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the increasingly serious energy crisis, 
environmental challenges with clean and 
sustainable energy conversion. Hydrogen 
(H2) has attracted great attention because 
of its cleanliness and extremely high 
weight energy density (122  kJ  g−1).[1] As 
we all know, the final product from H2 
energy is water no matter how it is used, 
which can truly achieve zero-emission 
and zero-pollution. Therefore, H2 energy 
is considered to be one of the most ideal 
energy sources in the future.[2] Tradi-
tional H2 production technologies are 
mainly formed by steam reforming of 
fossil fuels, such as natural gas and 
petroleum (CH4  + H2O → CO + 3H2,  
CO + H2O → CO2 + H2).[3] The key point 
that must be paid attention to is to reduce 
pollution and improve the efficiency of H2 
evolution from fossil fuels. In the future, 
H2 production industrially should present 
the coexistence form of diversified develop-
ment in which the advantages of the fossil 
raw material route and the renewable raw 
material route complement each other.

Water electrolysis and photocatalytic 
water splitting have been promising tech-
niques for sustainable H2 production, and 

they are important supplements to the H2 generation from 
fossil fuels. However, there are still plenty of technical problems 
industrially, which hinder their wide application in practice. On 
the one hand, with the continuous increase in the global energy 
demand, noble metal-based catalysts dominated by platinum 
group metal (PGM) have severely restricted the further develop-
ment of the energy industry owing to their high cost, natural 
scarcity, and poor anti-poisoning. On the other hand, the cata-
lytic efficiency of earth-abundant transition-metal-based nano-
catalysts employed as an alternative to PGM-based catalysts 
is far from the criterion of industrial applications.[4] It can be 
seen that improving the utilization of noble metal active centers 
and developing efficient noble metal-free catalysts are available 
solutions. This is still a hugely challenging task, for which we 
should first survey the reasonable development of the catalytic 
system.

The evaluation indexes of the catalytic reaction include selec-
tivity and conversion. The key points that need to be studied 
are: i) active center and adsorption site; ii) the size-dependent 
effects of catalysts; iii) interactions between active species 
and the support, surface effect, and interfacial effect. The 

Hydrogen is widely believed to be a promising fuel to solve the global 

energy crisis and environmental issues. The catalytic system represented 

by metal-supported catalysts is an important process of upgrading the 

hydrogen source in industry. Single-atom catalysts (SACs), which inherit 

the advantages of homogeneous and heterogeneous catalysts, provide 

a broad prospect for low-cost H2 production technology. This review 

focuses on the potential mechanisms in the rational design of SACs, 

including active sites, coordination configuration, mass loading, heter-

oatom-doping, and metal−support interaction. The design strategies of 

single metal atoms on different supports are reviewed to give a proposal 

on how to immobilize the atomic active sites and modulate the geo-

metric/electronic structures of SACs. Subsequently, the synergistic effect 

in SACs and the dynamic evolution of the atomically dispersed hetero-

metal catalysts are introduced, aiming to provide further guidelines for 

H2 evolution SACs. H2 generation from the water−gas shift reaction and 

electro-/photocatalytic water splitting are the main research directions 

at present. The latest progress of SACs employed in these applications 

is thoroughly reviewed. At the end of this review, personal perspectives 

on the prospects and challenges of H2 evolution SACs are put forward, 

hoping to promote the rapid development of SACs toward superior H2 

evolution performance.
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1. Introduction

Global energy development is facing the issues such as resource 
shortage, environmental pollution, and climate change. Pro-
moting the global energy transformation and achieving green 
development has become the common cause of human 
society. The ideal fuels of the future need to be able to solve 
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understanding of catalytic active sites is an unfading topic in 
the field of catalysis. Early studies showed that certain catalytic 
reactions depend on isolated atoms rather than the aggrega-
tion of atoms.[5] Rooney and co-workers referred to the idea 
of metal atoms forming active sites as the “π-bonding theory 
of catalysis”, which was often used to explain the hydrocarbon 
reactions, including the exchange of paraffins, olefins, and aro-
matics with deuterium, as well as hydrogenation, dehydrogena-
tion, and isomerization reactions.[5a,6] Some studies after this 
confirmed that single metal atoms could play the role of active 
sites in a variety of catalytic reactions.[7] The breakthrough 
results were reported by the Flytzani-Stephanopoulos’ group 
and Xu et al. They found that Au or Pt species with nonmetallic 
nature were the real active sites, while metal nanoparticles were 
not involved in the reaction.[8] However, the immature experi-
mental conditions and techniques lead to no direct characteri-
zation evidence to support this result. Hence, the active sites 
may not be isolated and dispersed, but small clusters that have 
been retained.

