy a different location or defect in the host framework. 
These trap sites can help SA to get stabilize during catalytic 
cycles and make them leach proof.

Figures of merit that allow evaluation of performances and 
sustainability of heterogeneous catalyst includes selectivity, con-
ditions, activity expressed in terms of turnover number (TON) 
and turnover frequency (TOF), and stability.[21] A promising cat-
alyst must simultaneously be characterized by high conversion 
with high selectivity, ideally working under mild conditions 
(low temperature and pressure). Furthermore, it should pos-
sess long term thermal and chemical stability. The accessibility 
of the active sites is highly desired for the overall performance 
of catalysts and hence porosity should not be compromised 
during the operation. Catalytic activities are also influenced by 
the interaction of heterogeneous surfaces primarily with the 
reactant, product, and intermediates which depends on the cat-
alytic reaction conditions. For a good outcome, the interaction 
of different components of the catalytic process with the catalyst 
surface should be self-sufficient to propagate a reaction, which 
is hard to estimate quantitatively. Surface nonuniformity also 
makes it more difficult to understand the interaction between 
the active sites and reactants at the molecular level. And these 
effects may play an important role in controlling the catalysis in 
a broad range of reaction conditions. Hence, to achieve a high 
selectivity, a uniform catalytic surface needs to be designed for 

the production of targeted reaction products. However, nanocat-
alyst surfaces are highly challenging to controls but then again 
SACs may lead to highly selective catalysts.

SACs can provide an efficient and highly active catalyst for 
sustainable and greener chemical industries. SACs are the base 
of biological and natural catalytic processes; and organometallic 
SA catalysts already have revolutionized industries.[22–24] How-
ever, these issues associated with the homogenous lead to the 
development of SACs.[25] SACs not only maximized the utiliza-
tion of the active sites but also increases efficiency, reduce the 
metal uses, also change the selectivity. However, many chal-
lenges associated with the SACs are needed to address to make 
the catalytic process more sustainable and benign.[26–28] Interest 
in developing SACs is continuously growing and becoming a 
new frontier in heterogeneous catalysis.[29,30] The enrolment 
and development of SACs will have a profound impact on 
energy (generation and storage), environment protection, and 
chemical manufacturing from waste resources.[31] There are 
several methods reported for the preparation of SACs such 
as impregnation (wet and dry impregnation),[32] coprecipita-
tions,[33] atomic layer deposition (ALD),[34] by carbonization of 
MOF in the presence of an inert atmosphere,[35] and wet-chem-
ical synthesis.[36]

Aggregation of metal atoms during the synthesis is a major 
challenge for large-scale production, however, atomic level dis-
persion can be controlled using expensive technologies such as 
ALD[37] and mass-selected soft landing.[38] Nevertheless, the use 
of these techniques is still limited to large-scale production. The 
use of metal nanoparticles as a precursor for preparing SACs 
under thermal treatment was recently demonstrated. A facile 
thermal emitting strategy from bulk nanoparticles to SA could 
be an alternative and appealing solution.[39] Thermal vaporized 
Pt atom can be stabilized by N4 atoms on defected graphene. 
Few methods for the preparation of SACs are summarized in 
Figure 1.

Stabilization of SA is a major challenge that can be achieved 
by optimum coordination with the neighboring heteroatoms. 
In the direction of the synthesis of stable SACs, a strong cova-
lent metal–support interaction can yield high metal loading on 
the metal oxide surface. The thermally stable Pt-SA are either 
trapped by already deposited Pt atoms or PtO2 formed during 
high-temperature calcination.[46] A simple organic molecule 
chelating approach can also be used for the atomic dispersion 
of an SA on host support. For example, ethanolamine can che-
late Pt cations and later can be removed by a rapid thermal 
treatment in an inert atmosphere.[47] Many advanced charac-
terization techniques including high angle annular dark-field 
scanning tunneling electron microscopy,[48] scanning tunneling 
microscopy,[49] X-ray absorption microscopy,[50,51] infrared spec-
troscopy[52] are essential to identify highly active and stable 
SACs at large scale for industrial applications.[53] Theoretical 
calculations by density functional theory (DFT),[54] primarily 
applied to the ideal system which can help in understanding 
the catalytic phenomena at the atomic or molecular level. Apart 
from all, most in-built approach for the characterization of an 
SA is direct imaging at the atomic scale using X-ray absorption 
near edge structure[55] and extended X-ray absorption fine struc-
ture[56] which can provide information relating to the nature of 
neighboring atomic sites and corresponding oxidation states. 
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Figure 1. Various methods of preparation of SACs. a) Zeolitic imidazolate framework-based synthesis. Reproduced with permission.[35] Copyright 2017, 
John Wiley and Sons. b) Ligand mediated method for large scale synthesis. Reproduced with permission.[40] Copyright 2019, Nature Publishing Group. 
c) COF initiated the synthesis of SA catalyst. Reproduced with permission.[41] Copyright 2019, American Chemical Society. d) Using C3N4 as support. 
Reproduced with permission.[42] Copyright 2018, Proceedings of the National Academy of Sciences. e) Using SiO2 as a hard template. Reproduced with 
permission.[43] Copyright 2018, John Wiley and Sons. f) Polymerization process for SACs preparation on hollow carbon. Reproduced with permission.[44] 
Copyright 2019, Royal Society of Chemistry. g) Using C3N4 as support and PEI as N source. Reproduced with permission.[45] Copyright 2019, American 
Chemical Society.
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The atomic-level information of active sites, their molecular 
geometry, and reaction mechanisms can be identified using 
operando characterization which allows in situ monitoring of 
surface oxidation states and local atomic structure transforma-
tion.[57–59] In situ measurement can provide real data during the 
catalytic cycle which promotes the in-depth fundamental under-
standing of the catalytic system.[60–63]

A large number of wastes and hazardous materials are gen-
erated every day and green chemistry can be a sustainable solu-
tion to the toxic industrial chemicals. Most of the industrial 
chemical processes are not highly efficient and produce a large 
amount of waste, thus increase the atom economy is crucial. 
How to avoid by-products and achieve 100% atom economy is 
still an open question as well as highly challenging. Catalyst 
has been playing a very important role in the chemical indus-
tries and to achieve a sustainability goal. A catalyst development 
using nonexpensive metal which is available in abundance, can 
only help in increasing the % conversion, selectivity, and lower 
energy requirements.

Several interesting review articles were published and sum-
marized on various topics.[27,28,64–73] In this short report, we 
mainly focused on the applications of SACs in benign ways 
of energy production (ORR, OER, HER, and metal–air bat-
teries), and organic transformations (with and without elec-
trochemical setup) which are published recently.[74–78] Apart 
from these applications, electrochemical applications of SA for 
hydrogen electro-oxidation,[79] formic acid,[80–82] methanol,[83,84] 
and CO oxidation,[85–88] CO2 transformation into value-added 
chemicals which is now a day is a hot arena,[74,89,90] N2 activa-
tion,[91–94] and metal–sulfur batteries[95–97] are highly desirable, 
but discussion about these topics are out of the scope of this 
report. These topics will be covered separately in the future 
review article.

2. Role of Single-Atom Catalysts in Sustainable 
Technologies
Green and sustainable chemistry is a world-shattering philos-
ophy that builds a sustainable society by improving hazardous 
chemical processes, reduce chemical waste by developing 
alternative green processes, and reduce the risk of chemical 
products posed to humans and the environment.[98,99] For the 
environmentally benign future, there is a need to redesign 
alternative chemical processes using advanced catalytic tech-
nologies because catalysis is a key in the material transforma-
tions at the atomic and molecular level. The development of 
unique highly functionalized heterogeneous metal catalysts 
based on the cheaply available abundant metal could be an 
alternate path.[100,101] Preparation of well-defined nanoparticles 
with controlled size, shapes, and morphologies are used for 
various heterogeneous catalytic applications.[102,103] The shape 
control catalysis to define the selectivity and better activity 
is well known in the heterogeneous catalytic applications of 
nanomaterials.[104]

The effects of the size of nanoparticles are a much-debated 
topic in nanocatalysis and are discovered multiple times. It is 
very important to understand how nanoparticle size played an 
important role in specific catalytic performance. For example, 

Shao et al. discussed the effect of a Pt nanoparticle (in the range 
of 1–5 nm) on the oxygen reduction in HClO4 solution.[105] It is 
noted that the ORR activity of Pt nanoparticles depends on the 
oxygen binding energy, and accessibility of different Pt sites on 
cubooctahedral particles of various sizes (Figure 2a,b). It is well 
known that the surface reactivity of any particles is associated 
with surface accessibility, high reactivity of the reactant might 
block the active sites due to the strong adsorption of intermedi-
ates. And low activity might not allow dissociating OO bond 
and efficient charge transfer. As shown in Figure  2a, the spe-
cific activity of Pt nanoparticles decreased fourfold when the 
particle size change from 2.2 to 1.3 nm, because surface sites 
decrease gradually with decreasing particle size while disper-
sion increase and became maximum for 1 nm nanoparticles 
(Figure  2a). As the size of the particle decreases, the average 
oxygen-binding energy of all surface sites is higher than the 
fcc sites due to contribution from the edge sites (Figure  2b). 
The presence of edge sites was the main reason for low spe-
cific activity which was due to strong oxygen-binding energies 
on these sites. Both mass activity and specific activity were low 
for particle size lesser than 2.2 nm. Hence different adsorption 
sites on the surface of nanoparticles are majorly involved in 
controlling catalytic activity. However, the shape and size con-
trol is now saturated, and there is less possibility for further 
development.[106] However, the synthesis of shape-controlled 
nanoparticles with a defined size is highly challenging and 
tedious. Not only the size and shape, but many other fac-
tors including chemical composition, type of support, metal–
support interaction, metal and support interaction with the 
reactant, product, intermediate, and solvent can also have a sig-
nificant effect on the overall catalytic outcome.[107,108] Recently, 
the supported SACs catalytic activities have been improved 
drastically which is equal or greater than the organometallic 
catalysts.[109] Lately, technology development and characteriza-
tion techniques have enabled us to prepare a catalyst on a large 
scale with precisely controlled SA homogeneously dispersed on  
the support.[110]

At the atomic level, selectivity and reaction conversion can be 
changed via precisely controlling the atomic cluster or SA.[113] 
Thus, an SA may show the limited geometric transforma-
tion, depending on the type of support. When an SA is stabi-
lized via a functional group, geometry may evolve due to the 
interaction with the different components of reaction species, 
and eventually, come into the SA organometallic region.[114] 
On the other hand, as the cluster size increase from an SA 
to a group of several atoms (atom less than 20), a different 
geometric structure may evolve due to the overlap of nearby 
atomic orbitals.[115,116] Interestingly, the geometric structure 
of these clusters is quite interesting and could change with 
the reaction conditions, allowing to change the selectivity and 
activity. Although it is hard to predict experimentally, theo-
retical calculations could help in categorizing different atom 
orbitals. For example, calculations predicted that the geometric 
configuration of Au3 cluster can change from linear to trian-
gular when the charge changes from Au−3 to Au+3.[117] As the 
particle size increases more than 40 atoms (>1 nm) geometric 
structures are less sensitive and more stable, exposed atoms 
at facet, cornet, or edges; and metal–support interactions  
changed, etc.[118]
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Geometrical deformation also depends on the adsorption 
of small gas molecules on the metal species. For example, 
Lei et  al. studied the structural changes in Pt nanoparticles  
(1–3 nm) using CO and H2 adsorption.[111] A significant change in 
the PtPt bond was observed when H2 and CO were adsorbed 
on the surface of Pt nanoparticles, which was due to orbital 
hybridization between the metal and gas molecular orbital 
(Figure 2c–e). This is also the reason for the formation of Pd 2D 
nanosheets due to the selective adsorption of CO on the Pd sur-
face (Figure 2f).[112] Possibly, CO could replace dibenzylideneac-
etone (DBA) ligand in Pd2(DBA)3 and formed an unstable Pd–
CO complex which leading to form metallic Pd clusters. These 
clusters arranged themself into Pd nanosheets on the interface 
of cetyltrimethylammonium bromide (CTAB). The replacement 
of DBA ligands by CO was later confirmed by the free energy 
calculations. The slow diffusion of CO in the emulsion followed 
by slow reduction and ligand replacement by CO, complexa-
tion, or adsorption of CTAB were the key factors for the forma-
tion of Pd nanosheets. Hence, molecular interactions are very 
important phenomena to change the catalytic pathways to tune 
adsorption behaviors of any species.