With the development of nanocatalysis and advanced char-
acterization technologies, some reports involved directly 
observing isolated metal atoms and measuring the disper-
sion of active sites began to appear.[9] It has been found that 
the coordinatively unsaturated metal atoms on the surface are 
usually active sites of catalysis.[10] The catalytic performance 
can be improved by controlling the size and morphology of 
metal-based nanomaterials and adjusting the distribution of the 
atoms on the catalyst surface.[11] The energy level and electronic 
structure will change fundamentally when the size of nanocata-
lysts is reduced to atomic clusters or even single atoms (SAs).[12] 
Examples include larger surface area, quantum size effect, and 
metal–support interactions (MSIs) (Figure  1). Although there 
are hundreds or even thousands of metal atom aggregates 
in heterogeneous catalysts, only a few of them are in contact 
with the reactants. The heterogeneity of these aggregates leads 
to a small number of coordinately unsaturated metal centers, 
thereby reducing the metal utilization efficiency. One feasible 
way to balance the enhancement of catalytic activity with the 

decrease of manufacturing costs is to reduce the size of pre-
cious metals from nanoparticles to clusters or even SAs, to 
maximize the utilization.

In short, the key to improving the performance of the cata-
lytic systems is how to increase the density and intrinsic activity 
of active centers.[13] The size of these nanocatalysts is already 
small, but not enough. For certain catalytic reactions, nanoclus-
ters with multiple active centers are not always ideal.[14] Fortu-
nately, metal active sites in the state of atomic distribution may 
be the best solution to maximize the efficiency of supported 
catalysts, namely “single-atom catalysts (SACs)”. Compared 
to nanoclusters, nanoparticles, and bulk materials, SACs have 
shown remarkable advantages, such as unsaturated coordi-
nation environment, unique electronic structure, maximum 
atom utilization, and well-defined catalytic sites. The concept 
of SACs was proposed by Zhang and co-workers in 2011. They 
successfully synthesized a Pt SAC with FeOx as support and 
proved its high CO oxidation activity.[15] It is reported that the 
electronic structure of the Pt atom can be altered during the 
process of electron transfer to FeOx, thus ensuring the high sta-
bility and activity of the dispersed single Pt atoms. Thereafter, 
SACs with unique features have received increasing attention 
worldwide.[16] These SACs are not only diverse in material syn-
thesis, but also show excellent performance in different cata-
lytic systems.

Before starting the discussion on the rational design of 
SACs, we should clearly understand the conceptual framework 
of SACs. It is worth noting that the following two aspects are 
easy to be misunderstood and confused. First of all, the val-
ance of isolated single metal atoms in SACs is not in fact zero. 
Strictly speaking, the active sites of SACs cannot be called an 
atom. Single metal atoms (M-SAs) need to be stabilized by 
covalent coordination or ionic interaction with adjacent surface 
atoms or ligands on the support.[17] Such a MSI makes M-SAs 
partially charged. Another issue that can be easily confused is 
the three terms used to describe other similar metal-supported 
catalysts, that is, “single-site heterogeneous catalysts (SSHCs)”, 
“site-isolated heterogeneous catalysts (SIHCs)” and “atomically 

Figure 1. Geometric and electronic structures of nanoparticle, nanocluster, and SA with unique features.
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dispersed supported metal catalysts (ADSMCs)”, as manifested 
in Figure 2i) SSHCs is a concept introduced by Thomas in 2005. 
It should be pointed out that SACs are not equivalent to SSHCs 
with multinuclear active sites.[14] According to the strict defini-
tion of SSHCs, the energy of the interaction between each cata-
lytic active site and the reactant should be the same, that is to 
say, the catalytic behavior of all active sites is consistent. Unfor-
tunately, such an idealized state is harsh for heterogeneous 
catalysts. Owing to the heterogeneity in the surface structures 
of the supports, the active sites of SACs are not necessarily uni-
form. In other words, the interaction between metal species and 
the support will lead to different catalytic behaviors. Therefore, 
SACs with the same definition as SSHCs may appear only when 
the loading of active species is extremely low. In addition, the 
“single-site” in SSHCs can be composed of isolated ions, atoms, 
molecular complexes, and clusters as long as they exhibit good 
structural characteristics like single-sites in the homogeneous 
catalysts.[18] ii) To tackle the problem that various metal species 
formed between metal and support affect the catalytic activity, 
McKittrick  et  al. introduced and designed SIHCs with uni-
formly isolated sites and an easy-to-characterized structure.[19] 
SIHCs are defined as heterogeneous catalysts composed of 
isolated metal-organic complexes with well-defined structures. 
The typical feature of SIHCs is that the active sites are protected 
by ligands, and the catalytic behavior of all active sites is con-
sistent. More importantly, the active sites in SIHCs may not be 
uniformly dispersed metal atoms. Hence, SIHCs with only one 
type of active site can be considered as SSHCs. iii) There are 
two main views on the description of ADSMCs. Partial point of 
view is that single metal atoms are the active sites in ADSMCs, 
which is the same as SACs.[20] The other is that ADSMCs are 
metal-supported catalysts with completely dispersed active spe-
cies.[17,21] The latter has the most extensive concept. If the active 
sites are uniformly distributed, the catalytic metal centers can 
be SAs, ions, complexes, or in the form of clusters, trimers, 
dimers, monomers, or even 2D bamboo structures. Gates et al. 
proposed that ADSMCs should also include single-site metal 
catalysts, site-isolated metal catalysts, and molecular/atomically 

dispersed metal catalysts.[21] SACs are, to some extent, a subset 
of ADSMCs, but the structure and active sites of SACs are 
sharper and more specific than those of ADSMCs. This is not 
in contradiction with the fact that SACs are supported by hetero-
geneous catalysts. SACs emphasize that active sites are isolated 
atoms (metal or nonmetal atoms) dispersed on the support sur-
face and can be anchored via interaction with the support. SACs 
can be clearly defined and understood compared with other sup-
ported catalysts.

At present, electrocatalytic hydrogen evolution reaction 
(HER) is still the main focus in hydrogen evolution SACs. 
Taking SACs in HER as an example, M-SAs will transfer elec-
trons to the support owing to the difference in electronega-
tivity between M-SAs and their coordination atoms, resulting 
in emptier d-orbitals on metal atoms. Then the 1s orbitals of 
hydrogen preferentially combine with these unoccupied metal 
d-orbitals, thereby optimizing hydrogen adsorption binding 
energy.[22] Compared with traditional catalysts, SACs are still a 
rising star in the field of H2 generation. How to further crack 
the codes of SACs in catalytic reaction to finding the key for 
a new era of hydrogen production must receive the attention 
and efforts of utilizing a multidisciplinary research commu-
nity. In recent years, there have been some excellent reviews 
about SACs toward H2 evolution.[22,23] Apart from electrochem-
ical HER, these papers hardly follow with interest the applica-
tion of SACs in other H2 generation techniques, for instance, 
photocatalytic hydrogen evolution (PHE), and water–gas shift 
reaction (WGSR). Given that the currently industrialized H2 
production technology is not systematic, recent research should 
be devoted to the direction of coexistence, commonality, and 
sharing of various technologies toward H2 production. In par-
ticular, photocatalytic technology can directly obtain H2 from 
water, or indirectly provide electrical energy for electrocatalytic 
H2 evolution. SACs, which inherit the advantages of homoge-
neous and heterogeneous catalysts, have shown great poten-
tial in energy-related catalysis (Figure  1), and are expected to 
reduce the loading of noble metals and maximize the catalytic 
performance of non-noble metal active centers. What we want 

Figure 2. Schematic comparison of SACs (left), SSHCs (middle) and ADSMCs (right).
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to emphasize is that it is not enough to summarize the prepa-
ration strategies and characterization technologies of SACs 
for H2 generation from the technical level. The importance of 
exploring the rational design and catalytic mechanism of SACs 
from the atomic scale cannot be ignored.