Recently, considerable attention has been paid to the devel-
oping a variety of methods for a large-scale synthesis of SACs 
which is only possible by the advancement in the characteri-
zation techniques and advanced sustainable methodology.[119] 
For example, Yang et  al. produced Kg scale (transition metal) 
TM-SACs including Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, and Pt 
by the ligand-mediated method with high metal loading.[40] In 
another report, the electrochemical route has been employed 
for the production of SACs with high purity and high metal 
loading.[120] The described method has been demonstrated for 
the synthesis of Pd, Pt, and Ni SACs anchored on the N-doped 

graphene and Fe2O3. The advantages of SACs are summarized 
in Figure 3.[121]

3. Single-Atom Catalyst for Sustainable  
Energy Production
Energy demand is continuously increasing due to the increasing 
population and globalization. The use of biomass and coal for 
energy production harms the environment and continuously 
decreases the quality of air.[122] To tackle these issues, environ-
mentally friendly, renewable-based, clean, efficient energy con-
version and storage devices are highly desired. The use of an 
electrocatalytic setup such as a fuel cell can be an additional 
unit besides air, solar, and water energy productions. In recent 
years, a fuel cell has been continuously gaining popularity 
and has become the frontline research topic as an alternative 
energy production devices.[123,124] In this section, we are high-
lighting the use of economical and abundantly available SACs 
for energy applications. In this section, we are highlighting the 
use of SACs for various electrochemical reactions and organic 
transformation.

3.1. ORR

ORR has been extensively researched and has become a major 
contributor to energy devices.[125] ORR is the most important 
cathodic reaction in electrocatalysis and among all noble metal-
based catalysts such as Pt is the best catalyst for ORR.[126,127] 
A major limitation of Pt is its high cost, decrease availability 
for large-scale application of fuel cells. However, dependency 

Figure 2. Functions of particle size and shape. a) Size-dependent dispersion and surface percentage of atoms, b) average oxygen binding energy as a 
function of particle size. Reproduced with permission.[105] Copyright 2011, American Chemical Society. c) Pt–Pt bond distance expansion, d) full width 
at half maxima, e) area of first Pt–Pt peak at 2.78 Å expansion and contraction obtained from d-PDFs. Reproduced with permission.[111] Copyright 2014, 
American Chemical Society. f) Porous Pd hexagonal nanosheets synthesized by the reaction of CO with a Pd complex. Reproduced with permission.[112] 
Copyright 2009, American Chemical Society.
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on the metal part can be reduced via developing a catalyst 
with minimal use of metal, keeping in mind not compromise 
with the electrocatalytic activities.[27] This can be achieved by 
designing SACs using various support.[128] The development of 
highly efficient electrocatalyst at low cost is critical for the wide 
application of sustainable and renewable energy conversion 
technologies.[73] SACs have attracted significant attention due 
to their high catalytic activity, stability, and selectivity. Recently, 
heteroatom-free defected carbon host to anchor Pt-SA for ORR 
applications have been reported.[129] Pt-SA was stabilized by 
four carbon atoms in carbon deviancies (Pt–C4 sites), which 
were the active sites for ORR. Pt1/C as a cathode performed 
a maximum power density of 520 mW cm−2 at 80 °C in an 
acidic H2/O2 single cell. Later, an important role of heteroatom 
doping on catalytic activity, and selectivity have been predicted 
and proved experimentally. M–N4 sites, which are responsible 
for the important behavioral change of SA, are theoretically 
and experimentally predicted.[66,130,131] In another study Liu 
et  al. reported that pyridinic nitrogen atom anchored single 
Pt atoms are highly active for the ORR reaction and tolerance 
to CO and methanol poisoning.[132] Zeng et al. prepared a Pt-
SACs grafted on Fe–N2 centers.[133] The SACs with 2.1 wt% 
optimum loading exhibited a half-wave potential of 0.80 V 
compared to Fe–N–C (0.79 V). The enhanced multifunctional 
electrochemical activity was associated with the Pt–O2–Fe–N4 
sites, which protected the Fe sites from the harmful deacti-
vating species.[133]

ORR is proceeding with two or four-electron pathways 
depending on the surface-active sites.[134] Conventional Pt nano-
particles normally followed 4e− pathways; however, an isolated 
Pt may not be able to break the oxygen bond due to the absence 
of adjacent active sites, and the reaction may follow two-electron 
pathways to produce H2O2. Hence by adjusting the distance 
of the active site, sustainable H2O2 production can take place 
using ORR reaction pathways. Yang et  al. produced a Pt-SA 
supported on titanium nitride (TiN) and SA was stabilized on 
N-vacancy.[135] The catalyst was used for the H2O2 production in 
ORR, and also used for formic acid, and methanol oxidation. 

The Pt/TiN catalyst with 0.35% loading exhibited H2O2 produc-
tion with a high mass activity of 78 A per gram Pt at an overpo-
tential of 0.05 V. However, the H2O2 selectivity (more than 90%)  
for 0.05 and 0.1 wt% Pt/TiN samples were higher than 
the 0.035 wt% Pt/TiN catalyst. The support also played an 
important role in catalytic properties similar to the ligand effect 
in a homogeneous catalyst. The Pt/TiC performed better in 
terms of catalytic activity, selectivity, and stability for the H2O2 
production than the Pt/TiN.[136] The better catalytic activity of 
Pt/TiC might be due to the weak interaction with O2 molecules 
which could be the surface poisoning in the case of Pt/TiN. The 
Pt/TiC did not allow two-electrons pathways which is a major 
requirement for H2O2 production. The chemical nature of sup-
port changes the catalytic properties of SA and the dimension 
of support also significantly affects the outcome of the cata-
lytic reaction. H2O2 is one of the most widely used chemicals 
which can be produced by selective reduction of O2 to H2O2.[137] 
For selective reduction of O2, the distance between Pt atoms 
were adjusted on hollow CuSx support.[137] The strong inter-
action between Pt and S (i.e., CuSx) avoids the formation of 
PtPt bond which results in individual Pt sites with the ultra-
high loading of 24.8 wt%. Pt/CuSx can reduce O2 to H2O2 with 
92–96% selectivity in a wide range of potential of 0.05–0.7 V in 
acidic electrolyte. Pt/CuSx catalyst shows the mass activity of 
35 ± 4 A mgcat

−1 at 0.4 V.
Recently, a study theoretically projected the ORR activity 

of Ni, Pd, Pt, Cu, Ag, and Au supported on a 2D boron defi-
cient boron nitride (BN) nanosheet.[138] It was observed that 
d-valence electrons of a metal atom help in the 4e− reaction 
pathway and only with the optimized binding strength of OH* 
species exhibited higher ORR activity. The Pd/BN showed 
a 0.42 eV reaction barrier compared to the Pt/BN catalyst 
(0.79 eV). The high catalytic activity is attributed to the for-
mation of M–N3 coordination sites which is in correlation 
with the previous studies.[139] Although, the predictions of  
M–Nx active sites are highly complex and challenging which is 
hard to control during synthesis.[125] Most of the reports have 
been discussed the existence of only one type of active site 
which may be contradicting. However, the existing framework 
of characterization techniques may not include differentiating 
differentiation of the actives sites, and the possibility of invis-
ible active sites may not be overruled.[61,140] Note to worthy, 
recently, Huang et  al. reported a synthesis of Fe–N5 active 
sites through mimicking the enzyme active centers; Fe–N5 
active sites resembled the heme of natural redox enzyme, i.e., 
cytochrome P450.[141]

In a similar direction of exploring 2D support, an ultrathin 
FePt nanosheet was used for anchoring Pt single sites.[142] The 
SACs were prepared with a high loading of 6.7 wt% Pt with a 
high electrochemical active surface area of 545.5 m2 gPt

−1 and 
seven times higher mass activity compared to the commer-
cially available Pt/C catalyst. From a catalysis point of view, 
bimetallic or nanocomposite of many metals has always some 
synergistic effect. This could be the reason for the excellent 
performance of ORR. In this context, Zhang et  al. have pre-
pared Pt/Pd single atom alloy (SAA) supported on nitrogen-
doped carbon nanotubes using the atomic layer deposition 
technique.[143] An SA on Pd octahedron exhibited a higher 
unoccupied 5d-orbital character density of state and a lower 

Figure 3. Advantages of SACs. Reproduced with permission.[121] Copy-
right 2020, American Chemical Society.
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Pt–Pt coordination number. Moreover, due to the atomic dis-
persion of highly active species in more inert and catalytically 
selective host metal support, SACs have proven to catalyze a 
series of electrochemical, photo-electrochemical and thermal 
industrial reactions.[144,145]

A Pt-based electrocatalyst has been considered the bench-
mark for electrocatalytic application, however, high cost and low 
abundance hindered its commercialization on a large-scale pro-
duction. Therefore, great efforts have been placed in the devel-
opment of a low-cost catalyst by using earth-abundant materials 
to replace Pt-based electrocatalysts.[146] In this regard, several 
abundantly available and low-cost transition metal (TM)-based 
electrocatalysts such as Cr,[147] Mn,[148] Fe,[149] Co,[150] Ni,[151] 
Cu,[152] Zn,[153] and Ru[154] have been developed. Apart from the 
several SA catalysts, the Fe-SA-based one being more explored 
than the other TM-based catalysts. Several reports predicted 
the formation of Fe–Nx active sites which were found stable 
against recyclability, CO, and methanol tolerance.[42] Apart from 
these studies, Fe–Nx actives sites are also found stable against 
poisoning agents such as SCN−1. Several methods have been 
reported for the molecular-level design of Fe-SACs, and, as 
per rational design, Fe-containing precursors at the molecular 
level to stabilize the Fe atoms during the high-temperature 
synthesis. For example, a Fe-electrocatalyst has been prepared 
via thermal melting of a zeolitic imidazolate metal–organic 
framework (ZIF-8).[155] For the synthesis of Fe-electrocatalyst, 
the ZIF-8 was thermally melted with graphene nanosheets and 
decomposed to generate a thin and active porous carbon layer 
during the pyrolysis. Such an electrocatalyst possessed a high 
specific surface area of >1000 m2 g−1 and high catalyst ORR 
activity with half-wave potential of 0.903 V in alkaline media 
and 0.837 V in acidic media compared to the commercial Pt/C 
catalyst. In the same way, ZIF-8 with ferrocene was employed 
as a molecular precursor of Fe for the preparation of Fe-SA 
embedded in nitrogen-doped carbon. Molecules of ferrocene 
already have a Fe-SA at the center and their immobilization on 
a porous carbon support help to synthesize efficient SACs with 
high loading and efficient ORR activity. Such a catalyst exhib-
ited a half-wave potential of 0.904 V compared to Pt/C (0.837 V), 
which is 67 mV higher than the best commercially available 
catalyst.[156]

It has been theoretically and experimentally proving that the 
coordination environment has a significant effect on the cata-
lytic properties of metal centers.[157,158] Previous studies dem-
onstrated that M–Nx sites are desired for the excellent catalytic 
activity of SACs.[159,160] In the case of Fe-SACs, Fe–N4 sites are  
widely reported as active sites,[161–163] however, it could be  
possible that M–N2 or M–N3 may also coexist, which cannot be 
detected spectroscopically. It has been theoretically proven that 
Fe–N2 sites could be more active than Fe–N4 sites however it 
is hard to control the types of active sites during the catalyst 
preparation.[164] DFT calculation predicted that Fe–N2 sites were 
better than Fe–N4, due to lower interaction with *O2 and OH 
intermediate and enhance the electron transport. Zhu et al. pre-
pared a bimodal template-based synthesis of Fe–N2 active sites 
containing SACs.[43] In addition to a decent ORR activity with a 
half-wave potential of 0.927 V in an alkaline medium, the cata-
lyst possessed high antipoisoning power and a high affinity for 
O2. DFT calculation also predicted that the Fe–N2 sites are more 

active than the Co–N2 sites for ORR reaction which could be 
due to the lower energy barrier of the intermediates and prod-
ucts involved. Further, Fe–N2 facilitates the rate-limiting release 
of OH* and antipoisoning abilities toward SCN−. Likewise, 
other researchers also developed a Fe-SA ORR catalyst using 
graphene for high-temperature polymer electrolyte membrane 
fuel cells.[165] Many other carbon variants were also used for the 
preparation of SACs, for example, N-doped carbon nanotube-
lined to hollow carbon nanosphere[44] and hierarchical porous 
carbon[166] have been used for Fe-SA ORR catalyst preparation.