Based on the above discussion, this review aims to pro-
vide a comprehensive overview of SACs toward H2 produc-
tion. We begin this review by highlighting the design rules 
for improving the H2 evolution performance of SACs. Dif-
ferent from other articles that merely focus on the fabrication 
methods for stabilizing SAs, we believe that in-depth revealing 
the active sites, coordination configuration, mass loading, het-
eroatom doping, and MSI are the necessary and sufficient con-
ditions to stimulate the catalytic potential of SACs. Likewise, we 
specifically emphasize the importance of rational construction 
of metal–support interfaces, since the coordination geometry 
and electronic properties of M-SAs are closely related to their 
surrounding environment. To promote the rapid development 
of SACs with high H2 evolution activity, the subsequent section 
is devoted to describing the interaction between atomically dis-
persed metal species and various support materials. Moreover, 
we will explicitly  reveal the metal–metal interaction in SACs, 
including the synergistic effects between homometallic atoms 
and the coordination chemistry of heterometallic catalysts. In 
the following sections, we will summarize the recent advances 
of SACs used in main catalytic H2 generation reactions, to 
grasp the future development and application prospect of SACs 
as a whole. In the end, we put forward some prospects for the 
major challenges and opportunities that H2 evolution SACs still 
face in the future.

2. Rational Guidelines of SACs toward Efficient 
Hydrogen Evolution

A large number of research examples show that SACs are 
expected to build a platform for elucidating the structure– 
reaction relationship of catalysts and the mechanism of catalytic 
reactions at the atomic level. In turn, this breakthrough can 
be used to further enhance the H2 evolution activity of SACs. 
For example, during the alkaline HER process, an ideal cata-
lyst with high activity can respond to the formation of adsorbed 
H atoms (E-H*, E refers to the active site) intermediate on the 
active sites at relatively low voltage. According to reports, single 
iodide atoms can accelerate H2O dissociation and H adsorption 
through the formation of I-H* intermediates, thereby boosting 
HER kinetics.[24] In acidic media, the atomically dispersed 
PtOPt dual-site interface constructed by Yao  et  al. greatly 
improved HER performance.[25] Such well-structured dual 
PtOPt sites promoted the synergetic Hads-coupling, thereby 
accelerating the Volmer–Tafel kinetics which dominated the 
whole H2 evolution process.

In the past few years, SACs with breakthrough H2 production 
performance have been reported in large numbers,[26] which 
adequately demonstrates their broad prospects. The selection 
of the ideal supports and the development of reasonable design 
strategies are the main problems to be solved urgently prior to 
practical industrial production. The possible issues in the SACs 
system, such as geometric effect, electronic effect, or ensemble 

effect, will affect the consistency of the active sites and the 
nano interface. Therefore, it is of great significance to in-depth 
exploration of the coordination environment and electronic 
properties at the interface sites of SACs in catalytic reactions 
for the design of high-performance SACs. Up to now, more rel-
evant works have been focused on the SACs used for WGSR, 
electro/photo-chemical water splitting toward H2 generation. 
To help develop SACs with tunable active centers, high selec-
tivity, and H2 evolution efficiency, we will discuss the potential 
mechanisms that should be considered in the design from the 
following aspects (Figure 3): i) the construction of homogeneous 
active sites, which is helpful to comprehensively understand 
the catalytic mechanism and significantly increase the activity/
selectivity; ii) the modulation the coordination configuration and 
the oxidation state of the catalytic centers; iii) precisely control-
ling the loading mass of SACs, and developing strategies that 
can high loading rate with uniformly dispersed active sites; 
iv)  regulating the local coordination environment in SACs via 
heteroatom doping; v) the rational construction of the metal–
support interface via strong metal–support interaction (SMSI) 
as well as electronic metal–support interaction (EMSI). The 
above-mentioned rules determine whether the hydrogen genera-
tion efficiency of SACs can make a major breakthrough.

2.1. Identifying and Constructing Homogeneous Active Sites

Different operating conditions in catalytic reactions, such as 
reaction temperature, potential, pH value, and adsorption 
capacity, lead to catalyst reconstruction, which makes it diffi-
cult to reveal the catalytic mechanism.[27] Considering that the 
dynamics of HER in alkaline environments are more complex 
and slower than that in acidic environments, there is a higher 

Figure 3. Rational design guidelines of SACs for high-performance 
hydrogen evolution.
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demand for the identification of active species. The construc-
tion of a catalytic model that can uniformly support single-atom 
centers (similar to homogeneous active centers) guides sur-
veying the structure and intermediate transition states of true 
active sites in a practical catalytic reaction environment. The 
structure of the active site in SACs is not uniform. This is not a 
contradiction. As described above, the synergistic effect between 
supported metal atoms and surrounding coordination atoms is 
the main reason for the high performance of SACs. Thus, the 
inherent inhomogeneity of the supports, as well as the uncon-
trollability of the fabrication approaches, lead to the presence 
of dispersed atoms in different forms. Zhang and co-workers 
noted that even though Fe in Fe-N-C SAC was present as dis-
persed SAs, four different FeNx species would form (including 
FeN4, High-spin XFeIIIN4Y, Low-spin NFeIIIN4N, and 
Medium-spin NFeIIIN4).[28]

By combining modern characterization techniques with the-
oretical modeling, researchers can systematically understand 
the positions of atoms, the bonding between isolated atoms 
and supports, and the reaction mechanism. Characterization 
techniques commonly employed to analyze the structure of 
SACs include, but are not limited to, X-ray diffraction (XRD), 
transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infrared spectroscopy 
(FTIR), Raman spectroscopy, and nuclear magnetic resonance 
(NMR).[29] In particular, aberration-corrected electron micros-
copy can be used to directly observe the spatial distributions 
of SAs on the supports and the defect-induced modes.[30] 
X-ray absorption fine structure (XAFS) spectra, also known 
as X-ray absorption spectroscopy (XAS), is a powerful tool for 
studying the internal structures, electronic properties, and cata-
lytic activity of SACs at the atomic scale.[31] XAFS spectrum is 
divided into two regions: X-ray absorption near-edge spectros-
copy (XANES) and extended  X-ray absorption fine structure 
spectroscopy (EXAFS). First, XANES can accurately determine 
the electronic properties of SAs sites (such as oxidation state, 
coordination chemistry, and electron transfer between catalytic 
centers and supports). Second, EXAFS can determine informa-
tion such as coordination number and bond length. Naturally, 
it is not enough to study SACs through both high-resolution 
imaging and spectroscopy tools. The reliable model of the 
active sites calculated by density function theory (DFT) calcula-
tion allows us to further explore the relationship between the 
structure and the catalytic activity of SACs.

A major challenge in the synthesis of SACs is how to control-
lably construct active sites with uniform structures. Neverthe-
less, we mean to emphasize that the identification of the active 
site is equally important. The results of accurate identification, 
on the one hand, can help us clarify the real sites that promote 
the reaction, and provide guidance for the synthesis of SACs. 
On the other hand, the dynamic evolution of the coordination 
environment during the reaction can be clearly understood.

XAFS spectroscopy is a useful tool for identifying the atomic 
dispersion of active metal species. In particular, operando 
XAFS analysis can be employed to investigate the dynamic 
electronic structure and local coordination environment of the 
catalysts during the reaction process.[32] For the first time, Wei 
and co-workers used extended operando XAFS and theoretical 
calculations to precisely identify the structure of the real active 

sites of atomically dispersed cobalt-based catalysts in alkaline 
HER.[33] The single and homogeneous active site structure with 
excellent catalytic activity offered an ideal model system for 
comprehending the intrinsic active sites as well as the reaction 
mechanism. Aberration corrected high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
was employed to directly identify the distribution of single Co 
species (Figure 4a). The subsequent XAFS spectroscopy further 
demonstrated the presence of Co in the obtained catalyst as dis-
persed atoms. As shown in Figure 4b, Co K-edge XANES anal-
ysis confirmed the Co average valence state of approximately 
+2.02 (close to +2.0). Under the reaction conditions, as illus-
trated in Figure 4c, the CoN/O coordination peaks in the first 
shell shifted to the low-R (1.63 to 1.56 Å), indicating that the 
coordination environment had altered significantly. Next, DFT 
calculations and EXAFS determined the most stable coordina-
tion configuration (i.e., OHCo1N2) which could immobilize 
the single Co site and favor the preferential adsorption of H2O 
molecule on Co, forming the H2O(HOCo1N2) interme-
diate (Figure 4d). These results revealed that the coordinatively 
unsaturated Co sites were sensitive to the environment. Similar 
to the work of Sargent and co-workers,[34] the constructed high-
valence HOCo1N2 site exhibited a high reactivity towards 
water adsorption.