As we have noted, different coordination environments  
(M–N4, MN3, or M–N2) have a significant effect on the cata-
lytic properties of SA. Besides this, in combination with N, and 
other heteroatoms such as S or P can also improve the catalytic 
activity.[167] Zhang et  al. prepared Fe-SACs using an N and S 
doped porous carbon host (Figure  4a–d).[168] FeN4S2 have also 
shown high tolerance to methanol and high recyclability up to 
5000 cycles. The DFT modeling predicted that the FeN4S2 sites 
were more active than the CoN2S1 and NiN2S1 sites (Figure 4), 
which was due to the higher charge density, the lower energy 
barrier of intermediate, and the product formed during catalytic 
cycles. The charge density of metal atom is highly important 
for ORR activity, and DFT calculation predicted that FeN4S2 is 
0.11 which is higher than the CoN3S1 (0.09) and NiN3S2 (0.03), 
respectively. Figure  4e displayed that the Fe-SA/NSC has the 
highest density states near to the fermi level compared to Ni 
and Co-SA/NSC. This Fe-SA/NSC has better electrotransfer 
properties which are essential for higher conductivity and cata-
lytic performance. The project density of the state (PDOS) of 
all three metal centers was calculated and particularly, the Fe 
d-orbitals exhibit higher occupied states near the Fermi level 
(Figure 4f). For further atomic level information about the good 
ORR activity, Gibbs free energy (Figure  4g,h) calculation pre-
dicted that most endothermic step for CO and Ni-SA/NSC is 
the last step to form 4OH− with a limiting barrier of 1.15 and 
2.79 eV, respectively (Figure 4h). However, the rate-determining 
step for Fe-SA/NSC demonstrates the different pathways at 
the formation stage of OH*, and the limiting barrier decrease 
to as low as −0.65 eV. In particular, the coordinated S atoms 
played an important role in lowering the reaction barrier which 
is essential for a good ORR activity. The optimized ORR cata-
lytic activity of Fe-SA/NSC is due to the lower energy barrier 
of intermediates and methanol tolerance, and also unveiled sta-
bility with negligible changes within 5000 cycles.

Not only neighboring heteroatoms are important for tun-
ning the catalytic activity of SA, a neighboring different metal 
SA may also change essential properties. For example, Sun and 
co-workers have revealed the active sites and catalytic mecha-
nism of N-coordinated Fe and Ni dual SA-doped carbon for 
ORR applications.[169] From DFT calculations it was predicted 
that FeNi–N6 with type-I (each metal atom coordinated with 
four nitrogen atoms) have better ORR activity compared to type-
II, i.e., FeNi–N6 (where each metal atom coordinated with three 
nitrogen atom. DFT also revealed that different active sites 
having different ORR activity and activity trends were FeNi–N6 
(type-I) > FeNi–N6 (type-II) > Fe–N4 > Fe2–N6. As we know that 
to break the OO, two adjacent sites are required, and the mul-
timetal-atom structure motif permits the formation of OO 
bridge model which favors 4e− reaction in an acidic medium. 
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The existence of Fe(OH)N4 (half-wave potential 0.88 V) as active 
catalytic sites was also proved by Zhou and co-workers.[170]

FeNx SACs exhibited the most promising electrochemical 
catalytic activity, however, it had a serious stability issue due to 
oxidative corrosion through the Fenton reaction. Fe active sites 
catalyzed the formation of highly active reactive oxygen spe-
cies from the reaction with intermediate H2O2 and attacked 
the carbon substrate which resulted in the degradation of the 
catalytic activity.[171] This opened a great opportunity for the 
researchers to solve this issue by developing other metal-based 
SACs.[172] Luo et al. developed chromium (Cr)–N4 sites for ORR 
catalytic activity in an acidic medium.[147] Cr–N4 catalyst exhibits 

a half-wave potential of 0.773 V and interestingly, Fenton reac-
tion is substantially reduced (checked by the 2,20-azinobis-
(3-ethylbenzthiazoline-6-sulfonate) and possesses high stability. 
Several other Co-based SACs have been reported to tune the 
electrocatalytic properties of metal centers to develop efficient 
catalysts.[173–175]

Cu is also a natural choice of catalyst from biology to bio-
chemical to organic transformation.[2,176] Cu can be a good 
choice for electrocatalytic applications.[176] Recently, the upright 
ORR activity of Cu was attributed to high redox potential and 
d-orbital electron density which resulted in the weakening of 
OO bonds.[177] Apart from the other application of Cu-based 

Figure 4. a) Schematic representation of Fe-SA/NSC, Co-SA/NSC, Ni-SA/NSC formation. b–d) HAADF-TEM images of Fe-SA/NSC, Co-SA/NSC, and 
Ni-SA/NSC. e–h) DFT calculation, (e,f) PDOS of Fe-SA/NSC, Co-SA/NSC, and Ni-SA/NSC, (g) reaction scheme with the intermediates in the ORR 
process, (h) free energy path of intermediates in ORR on Fe-SA/NSC, Co-SA/NSC, and Ni-SA/NSC. Reproduced with permission.[168] Copyright 2019, 
American Chemical Society.
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catalysts, very few reports on Cu-SACs were reported.[178–180] 
Cu-based SACs prepared via a single pyrolysis method of Cu 
phthalocyanine as a precursor for the ORR application.[152] The 
catalyst showed a half-wave potential of 0.81 V in the alkaline 
medium which was 30 mV lower compared to the Pt/C cata-
lyst. The catalyst Cu-SA/N–C also showed stability up to 5000 
redox cycles with only 9 mV negative shift in half-wave poten-
tial. Also, the reason for good ORR activity was predicted using 
DFT modeling and calculation suggested that the process from 
OOH* to O* is a rate determining step. A simple and scalable 
approach for the synthesis of SACs was demonstrated via direct 
transformation of bulk atom to SA and subsequent coordinate 
with the N-rich carbon.[179] Majority of the SACs were reported 
the existence of M–Nx active sites in different proportions. In 
a similar fashion, ZnNx/C was prepared and atomic disper-
sion of Zn exhibited catalytic activity similar to that of the other 
metal.[153,181]

Pt, Pd, and Rh are catalytically highly active phases and com-
ponents of many commercial catalysts for various applications. 
Although, the neighboring transition element Ir has rarely 
been explored for electrocatalytic applications. Xiao et  al. have 
reported Ir-SA supported on nitrogen-doped porous carbon net-
work.[182] ORR activity with TON of 24, 3e− site−1 s−1 at 0.85 V, 
and good mass activity of 12.2 A mg−1

Ir were reported, which 
was much better than the commercial Pt/C (Pt 20 wt%) cata-
lyst. The ORR was theoretically modeled the formation of Ir–
N4 sites, and modular adsorption energy of reaction interme-
diate on the mononuclear Ir–N4 sites. The optimum adsorption 
energy of intermediates results in good outcomes. Zhang et al. 
investigated the ORR activity of SA niobium (Nb) supported 
on the graphitic layers.[183] Theoretical calculation in resonance 
with the experimental data Interpretation that graphitic layers 
produce a redistribution of d-band electrons and become an 
activist for O2 adsorption and dissociation and also exhibit high 
stability.

3.2. OER

Energy conversion technologies based on renewable energy 
sources such as water, wind, solar, and tidal are a promising 
way for a sustainable and green pollution-free future. The core 
of these technologies is electrochemical redox reactions and 
the implementation of a cheap and largely available metal as 
a catalyst may push back the frontiers. The OER reaction is a 
bottleneck of the overall reaction for water splitting and half-
reaction can be described as (2H2O = O2  + 4H+  + e−).[184] The 
reaction consists of four consecutive intermediate steps, 
which are controlled by many intermediates and active surface 
sites;[185] several reaction mechanisms using metal centers as an 
active site have been proposed.[186,187] The OER is a kinetically 
sluggish anodic reaction and requires a large overpotential to 
deliver considerable current. Typically, RuO2 and IrO2 are can-
didates for the state-of-the-art electrocatalyst for OER, although 
they are expensive and serious dissolution during long-term 
use are their main limitations.[188,189] However, engineering 
catalytic active sites at the atomic level has become the poten-
tial choice to maximize efficiency. Pt, Pd, and Rh based electro-
catalysts have appeared also as OER electrocatalysts, although, 

efficiency for OER based on noble metal electrocatalyst is far 
from satisfactory.[190] Finding new materials with higher OER 
activity and stability is challenging but mandatory. Modification 
of stable support by anchoring metal SA could be a promising 
option.[191] This may enable us to tune the electronic structure 
and binding or interaction with the intermediates and conduc-
tivity of the catalytic materials. The fundamental understanding 
of the active sites and mechanisms using in situ and, even 
better, operando techniques and DFT calculations are the bases 
for atomic-level knowledge, and with perspective information 
can help in tuning the electrochemical activity and efficiency of 
the catalyst.[53,192–195]

Understanding of thermal stability, microenvironment 
around the metal centers, and reaction mechanisms are funda-
mentally desired for its future applications.[196,197] For example, 
recently, operando XAS and diffusion reflectance infrared spec-
troscopy in combination with mass spectroscopy was utilized to 
understand the Pt dispersion, oxidation states, and CO oxida-
tion activity.[198] Notably, Pt-SA (Ptm+ atoms where m ≥ 2) gradu-
ally converted into highly active ≈1 nm size Ptδ+ clusters (δ < 2). 
The dynamics of SA was predicted, might high oxidative con-
ditions and high temperature leads to the formation of bigger 
particles with the low catalytic activity.

M–N4 sites are majorly proposed as electrocatalytic active 
sites for the ORR, these single atomic sites could be highly 
active for the OER. Cao et al. reported the synthesis of Ru–N4 
sites supported on an N-doped porous carbon.[154] The electro-
catalyst exhibited high activity and reached mass activity as high 
as 3571 A gmetal

−1 and TON of 3348 O2 h−1 at a low overpotential 
of 267 mV at a current density of 10 mA cm−2. The DFT calcula-
tions indicate that the first activation step involved adsorption 
of a single oxygen atom on a Ru site to form O–Ru1–N4 which 
reacted with water through the nucleophilic attack followed by 
deprotonation to generate OOH*. The O–Ru1–N4 increases the 
valence state of Ru with more oxidation states which are the 
active sites for OER. Hence, the O–Ru1–N4 has a lower barrier 
of O–O coupling to form OOH* intermediate.

A scalable nanocasting approach was recently reported for 
Pt-SA decorated porous NiO and SiO2 was utilized as a hard 
template.[199] Bulk Pt-doped NiO nanocubes were prepared by 
impregnation, drying, calcination in air, and SiO2 was removed 
using NaOH. A large scale, around 200 g of 0.5 wt% Pt/NiO 
nanocubes was prepared in a single batch using a nanocoating 
approach, as well, other variants using ALD and impregnation 
were also prepared for compression using an impregnation 
method. The OER activity order was 0.5 wt% Pt/NiO > ALD-Pt/
NiO > 1 wt% Pt/NiO > NiO. The first-principles calculation 
indicated the charge transfer from Pt to Ni through O leads to a 
local weaker NiO bond.[199] The Pt helped in an effective phase 
transformation from NiO to γ-NiOOH rate by reducing the 
migration barrier of the nearby Ni atom. The phase transition 
of NiO to γ-NiOOH in alkaline medium was an origin of OER 
activity and the thickness of γ-NiOOH phase was estimated, i.e., 
0.5 wt% Pt/NiO > ALD-Pt/NiO > NiO which was in agreement 
with the OER activity.[199]

Boosting the OER of single atomic sites using electronic cou-
pling with layered double hydroxide (LDH) could be another 
way.[200] Ru-SA decorated Co/Fe double hydroxide comprises 
a strong electronic coupling between Ru and a layered double 
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hydroxide. A Ru/FeCo-LDH exhibited high electrocatalytic 
activity with an overpotential of 198 mV at the current den-
sity of 10 mA cm−2 and a small Tafel slope of 39 mV dec−1. 
Spectroscopy measurements revealed that Ru remains in 
the (IV) oxidation state even at high overpotential due to the 
synergistic electron coupling with Fe and Co.[200] The first-
principles DFT simulations and Hubbard U (DFT + U) cal-
culations have been used to stimulate the OER process based 
on the 4e− mechanism. The Ru/FeCo-LDH was considered as 
loading ruthenium hydroxide complex on 001 crystal plane of 
LDH by releasing one water molecule and Ru atom coordi-
nated with five oxygen atoms which increased the oxidation 
states. The optimized structure of intermediates is presented in 
Figure 5a,b. For CoFe-LDH and Ru/FeCo-LDH, the formation 
of *OOH group from *O was found to be the rate-determining  
step (Figure 5c,d). For the rate-determining step, Ru-SA on the sur-
face of CoFe-LDH showed the lowest Gibbs free energy (1.52 eV)  
than the Fe-SA on the edge of FeCo-LDH (1.94 eV). The strong 
electronic coupling interaction between Ru and CoFe-LDH 
surface tuned the electronic and coordination state or Ru-SA 
which allowed Ru atom to exist in a lower +4 oxidation state. 
Engineering single atomic sites on the surface of LDH pro-
vide better stability and catalytic activity, for example, Chen 
et  al.[201] developed Ir-NiFe-LDH; and Feng and co-workers[202] 
synthesized Ru-NiFe-LDH. Zhang et al. used Au-SA decorated 
NiFe-LDH for OER applications, 0.4 wt% Au loaded NiFe-LDH 
exhibited sixfold OER activity enhancement.[203]

Electrochemical deposition is a universal route for the fab-
rication of SA electrocatalysts.[204] Lai et  al. used a general 
p-electron assisted strategy for Ir, Pt, Ru, Pd, Fe, and Ni SA elec-
trocatalyst preparation.[205] Metal atoms can be simultaneously 
anchored on two different domains—NC3 and centers of Co 
octahedra of hybrid support. Two distinct SA metal sites worked 
as a bifunctional electrocatalyst for both OER and HER. The 
Ir-based bifunctional electrocatalyst outperformed all the other 
metallic sites and DFT calculations showed that Ir@Co sites 
can accelerate OER and Ir@NC3 sites are responsible for HER.