It is, however, inescapable that high surface energy typically 
usually leads to bulk or particle morphologies in conventional 
catalysts using typical synthesis routes.[35] Both the electronic 
and geometric interactions between M-SAs and supports mark-
edly affect the catalytic activity of SACs. M-SAs, which exhibit 
a high valence state similar to cations, are adverse to the elec-
trochemical reduction reaction owing to scarce d-electrons 
involved in the reaction. The construction of active centers 
with free atoms-like electronic structures is an effective means 
to overcome this issue.[36] The nearly uniform local coordina-
tion environment is obtained via anchoring single Pt atoms to 
specific positions of the N-doped carbon framework.[37] XAFS 
revealed that Pt-SAs as efficient active sites presented a near-
free state. In particular, at + 0.5  V potential, only capacitive 
charging occurred on the electrode surface without any redox 
reaction, so + 0.5 V is generally considered to be located in the 
double-layer region.[38] This can explain the reason why the 
white-line intensities of the catalyst remained unchanged at ex 
situ, open circuit, and +0.5  V (Figure  4e), and proved Pt-SAs 
sites are structurally stable.[37] Additionally, the evolution of the 
coordination configuration of Pt-SAs was further determined 
by the change of the applied potential. The ligand stabilization 
or precursor stabilization has been proved a reliable method 
to fabricate SACs with stable and dispersed active sites. For 
example, the direct H2 reduction approach protected via ligands 
can inhibit the aggregation of Rh atoms on MFI-type zeolites 
during the reduction process.[39] STEM and EXAFS showed 
that the sinusoidal 5-membered rings stabilized by the zeolite 
framework oxygens were the anchor sites of Rh-SAs. In the 
study of Pt-doped MoS2 nanosheets, the active sites in HER 
were derived from S atoms in Pt-MoS2 sample instead of Pt 
atoms.[40] Also, Jiang  et  al. claimed that introducing a Pt-SAs 
into Al-TCPP (an aluminum-based porphyrinic metal–organic 
framework) could significantly improve H2 generation activity 
through spectral characterization and DFT calculations.[41] In 
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that work, they achieved the stability of Pt-SAs by using the 
strong interaction of pyrrole N atoms in Al-TCPP. The sym-
metry of the peak shows the uniform structure of Pt-SAs 
(Figure 4f). Meanwhile, as shown in Figure 4g, the introduction 
of Pt-SAs into metal–organic frameworks (MOFs) increased the 
binding energy of hydrogen, thereby significantly enhancing 
the PHE activity. Notably, the modification of suitable organic 
pillars or functionalized bridging linkers enriches coordination 
sites employed to capture M-SAs in MOFs.[42]

The homogeneous active sites are helpful to probe where 
the catalytic reaction occurs. There is no metal–metal bond 
in the active sites of SACs, meanwhile the SA does not form 
metal–oxygen bonds with an oxygen atom (or other atom) in 
the support, thus the chemical environment of all active sites 
is uniform.[43] Such a special feature makes the establishment 
of the theoretical model and the investigation of dynamic evo-
lution clearer as well as more concise, which greatly promotes 
the comprehensive understanding of the catalytic mechanism. 
More importantly, since only atomically dispersed active sites 
are available, SACs may exhibit different catalytic mecha-
nisms from the catalytic pathway with multiatom involving 

nanocatalysts. The advantages of a single active site can be real-
ized only when M-SAs active sites have the same (or higher) cat-
alytic activity as the metal atoms on the nanoparticle surface.[44]

2.2. Engineering Coordination Configuration

In addition to the uniformity of active sites, the unique elec-
tronic and steric effects created by the coordination con-
figuration of the catalytic centers also play a decisive role in 
the properties of the catalyst. Coordinatively unsaturated or 
ligand-exchangeable catalytic centers are beneficial for sub-
strates to interact, as well as take part in the catalytic cycle.[45] 
Hence, modulating the coordination configuration and the 
oxidation state of the catalytic centers is believed to be another 
critical measure to optimize the catalytic properties of SACs. 
By replacing the metal sites in the metal oxide support, the 
atomically dispersed metal species as active centers in SACs are 
highly coordinated and unsaturated.[28,46] Generally speaking, 
the reactants are easily adsorbed on the surface because of the 
characteristic that the d-electron orbitals of noble metals are not 

Figure 4. a) Atomic-resolution HAADF–STEM image of Co1/PCN. b) The fitted average oxidation states of Co from XANES spectra. c) Corresponding 
k3-weighted Fourier transform (FT) spectra. d) First-shell fitting of EXAFS spectra. Insets: corresponding coordination configurations. H: purple; 
C: grey; N: blue; O: green; P: pink; Co: red. Reproduced with permission.[33] Copyright 2019, Nature Publishing Group. e) Selected XANES spectra 
under different applied voltages from open-circuit condition to −0.07 v during HER, as well as the XANES data of each reference standard. 
Reproduced with permission.[37] Copyright 2020, Nature Publishing Group. f ) DRIFT spectra of CO adsorbed on Al-TCPP-0.1Pt after being purged 
with Ar gas for different time lengths and g) calculated free energy diagram for photocatalytic H2 production. Reproduced with permission.[41] 
Copyright 2018, John Wiley and Sons.
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filled completely, which favors the formation of active interme-
diates for the reaction. Accordingly, noble metal catalysts have 
better catalytic activity.