The TM-based electrocatalyst is emerging as a promising 
OER catalyst and may fulfill our vision of a sustainable and 
green society. Several reports on the use of metal oxides and 
SA decorated metal oxides were reported as favorable OER elec-
trocatalysts.[206–209] However, to push its electrochemical activity 
further, it is necessary to understand the relation between the 
structural and its properties by precise control of composition 
or loading, synergy with other neighboring metal centers, or 
support or cooperativity and reaction media.[210–214] Fei et  al. 
presented a general synthesis for SACs and also identified 
the molecular structure of the active sites.[215] For the electro-
catalyst preparation, N-doped graphene was utilized and metals 
including Fe, Co, and Ni were used to demonstrate the efficacy 
of the synthesis process. The size-dependent electronic struc-
ture and the catalytic activity suggest that the atomic metal 
could have different catalytic behaviors. The electrocatalytic 
properties can be tuned by the ligand-field effect which may 

Figure 5. Theoretical OER overpotential for CoFe-LDH and Ru/CoFe-LDH, a) Proposed four electrons mechanism of OER on CoFe-LDH, b) for 
Ru/CoFe-LDH. Gibbs free-energy diagram for four steps of c) OER on CoFe-LDH and d) Ru/CoFe-LDH. Reproduced with permission.[200] Copyright 2019, 
Nature Publishing Group.
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differ depending on the metal center and molecular coordina-
tion configuration with N and C. The possibility of occurrence 
of MN4C4 sites was expected because the C atoms close to  
N and these should have preferentially binding sites for oxygen 
intermediates than the N itself, which is due to doping induced 
charge redistribution. Based on the effect of the metal center, 
electronic environment, and energies of different intermediate, 
the OER trend was Ni > Co > Fe. The Ni–N4C4 electrocatalyst 
may be further enhanced by increasing the metal loading and 
density of active sites. The OER catalytic activity may further 
improve by using the combination of two or three metallic sys-
tems such as bimetallic or SAA. For example, Bai et  al. used 
a combination of a Co and Fe double atom to boost the OER 
electrocatalytic performance,[216] and several SAA[30,217,218] were 
also reported for OER applications.

3.3. HER

H2 is referred to as a fuel of a sustainable future and as an 
advanced way to decarbonize our environment. Recently, a few 
countries including Germany have initiated a passenger train 
based on H2 as a fuel, Nevertheless, sustainable production of 
H2 is remaining a challenge.[219] The H2 production via HER 
has been researched as an alternative clean fuel for various 
uses.[220] In this regard, the H2O electrolysis in alkaline media 
is of primary importance because it is the only largely employed 
technology worldwide and may become a game-changer to 
achieve a sustainable future.[221] Recently, Ni5P4–Ru active sites 
were found highly active and long term stability for alkaline H2 
production with the low onset potential of 17 mV and an overpo-
tential of 54 mV at a current density of 10 mA cm−2 with a Tafel 
slop of 53 mV decade−1.[222] The development of efficient electro-
catalysts is crucial, and a large number of active electrocatalysts 
for HER in an acidic medium have been reported. However, an 
acidic medium cause corrosion of cells and contaminates the 
H2 gas due to the formation of by-products.[223] Advancement 
in HER can be further accomplished via developing a hetero-
geneous or SAC electrocatalyst; and noble metal-based catalysts 
already proved the dominance in this field.[224–231]

Recently, noble metals (Pt, Pd, and Ir) based electrocata-
lysts have been the most active materials for HER, although 
high cost, easy agglomeration, and poor stability in an acidic 
medium impede their further development.[232] A Pt-SA coor-
dinated with graphdiyne (GDY) has been developed for HER 
reactions.[233] The GDY formed two types of complexes with a 
Pt atom, C1–Pt–Cl4 (Pt-GDY1) created five-coordinated species, 
and C2–Pt–Cl2 (Pt-GDY2) form 4-coordinated species. The 
Pt-GDY1 displayed high catalytic activity for HER with a mass 
activity of 23.64 A mg−1 which was 3.3 and 26.9 times higher 
than Pt-GDY2 (7.26 A mg−1) and Pt/C (0.88 A mg−1). This was 
due to the higher total unoccupied density of state of the Pt 5d  
orbital and close to the zero value of Gibbs free energy of 
hydrogen production. Similarly, an SA can also be stabilized 
using carbon vacancies. A series of TM such as Cu, Ag, Au, Ni, 
Pd, and Pt were immobilized on TiC.[234] Carbon vacancies in 
TiC helped to stabilize SA and the overpotential for HER versus 
SHE were 230, 220, and 156 mV at 10 mA cm−2 for Au/TiC, 
Pd/TiC, and Pt/TiC, respectively. Pt/TiC showed 6.5 and 3.5 

times higher electrocatalytic activity compared to Pt/C and Pt 
(NP)/TiC, respectively, which was in consistent with the theo-
retical calculations. In a similar line, a carbon defect derived 
Pt atomic cluster (with a precise number of atoms) catalyst 
was reported for efficient HER.[235] Jiang et  al. investigated 
HER activity of Pt-SA embedded in nonporous cobalt selenide 
(CoSe).[236] The catalyst exhibited a Tafel slope of 35 mV dec−1  
and a high turnover frequency of 3.93 s−1 at -100 mV in a 
neutral medium versus RHE, which easily outperformed the 
commercial Pt/C catalyst.

2D materials including graphene can be good for the electro-
catalytic application of SACs.[75,237,238] Sun et  al. used N-doped 
graphene for the preparation of Pt-ACCs (atomic cluster cata-
lysts).[239] The Pt-NG/C exhibited a higher catalytic activity than 
the single atomic counterpart after 4000 cycles and more than 
16 h HER reaction in an acidic medium. Apart from N-doped 
graphene, N-doped porous carbon is also a good support for 
the preparation of SACs. A titanium carbide (Ti3C2Tx) MXene 
which is a newly discovered 2D material was also employed 
for the preparation of Ru-SACs.[240] For coordination, S and N 
heteroatoms were utilized and Ru–N/S–Ti3C2Tx electrocatalyst 
exhibited a current density of 10 mA cm−2 at a low potential of 
76 mV. Apart from this, Ru–N/S–Ti3C2Tx also exhibited superior 
photoelectrochemical activity with a high photocurrent density 
of 37.6 mA cm−2 which was higher than the Pt and other noble 
metal-based catalysis coupled with a Si photocathode. Many Ru 
and Ir-SA-based electrocatalysts were reported for HER out-
performed Pt/C catalyst.[241–244] Du and co-workers prepared 
a silver (Ag) SA electrocatalyst for HER using laser ablation 
in liquid to generate high density stacking faults in Ag nano-
particles.[245] The stacking faults can cause a low coordination 
number and high tensile strain which improved the adsorption 
energy and also transformed nonactive Ag in highly active cata-
lytic sites. Ag-SACs achieved a current density of 485 mA cm−2 
at −0.3 V, which was 1.7 times higher than Pt/C (282 mA cm−2) 
and was highly durable for 5000 cycles. All the reported SACs 
have predicted that SA is the only active site; however, a defect 
may also contribute to catalytic activity which is hard to differ-
entiate and challenging to measure.[246] Cui et  al. introduced 
Co SA bound to distorted MOS2 with an ensemble effect for 
HER.[247] Active-site blocking experiments and DFT calculation 
revealed that the superior electrocatalytic behaviors are due to 
the synergistic effect of Co and S of MoS2.

HER electrocatalytic properties can be further improved 
by the synergistic effect of two different metallic atoms. In 
this regard, a combination of Pt–Ru bimetallic dimers were 
employed to further boost the HER activity, and ALD was 
utilized to adorn the bimetallic Pt–Ru on the N-doped carbon 
nanotube (N-CNT) (Figure  6a).[248] Cyclic voltammeter of Pt–
Ru/NCNT, Pt-SA, and Pt/C were recorded in 0.5 m H2SO4 at a 
scanning rate of 50 mV s−1. Figure 6b shows the HER curves of 
the different catalysts and the result indicated that the Pt–Ru/
NCNT was a much better catalyst compared to Pt/C and Pt-SA. 
The Pt-Ru/NCNT showed a mass activity of 23.1 A mg−1 at the 
overpotential of 0.05 V which was 54 times greater than that 
of the Pt/C catalyst (Figure  6c). After accelerated degradation 
tests (ADTs) Pt–Ru/NCNT catalyst exhibited similar activity like 
before (Figure  6d) and HER showed of 5% loss of activity at 
the overpotential of 0.05 V, while the Pt-SA demonstrated 9% 
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loss (Figure 6e). On the other hand, the Pt/C exhibited a 28% 
decrease in the HER activity which was a lot compared to the 
other two versions (Figure 6e). The TEM analysis was also per-
formed after the ADTs and indicated the existence of a similar 
dimer Pt–Ru structure. Overall, the Pt–Ru/NCNT shows much 
higher electrocatalytic activity which is 50 times compared to 
Pt/C. The DFT energy calculations displayed adsorption ener-
gies of Pt–Ru/NCNT and Ru–Ru were −1.3 and −4.87 eV respec-
tively, which indicated that Ru prefers to make Pt–Ru instead 
of Ru–Ru dimer. The total hydrogen adsorption on active sites 
was calculated which was gradually increased from 2 to 6, by 
repeating the sequential adsorption of H atoms; each can hold 
three atoms (Figure 6f).

Catalysts are the backbone of electrochemical processes and 
a series of TM-based SA catalysts such as Fe, Co, Ni, and Zn 
have been reported.[249–252] Lai et al. reported a comprehensive 
strategy to synthesize a series of the catalyst including TM 
such as V, Mn, Fe, Co, Ni, Cu, Ge, Mo, Ru, Rh, Pd, Ag, In, Sn, 
W, Ir, Pt, Pb, and Bi.[253] From all series of variants, Ge, In, Sn, 
W, Pb, and Bi-based catalysts have a poisonous effect on the 
HER performance. It has long been predicted that heteroatom 
doping such as B, N, P, and S can increase electrocatalytic 
performance due to the synergistic effect between dopant ele-
ments and substrates.[254] Out of series of electrocatalysts, Mo/
NC, Fe/NC, and Ir/NC showed good activity toward HER with 

minimum potential and fast kinetics; Fe/NC exhibited high 
durability for 5000 cycles. Further, SA Co supported N-doped 
graphene,[255] and porous carbon[256] were also utilized for HER 
reactions.

3.4. Zinc–Air Batteries

Large-scale electrical energy storage using rechargeable bat-
teries works toward the current goal to shift fossil fuels to elec-
tric energy by deploying renewable sources, batteries are the 
way to store electric energy and can be used on-demand.[257] 
Many variants of batteries are produced such as Li–S, Na–S, 
or metal–air.[253,258–260] Metal–air batteries (MABs) hold high 
energy density and a potential candidate for the future energy 
supplier of the next generation.[261] MAB is generally composed 
of a porous cathode, electrolyte, and metal anode. The selec-
tive interaction with O2 at the cathode is highly desirable for 
the high performance of MAB; and other components such 
as CO2 and H2O can also react with the metal anode which 
results in a decrease of overall battery performance.[262] Bifunc-
tional electrocatalysts of ORR and OER are critically important 
for the development of efficient MAB.[263] An efficient hetero-
geneous electrocatalyst based on metal-free catalysts such as 
porous carbon[264] and heteroatoms doped porous carbon,[265] 

Figure 6. a) Scheme for ALD of Pt-Ru/NCNT. HER electrocatalytic performance of Pt-Ru/NCNT dimer, b) Pt-Ru/NCNT, Pt-SA, Pt/C, c) normalized mass 
activity at 0.05 V, d) durability test for 5000 cycles, e) normalized mass activity after ADTs. f) H2 adsorption configuration of Pt–Ru/NCNT. Reproduced 
with permission.[248] Copyright 2019, Nature Publishing Group.
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noble metals, and TM were made significant progress, and 
further development of SACs enhanced the electrocatalytic per-
formance.[266–268] In recent years, increasing interest in higher 
energy density, cheaper, and safer battery technology has stimu-
lated tremendous research efforts toward the development of 
improved rechargeable Zn–air batteries (ZAB).[257] ZAB is one 
of the promising sustainable and green candidates using abun-
dant and inexpensive resources with a decent energy density, 
and high reduction potential.[269] Number of decent efforts has 
been invested in for increasing the active sites, accessibility, 
and selectivity for electrocatalytic materials are effective for 
improving air electrode performance.[270] The SACs have been 
reported to exhibit a decent electrocatalytic activity for ORR, 
OER, and HER, which can be used as a potential air-electrode 
in ZAB.[97,271,272] For example, Co-SA with CoN4 active sites sup-
ported on N-doped graphitic nanosheet exhibited excellent cata-
lytic activity for ORR, OER, and Zn–air battery.[273] In another 
example, Co-SA doped porous N-doped carbon exhibited 
good performance in solid-state Zn–Air battery and showed 
cycling stability of 125 cycles with an open circuit potential  
of 1.411 V.[274]

Metal SA doped M–Nx sites are majorly reported and also 
attract wide attention due to remarkable tuneability, selectivity, 
high efficiency, and diversity.[71] The coordination between the 
metal atom and N atoms significantly tunes its electronic envi-
ronment, which helps to reduce the adsorption energy for inter-
mediates.[275] Although the N coordination has a significant 
effect on the electronic environment of SA, the electrocatalytic 
performance may be further tuned with the help of another 
heteroatom doping such as S, P, B, F, etc. in combination with 
N doping.[276] In this direction, Xie et al. developed an N and S 
coordinated Fe-SA electrocatalyst for ZAB by pyrolysis of CNT, 
2,2-bipyridine, and Fe precursor under N2 atmosphere. S, N–
Fe/CNT electrocatalyst showed excellent cyclic stability with 
no change in voltage after 100 cycles.[277] Hence, designing the 
optimized coordinated catalytic active sites is a promising and 
sustainable path for designing and preparing a highly efficient 
catalyst. Han et  al. demonstrated a Fe–Nx–C electrocatalyst 
synthesized by incorporating in situ Fe-Phen complexes into 
nanocages during the ZIF-8 growth, followed by pyrolysis at 
900 °C in an inert atmosphere.[278] Fe–Nx–C cathode showed a 
high open-circuit voltage of 1.51 V and a high power density of 
96.4 mW cm−2 with a good recyclable performance for 300 h 
with an initial round trip efficiency of 59.6%. The overpoten-
tial increases from 0.862 to 1.991 V at the last 300th cycle, and 
round-trip efficiency decrease to 25.8%. After the analysis of the 
deposited material on the Zn anode, it was found that the Zn 
was in metallic form. A solid-state battery made of a Fe–Nx–C 
catalyst exhibited an open-circuit voltage of 1.49 V and long life 
of 120 h.

To further tune the electronic environment around metal 
atomic sites, P and S were doped along with N on hollow 
carbon which was designated as Fe-A/NPS-HC.[279] The pol-
ymer-based coating facilitates the construction of a hollow 
carbon via the Kirkendall effect and the electronic modula-
tion of a Fe center can be manipulated by long-range interac-
tion with S and N (Figure 7a) which is visible in TEM images 
(Figure  7). The Fe-A/NPS-HC based battery exhibited a high 
open-circuit voltage of 1.45 V compared to Pt/C-based ZAB 

(Figure 8a), and also achieved a high as 195 mW cm−2 with a 
high current density of 375 mA cm−2 (Figure 8b). Both current 
and power density (177.7 mW cm−2 and 283 mA cm−2, respec-
tively) outperformed the Pt/C catalyst.

Rechargeability and cyclic durability of a catalyst are of 
great significance (Figure 8c), Fe-A/NPS-HC initially showed a 
charge potential of 2.07 V and a discharge potential of 1.11 V.[279] 
Lower charge and discharge voltage difference exhibited better 
rechargeability of Fe-A/NPS-HC. The ZAB indicated a negli-
gible change in voltage after 500 charge–discharge cycle tests 
with 200  000 s, specifying the outstanding long-term dura-
bility of SACs (Figure  8c). Figure  8d shows the polarization 
and power density curves of proton exchange membrane fuel 
cells in an acidic medium (PEMFCs) at the testing temperature 
of 60 °C. Fe-A/NPS-HC in the membrane electrode assembly 
(MEA) exhibits a noteworthy current density of 50 mA cm−2 
at 0.8 V, which is comparable to the highest current density of 
75 mA cm−2 reported so far. The maximum power density of 
Fe-A/NPS-HC-based MEA was 333 mW cm−2 at 0.41 V which 
was 92% of the power density of Pt/C-based MEA under sim-
ilar conditions. Yang et  al. also produced a Fe-SA catalyst for 
ZAB, after 200 000 s, 93.6% of the current density at 0.8 V was 
retained which demonstrated the good durability of ZAB.[280]

Many different strategies have been reported for the syn-
thesis of SACs and numerous porous materials as a precursor 
were employed for the synthesis. Peng et  al. used a covalent 
organic framework (COF) for the preparation of the Fe-SA cata-
lyst and showed ZAB durability for more than 300 h.[281] Simi-
larly, FeCl3 encapsulated Porphyra precursor pyrolysis strategy 
was used and porous S-doped Fe–N–C nanosheets were syn-
thesized.[282] The Fe-NSDC electrocatalyst assembled recharge-
able ZAB exhibited a higher power density of 225.1 mA cm−2. 
Fe-NSDC based ZAB also exhibited lower charge–discharge 
overpotential and high current density (1 V, 100 mA cm−2) com-
pared to Pt/C + RuO2 catalyst (1.09 V) and Fe-NDC (1.61 V). 
This could be due to the S-doping optimized charge and spin 
distribution on Fe-SA to develop good electrocatalytic proper-
ties which were ascribed to Fe–Nx and Fe–N3/S. Apart from 
the N, S, F doping, PO bond can also change the intrinsic 
properties of the metal SA. It was proved theoretically and 
experimentally that the PO bond can effectively update the 
Fe center electrocatalytic properties and also help in the disper-
sion of the Fe–N4 sites.[283] The P–O group produced a favorable 
surface electronic environment and thus, enriched the catalytic 
activity. The P–O/FeN4-CNS catalyst exhibited a power density 
of 232 mW cm−2 and a robust cycling performance of 450 cycles 
under 25 mA cm−2. Additionally, the solid-state ZAB also exhib-
ited a large energy density of 109 mW cm−2 and a long lifetime 
of 20 h.

The Fe–N4 catalytic sites were developed via the polymeri-
zation–pyrolysis–evaporation (PPE) strategy and the obtained 
Fe-N4 sites exhibited superior trifunctional electrocatalytic per-
formance for OER, OER, and HER.[284] The Fe–N4 sites revealed 
good stability at a current density between 10 and 100 mA cm−2 
for 23 h and lower power density (232 mW cm−2) than the  
Pt/C + Ir/C based battery (50 mW cm−2). To prove the novelty of 
the PPE strategy, a series of TM such as Fe, Co, Ni, and Mn were 
anchored on a N-doped porous carbon. Bimetallic SA anchored  
on N-doped hierarchical meso/microporous FeCo–Nx–carbon 
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nanosheets were used for ZAB.[285] For the synthesis, silica was 
used as a template and exhibited a maximum power density of 
150 mW cm−2, which was found three times higher than the 
Pt/C. Rechargeability is a good parameter to look for the stable 
ZAB battery, and the catalyst was found stable for more than 
20 h under 20 mA cm−2 with the charging–discharging voltage 
gap of 0.91 V. The good performance of bimetallic SA electro-
catalyst is due to i) the nanometer thickness of carbon sheet 
can efficiently enhance transport of both electron and oxygen, 
ii) the combination of Fe and Co with N-doping can modulate 
electronic properties and surface polarities, iii) the high specific 
surface area and balanced microporous and mesoporous struc-
ture make active sites fully accessible to relevant species and 
improve the transport properties.

Similar to the Fe–Nx active sites, outstanding electrocatalytic 
properties, and the durability of ZAB made of Co–Nx were also 

reported.[274,286–291] In a similar line, superior ZAB performance 
using a Co-SA supported on the zeolitic imidazole frame-
work was also reported.[291] Furthermore, in another work, 
binder-free cathode SACs on self-supported porous carbon 
flake was synthesized via the impregnation–carbonization–
acidification strategy.[292] The Co atoms supported on N-doped 
porous carbon flake employed for wearable ZAB established a 
satisfactory current density of 6.25 mA cm−2, energy storage 
capacity of 530.17 mAh gzn

−1, good rechargeability for 90 cycles, 
and stability for 900 s. The superior performance of Co SA 
based binder-free cathode are due to the following reasons  
i) low catalytic barrier for O2 catalysis, ii) highly accessibility of 
active sites due to its hierarchical porous network, iii) binder-
free design to control active sites and surface morphology 
of electrode, and iv) high conductivity and good mechanical 
properties.

Figure 7. a) Scheme for the synthesis of Fe-A/NPS-HC, b) TEM images of ZIF-8 with precursor coating (scale bar: 2 µm), c) TEM image of Fe-A/
NPS-HC (Scale bar: 500 nm). d) High angle annular dark-field scanning TEM images (HAADF-STEM) (scale bar: 200 nm). e) Enlarged HAADF-STEM 
images and corresponding elemental mapping. f,g) Aberration-corrected (AC) HAADF-STEM images, (f) 5 nm and (g) 1 nm scale bar. Reproduced 
with permission.[279] Copyright 2018, Nature Publishing Group.
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3.5. Electrochemical Organic Transformations

The performance and cost of the electrocatalyst play an 
important role in its development and applications in energy 
conversion and environmental remediations. The development 
of synthetic strategies and fundamental understanding at the 
atomic scale is playing an important role in its advancement. 
Notably, the electrochemical process produced several electrons 
and intermediates can be extracted during the process and can 
be utilized for additional organic transformations.[293–295] The 
process of carrying out the organic transformation using elec-
trochemistry is known as organic electrochemistry,[296] and by 
using this energy-efficient technique, a wide variety of impor-
tant energy extensive organic transformations can be per-
formed.[297] Electrochemical organic transformations (EOTs) 
can be utilized to minimize waste production, i.e., are more 
environmentally friendly, reduce the number of steps, allow 
milder reaction conditions, and provide an alternative path to 
accessing the desired product.[298] The EOT can perform direct, 
indirect, or paired electrolysis with other electrochemical pro-
cesses such as OER, ORR, or HER.[299,300] These strategies for 
CH and CN bond formation using the anodic electrochem-
ical method have been summarized.[301–303] The use of a redox 
mediator to achieve indirect processes has been significantly 
increased. Francke et al. reviewed the basic principles and fun-
damentals of redox catalysis in organic electrosynthesis.[304] 
Although, extensive works on the use of an electrochemical 
system for organic transformations are reported, none of them 
discussed the use of SACs, therefore several metal-free carbon-
based organic electrosynthesis have been published.[305–307] 

The conventional ways of utilizing SACs for organic trans-
formations have been used and summarized.[308] The use of 
SACs with electrochemical setup may further revolutionize 
the yield and better selectivity. Yuan et  al. coupled HER with 
electrochemical oxidative cross-coupling of thiols and thio-
phenols with arenes, heteroarenes, and alkenes catalyzed by 
TM.[309] An alternative protocol was developed for halogenation 
under water-free conditions using methanol, an acetonitrile 
solvent mixture, and a variety of halogenated reagents such as 
CBr4, CHBr3, CCl3Br, and CCl4. A wide range of efficient and 
benign methods have been developed for the direct formation 
of CS, CN, CBr, CCl, CO, CP, SS, and CC bonds. 
The undivided organic electrochemical cell was able to achieve 
>90% yield and Pt electrode helped to transfer the proton from 
H2 to the organic molecules. Despite the good achievement 
in oxidative coupling of organic molecules with the excellent 
yield for the CH(sp3) and the C(sp2)H functionalization, 
C(sp)H is highly challenging. In another example, the HER 
was coupled with an electrochemical oxidative coupling of oxy-
sulfenylation and aminosulfenylation of an alkene.[310] Recently, 
Jiao et  al.[311] and Ackermann et  al.[312] also demonstrated the 
use of TM as a catalyst for CH functionalization of the CH 
bond. Concerning the CH functionalization, Rh(III) catalyst 
employed for C(sp)H functionalization with a high level of 
regioselectivity and functional group tolerance; and CC acti-
vation respectively.[313,314] Although several reports have been 
published using an electrochemical setup to demonstrate the 
use of TM as a homogeneous metal ion catalysts for organic 
transformations, none of them utilize supported SACs.[315–323] 
The use of heterogeneous SACs has better advantages than 

Figure 8. Zinc–air battery performance and hydrogen–air fuel cell performance. a) Open-circuit voltage curve, b) discharge polarization curve, and 
corresponding power density plots. c) Charge–discharge cyclic performance and d) H2–air fuel cell polarization curves and power density plots. Repro-
duced with permission.[279] Copyright 2018, Nature Publishing Group.
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the homogenous and heterogeneous catalyst, mainly, they are 
abundant active sites, large specific surface, ultrasmall size, and 
unique electronic structure.