In heterogeneous catalysis, structure–performance relation-
ship has been a long standing challenge for a majority of reac-
tions. Since the stability of the M-SAs depends on covalent and 
ionic bonding with the support, the local coordination chemistry 
should mainly determine the geometric and electronic properties 
of SAs.[45,47] Based on this, the coordination number of SAs may 
be a reasonable descriptor to help us understand the structure–
performance relationship. In a report on Pt1/def-TiO2 materials, 
as shown in Figure 5a, the first shell coordination number of Pt 
and O atoms was about 5, and the corresponding bond length 
was about 1.98 Å.[48] This result suggested that each active site 
had five PtO bonds. Furthermore, Pt SAs anchored on the 
surface steps of CdS with unsaturated coordination geometry 
could be formed abundant PtS bonds with the unsaturated 
sulfur atoms.[49] EXAFS demonstrated that Pt centers were the 
four-coordinated tetrahedron configuration, and the coordina-
tion number of the nearest S atoms around a single Pt atom 
is 4.0 with a distance of 2.32 Å, as illustrated in Figure 5b. The 
above researches elucidate the fact that the surface defects of 
unsaturated coordination provide an ideal electronic environ-
ment for the stability of SAs. Simultaneously, the unsaturated 
coordination of the active site atoms can increase the possibility 
of contact with the substrate molecules, enhancing the catalytic 

activity.[50] For example, the CoN coordination bonds in Co 
SAs/N-C were broken owing to the increase of the pyrolysis tem-
perature (coordination number decreased from 4 to 2), which 
made Co-SAs exhibit higher activity toward oxygen reduction 
activity.[51] Another example is NiSA-Nx-C SAC synthesized via 
using polypyrrole (PPy) as a nitrogen source to stabilize isolated 
Ni atoms. The two-coordinated Ni-N structure (NiSA-N2-C) 
obtained by also controlling the pyrolysis temperature showed 
more efficient electrocatalytic CO2 reduction than the three- or 
four-coordinated NiN shell. Theoretical calculations revealed 
the reason for its excellent activity: the low coordination number 
of Ni-SA sites was conducive to the formation of COOH* inter-
mediate.[52] Zhang’s group achieved fine-tuning of Pt-SAs coordi-
nation environment via adjusting rapid thermal treatment (RTT) 
temperature in the inert atmosphere.[46a] They found that, the 
coordination number of PtO in Pt1/Fe2O3 decreased from 3.8 
to 1.8 as the RTT temperature was increased from 500 to 600 °C. 
Hydrogen chemisorption experiment and DFT calculations dem-
onstrated that the coordination structure with the lowest coor-
dination number was easier to activate H2 molecules, thereby 
promoting the hydrogenation reactions.[46a] It should be pointed 
out that the great majority of these studies on coordination  
structure–performance were devoted to thermocatalytic and 
electrocatalytic systems. In addition, these studies usually deter-
mined the change of coordination number by controlling the 
pyrolysis temperature of the precursor in an inert atmosphere.

Figure 5. a) EXAFS R space fitting curve and the experimental data of the Pt1/def-TiO2  catalyst. Reproduced with permission.[48] Copyright 2020, 
Wiley-VCH. b) Fourier-transformed magnitudes of Pt L3-edge EXAFS spectra in R space for Pt foil and Pt/CdS. Reproduced with permission.[49] Copyright 
2018, Elsevier Inc. c) Volcano curve presents the relation between currents (log(i0)) and ΔGH