3.6. Organic Transformations

Fine chemicals are an important ingredient of many impor-
tant industrial applications, however, the manufacturing of fine 
chemicals via efficient processes, high selectivity, and without 
harming the environment is challenging.[324] With increasing 
concern about the environment and contaminating life sup-
portive materials including food, water, and air, there is an 
urgent need to develop an efficient green and sustainable cata-
lytic process.[325] Till now, several organometallic homogenous 
SA catalysts have been demonstrated at the industrial level, 
they are usually sensitive to air and moisture, which are hard 
to separate at the ppm-level.[326,327] With the rapid development 
of SACs for various applications in electrocatalysis, the use of 
SACs for organic transformations are still under development 
and no explored highly.[328] For example, Pt1/FeOx SACs were 
three times more active than Pt nanoparticles for CO oxida-
tion.[20] The high catalytic activity is due to the presence of 
active sites at the atomic level and with time, SACs become the 
leader of heterogeneous catalysis for organic transformation. 
For example, Pt–Cu SA nanoalloys were used for the hydrogen-
ation of 1,3-butadiene[49] and a Co–N–C SA atom catalyst was 
employed for the hydrogenative coupling of nitroarenes.[329] 
CoN4C8-1-2O2 active sites coordinated with the four pyridinic N 
atoms in the graphitic layer were identified as the active sites, 
and exhibited excellent chemoselective hydrogenation (around 
90% conversion in 2 to 7 h, depending on reactant used) of 
nitroarenes to produce azo compound under mild reaction con-
ditions at 80 °C and 3 MPa H2 pressure. More important, the 
catalyst was used for 5 consecutive cycles, and no change in the 
selectivity or yield was observed.

Cui et  al. developed a Pt SA heterogeneous catalyst for 
hydrosilylation reactions of industrial relevant olefins with 
the TON of 105.[330] To study the Pt-SA catalyst, hydrosilylation 
reaction of 1-octene and diethoxymethylsilane under solvent-
free conditions was used as a model reaction. Model reaction 
occurred with high anti-Markonikov selectivity and low alkene 
isomerization compared to previously published data using a 
homogeneous Pt catalyst. Other control reactions using Pt 
nanoparticles on an Al2O3 nanorod and a commercial Pt/
Al2O3 catalyst showed low activity. The hydrosilylation reac-
tion allowed control over the hydrophobicity of various sur-
faces, but the selective formation of the SiC bond in the pres-
ence of different functional groups is challenging and highly 
desirable for various applications including elastic skin. A 
Pt-SA catalyst was used for the hydrosilylation of 4-vinyl-1-cy-
clohexene (2 V) (Figure 9a). The Pt-SA exhibited good activity 
for the unsaturated ester with a yield of 89% and the reaction 
of 4-allylbenzonitrile with 1a results in the corresponding nitrile 
with 57% yield (Figure  9a). Notably, Pt-SA catalyst was also 
employed for hydrosilylation of different alkene (Figure 9b).

The stability and recyclability of selected catalysts showed 
the recyclability for 6 cycles without any postsynthesis treat-
ment (Figure  9c). To further check the oxygen reactivity of 

the Pt-SA sites, a more sensitive oxygen-containing allylic 
compound such as cyclohexyl vinyl ether, 1,2-epoxy-4-vinyl 
cyclohexane, and allyl glycidyl ether were also hydroxylated. 
The catalyst showed tolerance to these sensitive oxygen-con-
taining organic with the desirable yield (around 90%). More 
interestingly the catalyst even tolerated the epoxy ring in allyl 
glycidyl ethers which are more susceptible to the ring-opening 
side reactions. Pt-SA catalyst was also used for the industri-
ally relevant reactions of polysilanes with the olefines. The 
final products had distinctive optical and electrical properties 
and may also serve as an important starting precursors for 
designing novel materials including nanostructured silicon 
carbide.

The CH bond selective oxidation is one of the most impor-
tant organic transformations for making high value-added 
chemicals such as aldehyde, ketone, ester, and carboxylic acid. 
However, higher stability of the CH bond increased the 

Figure 9. a) Scheme for selective hydrosilylation of alkenes, b) selective 
hydrosilylation of cyclopentasiloxane and POSS derivatives, c) recycla-
bility of Pt-SA catalyst. Reproduced with permission.[330] Copyright 2017, 
American Chemical Society.
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dissociation energy and overoxidation of CH bonds result in 
the formation of many side products, selective and low conver-
sion is the main challenges for this organic transformation. Liu 
et al. developed Fe-SACs supported on N-doped carbon catalyst  
(Fe-N-C-700) for the selective oxidation of the CH bond, which 
exhibited high conversion(98%) and selectivity (97%), and 
1932 h−1 TOF.[331] The catalyst was also explored for a variety of 
organic molecules including bulky and sterically hindered sub-
strates such as cumene, diphenylmethane, and fluorene were 
also activated by using the Fe-N-C-700 catalyst. To stimulate and 
understanding the landscape of the active sites at the atomic 
level, KSCN poisoning was conducted because SCN− can easily 
make a strong chelated complex with Fe unsaturated sites. 
Experimental results suggested that the catalyst may have three 
types of active sites that were observed in Mössbauer spectro-
scopy. Out of the three different active sites, the N–(FeIII–N4) 
medium spin was the most active catalytic sites and one order 
higher active than high spin sixfold D2 (N–FeIII–N4–Y high 
spin species) and three times more active than the D1 species 
(FeII–N4 medium spin species). In Fe-N-C-700, the order of the 
catalytic activity was D4 >> D2 >> D3. The catalyst was found 
stable for at least five cycles without showing any changes in 
the catalytic activity and selectivity.

The CF bond activation is another interesting chemical 
transformation from the chemical synthesis and environmental 
remediation points of view; however, the stability of the CF 
bond is the main challenge. To achieve this transformation by 
a cost-effective and energy-efficient process, a Pt-SA catalyst on 
SiC was developed.[332] For this study, a persistent environmental 
pollutant perfluorooctanoic acid was used and the 1.6 wt% Pt 
loaded SACs showed a photocatalytic rate constant of 2 h−1,  
which was consistent for a wide range of pH (5.1–9.1). 
Photocatalytic activity of Pt/SiC catalyst was attributed to  
i) facile transfer of photoexcited electron in SiC conduction 
band to Pt1 active sites by Schottky barrier, ii) selective proton 
reduction and formation of PtH bond via Volmer reaction, 
and iii) efficient hydrogen spillover onto Si-terminals.

In another example of selective organic transformations, 
Rh1/MoS2 SA catalyst was developed for hydrogenation of 
crotonaldehyde to crotyl alcohol with 100% selectivity.[333] 
The catalyst studies suggested that the Rh1/MoS2 might have 
unique geometry and electronic configuration which confined 
the reactant molecules through the steric effect. The DFT calcu-
lations suggested that the MoS2 sheets oxidized Mo edges and 
the Rh1-SA was stabilized by a Mo cation vacancy which helped 
in the H2 adsorption, dissociation into H atoms, and transfers 
to the double bond for selective hydrogenation. Recently, Zhang 
et  al. used Cu-SA for hydrogenation of quinoline to tetrahyd-
roquinoline with good selectivity (99%) under mild reaction 
conditions.[334] The catalytic activity of Cu-SA can be controlled 
by the type of nitrogen (pyrrolic or pyridinic) and pyrrolic 
N-coordination benefits the hydrogen transfer and reduce the 
energy barrier of the hydrogenation pathway. In another work, 
selective chemoselective and regioselective hydrogenation using 
Pt1/N–C was explored.[335] Twenty-four different metal-SACs 
were prepared using metalloporphyrin with target metal SA. 
Recently, Ma et  al. also explored Pd-SACs for chemoselective 
hydrogenation of substituted nitroaromatics (>99%) and gas-
phase hydrogenation of CO2 to CO (>98%).[336] Note to worthy, 

catalyst showed the excellent thermal stability up to 400 °C  
without any observable aggregation of SA.

Borrome et  al. developed graphene supported Ni-SA cata-
lyst for the C–H activation in the gas phase.[337] Different types 
of linear branched, and cyclic alkanes were used for the C–H 
activation and the catalyst was capable of second and third 
dehydrogenation which led to forming dienes and aromatics 
such as benzene. Recently, Wan et al. also developed a perovs-
kite-supported Pt-SA catalyst for CH4 activation.[338] Sun et  al. 
explored Pt/Cu SAA for dehydrogenation of propane.[339] Pt-SA 
dispersed on Cu nanoparticles enhanced desorption of sur-
face-bound propylene selectivity (90%) and excellent thermal 
stability for 120 h at 520 °C. Recently, PtGa-Pb/SiO2 catalyst was 
also investigated for dehydrogenation of propane with the 30% 
conversion with 99.6% selectivity at 600 °C for 96 h,[340] which 
is higher than the Pt/Cu-SAA catalyst.[339]

Epoxides such as styrene oxide, glycidol, etc. are important 
intermediates and widely used for many industrial fine chem-
ical preparations, the use of TM-based SA catalyst for indus-
trial relevant processes will further help to achieve the sustain-
ability goals. The gram-scale synthesis of the TM-SA (Fe, Ni, 
Cu, and Zn) catalyst with high metal loading using pyrolysis 
of coordinated polymer was exploited for the epoxidation of 
styrene.[119] O2 has used an only oxidant for epoxidation and 
Fe-SA catalyst with 30 wt% metal loading showed 64% yield 
with 89% selectivity, while other control experiments using 
Fe nanoparticles and iron porphyrin were inactive under the 
same conditions.

Benzene is one of the most volatile organic molecules that 
can cause cancer in humans and are organic products produced 
from petroleum industries; availability can be used to produce 
another variant of benzene such as phenol. In this regard, Pan 
et al. developed a FeNx–Cy SA catalyst for the oxidation of ben-
zene to phenol.[341] Fe SA anchored by four N atoms exhibit 
benzene conversion with 78% and 100% selectivity for phenol. 
DFT calculation predicted the formation mechanism and the 
formation of key intermediates. Fe–N4 sites facilitate the activa-
tion of OFeO intermediates and increase the catalytic per-
formance of benzene oxidation.

P-coordinated organometallic phosphine complexes have 
been widely used for many catalytic transformations such as 
coupling reactions, hydrogenation, carbonylation, etc. Recently, 
P-coordinated SACs was developed for selective hydrogena-
tion and reductive aminations to the value-added chemicals 
(Figure  10).[342] In this work, a fabrication of surface graphitic 
phosphorus species (Pgrap)-coordinated Fe SACs (Fe-P900-PCC) 
through a templated sacrificial approach using phytic acid and 
Fe precursors (Figure 10a) was performed. The integrated spec-
troscopy characterization and theoretical calculations confirmed 
the existence of four P atom coordinated Fe-SA in the pyramidal 
structure of O2-Fe-P4. Oxygen was removed by hydrogen treat-
ment under optimum conditions which result in Fe-P4 sites. 
Fe-P900-PCC shows an excellent %conversion for selective 
amination of aldehyde or ketone (Figure  10b), hydrogenation 
of substituted nitroarenes (Figure  10c). Fe-P900-PCC had also 
utilized for the gram-scale drug molecules Buclizine in gram 
scale and also exhibited excellent stability for varieties of reac-
tion (Figure 10d–f). Pd-SACs was also explored for the Suzuki 
coupling reaction.[343]
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Figure 10. a) Scheme for preparation of PCCs. b,c) Various reactions catalyzed using Fe-P900-PCC. d–f) Stability test of Fe-P900-PCC. Reproduced with 
permission.[342] Copyright 2020, Nature Publishing Group.
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The theoretical perspectives are very important for obtaining 
a fundamental mechanistic understanding of the catalytic pro-
cess. Theoretical modeling of the catalytic process and optimi-
zation of SA using different TM and operational conditions 
for a particular reaction can help to decrease the overall pro-
cess time and also save resources. Hence now a days, theo-
retical calculations before the experimental process can help to 
design a specific SA catalyst and will further enhance the time 
utility.[344,345] Therefore, for theoretical modeling, consideration 
of real operational conditions is necessary, even though some 
of the operating conditions may not be possible to include in 
modeling, due to their complex nature.[197] Kong et  al. theo-
retically confirmed that vanadium atoms were anchored on 
graphitic carbon nitride for nonoxidative propane dehydroge-
nation.[346] The high activity of V1/g-C3N4 was attributed to low 
coordination 3d orbital of V atoms, while propylene selectivity 
was initiated from inhibition of di-σ binding mode of propylene 
on single V atoms.

4. Conclusion

We summarized key examples of SACs for ORR, OER, HER, 
metal–air batteries, and electrochemical organic transforma-
tions. The development of electrocatalysts using noble and 
non-noble metals and their applications over the last few 
years were discussed. For the development of SACs, signifi-
cant progress has been made in terms of large-scale synthesis, 
understanding the electrocatalytic phenomena and mechanism 
at the fundamental level, the role of the metal support, and 
bimetallic system on the activity and selectivity. The selectivity 
and catalytic properties that are mainly driven by the electronic 
environment of the SA can be tuned via a combination of sup-
port, heteroatoms doping and using the multimetallic system. 
Theoretical work is also conducted to understanding of electro-
catalytic mechanism at the molecular level, major progress has 
been made in this regard. The development of an efficient pro-
tocol to produce low metal loading catalysts at the atomic level 
on a large scale is highly desirable. The catalyst prepared from 
the industrial metal waste sources should be an obvious choice 
to make a circular economy. Integration of an electrochemical 
device with electricity from renewable sources is another key 
step to making a greener future; however, while calculating the 
carbon footprint, it is necessary to include the cost of renewable 
energy generation.

5. Future Directions and Applications

Concerns about the environment have been continuously 
increasing, which is due to an increase in energy demand and 
globalization. To meet the energy demand and achieve environ-
mental remediation, we need to develop an efficient and sus-
tainable protocol to generate a large amount of energy without 
further degrading and contaminating the environment. SACs 
are the most efficient catalyst produced so far. Nevertheless, we 
are still facing some challenges about SACs long-term reus-
ability and stability. In this section, we take an opportunity to 
highlight the possible future applications of SACs which have 

not been explored yet or either not discussed in detail. For fur-
ther focus, we need to concentrate on some important fields 
which need to be addressed urgently.

1. Rational design of SACs: Engineering the rational design 
for large-scale production of SACs is highly desirable for 
its key advancement in various fields.[347] Several theoreti-
cal[128,348–350] and experimental models[351–353] are given for 
SACs rational designs. Besides these predictable models, un-
derstanding the catalytic activity and its composition relation 
is highly complex and challenging. It is simply unbearable to 
test all the relevant catalyst combinations for the desired re-
action when catalyst involved a combination of several types 
of active sites (different active sites structures) and composi-
tions (support and bimetallic to multimetallic), and size (SA 
to cluster of several single atoms).[145,354,355] These factors are 
strongly dependents on one another and catalytic activity 
could be the combination of all influencers. However, a sys-
tematic approach could lead to overcome all the barriers and 
allow to design of rational catalysts.

2. Densely packed SACs: The synthesis of SACs with high 
metal loading is highly demanding for various industrial 
applications. However, the fabrication of such material is 
highly challenging, due to the limitation of various synthe-
sis procedures. For example, conventional pyrolysis protocol 
usually leads to the agglomeration of SA to bigger nanoparti-
cles. Although, several other methods are reported, still have 
limited to metal loading lesser than 10 wt%.[356–358] Very few 
reports are published with the metal loading greater than  
10 wt%.[73,180,359,360] Despite the satisfactory progress in the 
synthesis of dense SACs, it remains difficult to control the 
type and distribution of active sites.

3. Thermal stability of SACs: Thermal stability of SACs is a big 
issue and utilization of SACs at elevated temperature is highly 
desired.[192,361] To keep them isolated, the operational temper-
ature is typically kept below 300 °C.[362] Few examples were 
reported to explore SACs for industrial relevant high temper-
ature (>300 °C) gas-phase applications.[336,339,340,363] The ther-
mal stability of SACs can be enhanced by strong interaction 
through a strong covalent metal–support interaction.[46] The 
controllable high-temperature shockwave strategy,[364] atom 
trapping,[365] and entropy-driven[366] methods were utilized to 
stabilize SA. Periodic on–off heating for short time (55 ms) 
allowed the formation of thermodynamically favorable strong 
metal-defect bonds.[364] Recently, temperature-induced struc-
ture reconstruction of support was explored to synthesize 
high-temperature stable SACs at 800 °C.[367]

4. Fundamental understanding of SACs (atomic level informa-
tion): SACs have been widely employed for many reactions 
and now seem clear that supported metal atoms can effective-
ly catalyzed challenging reactions. Most of the reported to date 
particularly talk about the synthesis, stability, and increasing 
the metal loading, but how the coordination environment or 
structures of active site geometry affect overall performance 
is still an open question.[368] The coordination environments 
around the SA can be tuned by various heteroatom doping 
and by the use of different neighbor metal atoms which 
brings thousands of possibilities of different combinations. 
During the catalyst preparation, homogenization of active 
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sites is highly challenging, and as prepared catalyst always 
have varieties of active sites. It could be possible that differ-
ent molecular sites have different activity and selectivity for 
the same reactions which are hard to estimate at the atomic 
level. Also, support metal interaction has a great impact on 
the catalytic properties, sometimes support atoms or surface 
functional groups help in stabilizing some of the interme-
diates, which help in facilitating the catalytic cycles. Surface 
sensitive techniques such as XPS could be useful and sup-
port of DFT modeling is also equally important.[369]

5. Use of electric vehicles for transport and personal uses: Due 
to the continuous decline of petroleum resources, it is nec-
essary to quest for alternative electric vehicles; batteries are 
only a time-limited source of energy for now. Although ex-
tensive work has been done on improving different aspects 
of batteries low-cost; and recyclable; environmentally benign 
materials are a necessity.[261] Efficient and cost-effective SACs 
for metal–air batteries are needed to meet the battery’s de-
mand.

6. CO2 capture and conversion at hot spot: Continuously 
increase of CO2 levels in the environment is possessing dan-
ger for living beings. Direct air capture and postcombustion 
capture and conversion are highly demanded and millions 
of funds have been recently made available to develop an ef-
ficient and workable technology to deal with CO2. Although 
many industries focus on capture and storage, this is not a vi-
able long-term solution. We should capture CO2 and parallel 
convert into value-added products such as fuel or polymer.[370] 
Recently many reports have been published highlighting 
SACs for CO2 conversion,[371] but none of them met the in-
dustrial requirement, which needs to be focused on more.[372]

7. Capture CO2 using a solid electrochemical system: An elec-
trochemical cell is a device of solid capture media with the 
electrode assembly, which captures CO2 when charged and 
released on discharge. Recently, an electrochemical setup 
for direct CO2 capture has been demonstrated. It was able to 
capture low as 0.6% (6000 ppm) concentration of CO2.[373,374] 
Al Sadat and Archer demonstrated an O2-assisted Al/CO2 
electrochemical cell as a new strategy for CO2 capture, which 
can at the same time be generated a substantial amount of 
electric energy.[375] The cathode provides a valuable C2 species 
and electric energy. The first cell reduced O2 to superoxide in-
termediate and simultaneously reacted with CO2 in the form 
of aluminum oxalate Al2(C2O4)3, as a dominant product. This 
process may be possible to accelerate using SACs doped Al-
cathode.

8. Electrocatalyst for NOX and SOx: A catalytic converter is a cat-
alytic device attached to exhaust and convert harmful gases 
such as NOX, CO, and VOC in N2, O2, and CO2. In this series, 
a selective catalytic converter (SCR) is an advanced emission 
control device that injects a liquid-reductant agent into the ex-
haust stream to reduce the level of NOX in the exhaust. SCR 
selective use ammonia to convert NOX to N2 and O2. Mostly 
these catalysts are made of Rh, Pt, and Pd; the catalytic activ-
ity may further be accelerated by developing an SACs solid 
electrolyte cell.[376] Recently, direct reduction of NO with CO 
into N2 and CO2 using Ni-SACs investigated using a theoreti-
cal model.[377]

9. Dechlorination of environmental contamination: Organics 
like chloromethane, methylene chloride, chloroform, and 
carbon tetrachloride are the major solvents used by paint 
and Pharmaceutical industries worldwide. The excessive 
release of the solvent into the environment not only harms 
our health but also dramatically affects the ozone layer by 
a catalytic chain reaction. A heterogeneous catalyst is used 
for dechlorination of water and air, which can be further im-
proved by developing SACs. This process can be further ac-
celerated by using electrochemical cells.[378]
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R. Zbořil, Adv. Mater. 2019, 31, 1900323.

[111] Y.  Lei, H.  Zhao, R. D.  Rivas, S.  Lee, B.  Liu, J.  Lu, E.  Stach, 
R. E. Winans, K. W. Chapman, J. P. Greeley, J. T. Miller, P. J. Chupas, 
J. W. Elam, J. Am. Chem. Soc. 2014, 136, 9320.

[112] P. F.  Siril, L.  Ramos, P.  Beaunier, P.  Archirel, A.  Etcheberry, 
H. Remita, Chem. Mater. 2009, 21, 5170.

[113] B. B. Sarma, P. N. Plessow, G. Agostini, P. Concepción, N. Pfänder, 
L.  Kang, F. R.  Wang, F.  Studt, G.  Prieto, J. Am. Chem. Soc. 2020, 
142, 14890.

[114] T. Bligaard, J. K. Nørskov, Electrochim. Acta 2007, 52, 5512.
[115] L. Liu, A. Corma, Trends Chem. 2020, 2, 383.
[116] L.  Liu, D. M.  Meira, R.  Arenal, P.  Concepcion, A. V.  Puga, 

A. Corma, ACS Catal. 2019, 9, 10626.
[117] E. M. Fernández, J. M. Soler, I. L. Garzón, L. C. Balbás, Phys. Rev. 

B 2004, 70, 165403.
[118] S. Schauermann, J. Hoffmann, V. Johánek, J. Hartmann, J. Libuda, 

H.-J. Freund, Angew. Chem. Int. Ed. 2002, 41, 2532.
[119] Y.  Xiong, W.  Sun, P.  Xin, W.  Chen, X.  Zheng, W.  Yan, L.  Zheng, 

J. Dong, J. Zhang, D. Wang, Y. Li, Adv. Mater. 2020, 32, 2000896.
[120] J.-C. Liu, H. Xiao, J. Li, J. Am. Chem. Soc. 2020, 142, 3375.
[121] Y. Du, H. Sheng, D. Astruc, M. Zhu, Chem. Rev. 2020, 120, 526.
[122] T. Ren, M. K. Patel, Resour. Conserv. Recycl. 2009, 53, 513.
[123] I.  Staffell, D.  Scamman, A.  Velazquez Abad, P.  Balcombe, 

P. E.  Dodds, P.  Ekins, N.  Shah, K. R.  Ward, Energy Environ. Sci. 
2019, 12, 463.

[124] I. Dincer, M. A. Rosen, Energy Sustain. Dev. 2011, 15, 137.
[125] Y. Jiao, Y. Zheng, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2015, 44, 

2060.
[126] J. Kim, H.-E. Kim, H. Lee, ChemSusChem 2018, 11, 104.
[127] L. Zhang, K. Doyle-Davis, X. Sun, Energy Environ. Sci. 2019, 12, 492.
[128] H. Xu, D. Cheng, D. Cao, X. C. Zeng, Nat. Catal. 2018, 1, 339.
[129] J.  Liu, M.  Jiao, B.  Mei, Y.  Tong, Y.  Li, M.  Ruan, P.  Song, G.  Sun, 

L.  Jiang, Y. Wang, Z.  Jiang, L. Gu, Z. Zhou, W. Xu, Angew. Chem. 
Int. Ed. 2019, 58, 1163.

[130] Z. Guo, Y. Xie, J. Xiao, Z.-J. Zhao, Y. Wang, Z. Xu, Y. Zhang, L. Yin, 
H. Cao, J. Gong, J. Am. Chem. Soc. 2019, 141, 12005.

[131] D.  Zhao, Z.  Zhuang, X.  Cao, C.  Zhang, Q.  Peng, C.  Chen, Y.  Li, 
Chem. Soc. Rev. 2020, 49, 2215.

[132] J.  Liu, M.  Jiao, L.  Lu, H. M.  Barkholtz, Y.  Li, Y.  Wang, L.  Jiang, 
Z.  Wu, D.-j.  Liu, L.  Zhuang, C.  Ma, J.  Zeng, B.  Zhang, D.  Su, 
P. Song, W. Xing, W. Xu, Y. Wang, Z. Jiang, G. Sun, Nat. Commun. 
2017, 8, 15938.

[133] X. Zeng, J. Shui, X. Liu, Q. Liu, Y. Li, J. Shang, L. Zheng, R. Yu, Adv. 
Energy Mater. 2018, 8, 1701345.

[134] M.  Melchionna, P.  Fornasiero, M.  Prato, Adv. Mater. 2019, 31, 
1802920.

[135] S. Yang, J. Kim, Y. J.  Tak, A. Soon, H. Lee, Angew. Chem. Int. Ed. 
2016, 55, 2058.

[136] S. Yang, Y. J. Tak, J. Kim, A. Soon, H. Lee, ACS Catal. 2017, 7, 1301.
[137] R.  Shen, W.  Chen, Q.  Peng, S.  Lu, L.  Zheng, X.  Cao, Y.  Wang, 

W. Zhu, J. Zhang, Z. Zhuang, C. Chen, D. Wang, Y. Li, Chem 2019, 
5, 2099.

[138] C. Deng, R. He, W. Shen, M. Li, Phys. Chem. Chem. Phys. 2019, 21, 
18589.

[139] H.-W.  Liang, W.  Wei, Z.-S.  Wu, X.  Feng, K.  Müllen, J. Am. Chem. 
Soc. 2013, 135, 16002.

[140] S. Fang, X. Zhu, X. Liu, J. Gu, W. Liu, D. Wang, W. Zhang, Y. Lin, 
J. Lu, S. Wei, Y. Li, T. Yao, Nat. Commun. 2020, 11, 1029.

[141] L.  Huang, J.  Chen, L.  Gan, J.  Wang, S.  Dong, Sci. Adv. 2019, 5, 
eaav5490.

[142] W.  Chen, W.  Gao, P.  Tu, T.  Robert, Y.  Ma, H.  Shan, X.  Gu, 
W.  Shang, P.  Tao, C.  Song, T.  Deng, H.  Zhu, X.  Pan, H.  Yang, 
J. Wu, Nano Lett. 2018, 18, 5905.

[143] L. Zhang, H. Liu, S. Liu, M. Norouzi Banis, Z. Song, J. Li, L. Yang, 
M.  Markiewicz, Y.  Zhao, R.  Li, M.  Zheng, S.  Ye, Z.-J.  Zhao, 
G. A. Botton, X. Sun, ACS Catal. 2019, 9, 9350.

[144] R. T.  Hannagan, G.  Giannakakis, M.  Flytzani-Stephanopoulos, 
E. C. H. Sykes, Chem. Rev. 2020, 120, 12044.

[145] G. Giannakakis, M. Flytzani-Stephanopoulos, E. C. H. Sykes, Acc. 
Chem. Res. 2019, 52, 237.

[146] S.  Shin, J.  Kim, S.  Park, H.-E.  Kim, Y.-E.  Sung, H.  Lee, Chem. 
Commun. 2019, 55, 6389.

[147] E. Luo, H. Zhang, X. Wang, L. Gao, L. Gong, T. Zhao, Z. Jin, J. Ge, 
Z. Jiang, C. Liu, W. Xing, Angew. Chem. Int. Ed. 2019, 58, 12469.

Small 2021, 17, 2006473

22



2006473 (23 of 27)

www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH

www.small-journal.com

[148] J.  Li, M.  Chen, D. A.  Cullen, S.  Hwang, M.  Wang, B.  Li, K.  Liu, 
S. Karakalos, M. Lucero, H. Zhang, C. Lei, H. Xu, G. E. Sterbinsky, 
Z. Feng, D. Su, K. L. More, G. Wang, Z. Wang, G. Wu, Nat. Catal. 
2018, 1, 935.

[149] H.  Zhang, S.  Hwang, M.  Wang, Z.  Feng, S.  Karakalos, L.  Luo, 
Z. Qiao, X. Xie, C. Wang, D. Su, Y. Shao, G. Wu, J. Am. Chem. Soc. 
2017, 139, 14143.

[150] J. Wu, H. Zhou, Q. Li, M. Chen, J. Wan, N. Zhang, L. Xiong, S. Li, 
B. Y.  Xia, G.  Feng, M.  Liu, L.  Huang, Adv. Energy Mater. 2019, 9, 
1900149.

[151] V. Vij, S. Sultan, A. M. Harzandi, A. Meena, J. N. Tiwari, W.-G. Lee, 
T. Yoon, K. S. Kim, ACS Catal. 2017, 7, 7196.

[152] L. Cui, L. Cui, Z. Li, J. Zhang, H. Wang, S. Lu, Y. Xiang, J. Mater. 
Chem. A 2019, 7, 16690.

[153] J. Li, S. Chen, N. Yang, M. Deng, S. Ibraheem, J. Deng, J. Li, L. Li, 
Z. Wei, Angew. Chem. Int. Ed. 2019, 58, 7035.

[154] L. Cao, Q. Luo, J. Chen, L. Wang, Y. Lin, H. Wang, X. Liu, X. Shen, 
W.  Zhang, W.  Liu, Z.  Qi, Z.  Jiang, J.  Yang, T.  Yao, Nat. Commun. 
2019, 10, 4849.

[155] D. Liu, J.-C. Li, S. Ding, Z. Lyu, S. Feng, H. Tian, C. Huyan, M. Xu, 
T.  Li, D.  Du, P.  Liu, M.  Shao, Y.  Lin, Small Methods 2020, 4, 
1900827.

[156] J. Wang, G. Han, L. Wang, L. Du, G. Chen, Y. Gao, Y. Ma, C. Du, 
X. Cheng, P. Zuo, G. Yin, Small 2018, 14, 1704282.

[157] X. Li, H. Rong, J. Zhang, D. Wang, Y. Li, Nano Res. 2020, 13, 1842.
[158] Y. Zhu, J. Sokolowski, X. Song, Y. He, Y. Mei, G. Wu, Adv. Energy 

Mater. 2020, 10, 1902844.
[159] Y.  Gao, Z.  Cai, X.  Wu, Z.  Lv, P.  Wu, C.  Cai, ACS Catal. 2018, 8, 

10364.
[160] J. Chen, H. Li, C. Fan, Q. Meng, Y. Tang, X. Qiu, G. Fu, T. Ma, Adv. 

Mater. 2020, 32, 2003134.
[161] A.  Zitolo, V.  Goellner, V.  Armel, M.-T.  Sougrati, T.  Mineva, 

L. Stievano, E. Fonda, F. Jaouen, Nat. Mater. 2015, 14, 937.
[162] H. T.  Chung, D. A.  Cullen, D.  Higgins, B. T.  Sneed, E. F.  Holby, 

K. L. More, P. Zelenay, Science 2017, 357, 479.
[163] M. Xiao, J. Zhu, L. Ma, Z. Jin, J. Ge, X. Deng, Y. Hou, Q. He, J. Li, 

Q. Jia, S. Mukerjee, R. Yang, Z. Jiang, D. Su, C. Liu, W. Xing, ACS 
Catal. 2018, 8, 2824.

[164] H. Shen, E. Gracia-Espino, J. Ma, H. Tang, X. Mamat, T. Wagberg, 
G. Hu, S. Guo, Nano Energy 2017, 35, 9.

[165] Y.  Cheng, S.  He, S.  Lu, J.-P.  Veder, B.  Johannessen, L.  Thomsen, 
M. Saunders, T. Becker, R. De Marco, Q. Li, S.-z. Yang, S. P. Jiang, 
Adv. Sci. 2019, 6, 1802066.

[166] Z. Zhang, J. Sun, F. Wang, L. Dai, Angew. Chem. Int. Ed. 2018, 57, 
9038.

[167] K.  Yuan, D.  Lützenkirchen-Hecht, L.  Li, L.  Shuai, Y.  Li, R.  Cao, 
M.  Qiu, X.  Zhuang, M. K. H.  Leung, Y.  Chen, U.  Scherf, J. Am. 
Chem. Soc. 2020, 142, 2404.

[168] J.  Zhang, Y.  Zhao, C.  Chen, Y.-C.  Huang, C.-L.  Dong, C.-J.  Chen, 
R.-S. Liu, C. Wang, K. Yan, Y. Li, G. Wang, J. Am. Chem. Soc. 2019, 
141, 20118.

[169] Y. Zhou, W. Yang, W. Utetiwabo, Y.-m. Lian, X. Yin, L. Zhou, P. Yu, 
R. Chen, S. Sun, J. Phys. Chem. Lett. 2020, 11, 1404.

[170] Y. Wang, Y.-J. Tang, K. Zhou, J. Am. Chem. Soc. 2019, 141, 14115.
[171] Y.  Shao, J.-P.  Dodelet, G.  Wu, P.  Zelenay, Adv. Mater. 2019, 31, 

1807615.
[172] H. Zhang, X. F. Lu, Z.-P. Wu, X. W. D. Lou, ACS Cent. Sci. 2020, 6, 1288.
[173] Q. Zhang, J. Guan, Adv. Funct. Mater. 2020, 30, 2000768.
[174] Z. Du, X. Chen, W. Hu, C. Chuang, S. Xie, A. Hu, W. Yan, X. Kong, 

X. Wu, H. Ji, L.-J. Wan, J. Am. Chem. Soc. 2019, 141, 3977.
[175] T.  Sun, S.  Zhao, W.  Chen, D.  Zhai, J.  Dong, Y.  Wang, S.  Zhang, 

A.  Han, L.  Gu, R.  Yu, X.  Wen, H.  Ren, L.  Xu, C.  Chen, Q.  Peng, 
D. Wang, Y. Li, Proc. Natl. Acad. Sci. USA 2018, 115, 12692.

[176] S.  Nitopi, E.  Bertheussen, S. B.  Scott, X.  Liu, A. K.  Engstfeld, 
S.  Horch, B.  Seger, I. E. L.  Stephens, K.  Chan, C.  Hahn, 

J. K. Nørskov, T. F. Jaramillo, I. Chorkendorff, Chem. Rev. 2019, 119, 
7610.

[177] A.  Bhagi-Damodaran, M. A.  Michael, Q.  Zhu, J.  Reed, 
B. A.  Sandoval, E. N.  Mirts, S.  Chakraborty, P.  Moënne-Loccoz, 
Y. Zhang, Y. Lu, Nat. Chem. 2017, 9, 257.

[178] X.-F. Yang, A. Wang, B. Qiao, J. Li, J. Liu, T. Zhang, Acc. Chem. Res. 
2013, 46, 1740.

[179] Y. Qu, Z. Li, W. Chen, Y. Lin, T. Yuan, Z. Yang, C. Zhao, J. Wang, 
C.  Zhao, X.  Wang, F.  Zhou, Z.  Zhuang, Y.  Wu, Y.  Li, Nat. Catal. 
2018, 1, 781.

[180] F.  Li, G.-F.  Han, H.-J.  Noh, S.-J.  Kim, Y.  Lu, H. Y.  Jeong, Z.  Fu, 
J.-B. Baek, Energy Environ. Sci. 2018, 11, 2263.

[181] P. Song, M. Luo, X. Liu, W. Xing, W. Xu, Z. Jiang, L. Gu, Adv. Funct. 
Mater. 2017, 27, 1700802.

[182] M. Xiao, J. Zhu, G. Li, N. Li, S. Li, Z. P. Cano, L. Ma, P. Cui, P. Xu, 
G.  Jiang, H.  Jin, S.  Wang, T.  Wu, J.  Lu, A.  Yu, D.  Su, Z.  Chen, 
Angew. Chem. Int. Ed. 2019, 58, 9640.

[183] X.  Zhang, J.  Guo, P.  Guan, C.  Liu, H.  Huang, F.  Xue, X.  Dong, 
S. J. Pennycook, M. F. Chisholm, Nat. Commun. 2013, 4, 1924.

[184] Y.  Hou, Y.  Liu, R.  Gao, Q.  Li, H.  Guo, A.  Goswami, R.  Zbořil, 
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