o shows. The figure shows the different configurations of 
different metal-doped MoS2 coordinated with 4 (left) and 6 (right) S atoms. The red dashed circles, green balls, yellow balls, blue balls, and purple balls 
present the adsorption positions of H, Mo, S, ML, and MR, respectively. Reproduced with permission.[40] Copyright 2015, Royal Society of Chemistry. 
d)  Illustration for the synthesis and the calculated adsorption energy (ΔEads) of Pt-GDY1 and Pt-GDY2. Reproduced with permission.[46b] Copyright 
2018, John Wiley and Sons. e) Three different types of active sites and f) three configurations of PDOS corresponding to an Ni SAs supported on 
perfect hexagons (left), D5775 (middle), and Di-vacancy (right). g) Energy profiles of the three configurations for HER. Reproduced with permission.[56] 
Copyright 2018, Elsevier Inc.
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From the perspective of coordination chemistry, compared 
to the coordination number of the surface atoms in supported 
nano-catalysts, SACs have a lower coordination number of the 
active site atoms, which is more propitious to boost the chemical 
reaction activity.[53] For example, cobalt-based materials, such 
as CoPi, CoP, and CoOOH, have been considered suitable 
catalysts for the photolysis of water to produce hydrogen.[54] The 
common feature of these catalysts is the coordination of unsat-
urated configuration, which can expose the cobalt-containing 
groups to the greatest extent, thereby improving the perfor-
mance of H2 production.[55] The coordination number of the 
active centers in SACs is usually less than six. The lower coor-
dination number not only creates more opportunities for the 
adsorption of catalytic substrates, but also affects the reaction 
process in certain catalytic systems. Predictably, the difference in 
the coordination structure formed by the doping with different 
single metal atoms will be able to produce different catalytic 
activities. Taking single-atom metal-doped MoS2 as an example, 
some metal atoms (denoted as MR) tend to bond with six S 
atoms when substituted Mo atoms, while other metal atoms 
(denoted as ML) only bonded with only four S atoms to form the 
coordinatively unsaturated state of S atoms.[40] Compared with 
ML-doped, the binding ability of MR-doped MoS2 with H was 
almost all weaker, resulting in lower HER activity. Different coor-
dination structures significantly altered the adsorption behavior 
of H atoms, thus affecting the activity of H atoms, which was 
proved by DFT calculations as well (Figure  5c). It cannot be 
ignored that the overly strong adsorption of H* by unsaturated 
S atoms neighboring the dopants can inhibit the HER activity 
of MoS2. Two kinds of Pt-SACs with different coordination envi-
ronments were synthesized on the same graphdiyne (GDY) sup-
port via different treatments, which also proved the above point. 
The Pt-SAs supported catalyst formed by the reaction of GDY 
with K2PtCl4 aqueous solution were marked as Pt-GDY1, and the 
catalyst formed after Pt-GDY1 was annealed in Ar atmosphere 
was marked as Pt-GDY2.[46b] HAADF-STEM and XAFS spectros-
copy combined with DFT calculations showed that the atomic 
Pt species were stabilized firmly on the surface of the support 
through the coordination with the alkynyl C atoms in GDY, and 
Pt atoms had different coordination environments in Pt-GDY1 
and Pt-GDY2 (Figure 5d). The HER catalytic activity of Pt-GDY2 
with four-coordinated Pt atoms of C2-Pt-Cl2 is much higher than 
that of Pt-GDY1 with five-coordinated CPtCl4. The reason 
is that the Pt-GDY2 with C2PtCl2 species possessed higher 
unoccupied 5d densities of states of Pt atoms and near zero 
Gibbs free energy of H* adsorption (ΔGH*), thereby facilitating 
the transmission of electrons and the HER progress.[46b] It was 
also reported that the difference in NiC coordination condi-
tions in aNi@DG had a significant impact on the activity of HER 
and oxygen evolution reaction (OER). Interestingly enough, this 
phenomenon is different from the catalytic mechanism of tra-
ditional metalNC catalysts.[56] The linear combination fitting 
(LCF) analysis of the XANES curve allowed to provide three rea-
sonable typical configurations of aNi@DG (Figure 4e) and pro-
jected densities of state (PDOS) (Figure 4f). Obviously, the ideal 
hexagonal sites or D5775 had a stronger interaction between the 
substrate and the adsorbate. As shown in Figure  5g, DFT cal-
culations demonstrated that aNi@D5775 possessed the highest 
HER activity, and its desorption energy was close to Pt.

On the basis of these observations, it can be concluded that 
XPS, XAFS, and DFT calculations have become indispensable 
research tools for constructing and optimizing the coordination 
configuration of SACs. Specifically, XPS analysis is employed 
to gain insight into the valence states and possible local elec-
tronic structure of SACs, while the unraveling of local coordina-
tion chemistry by XAFS spectroscopy is in favor of detecting 
the bonds in SACs and verifying the XPS results. When DFT 
calculation results are highly consistent with the EXAFS fitting 
date, the most possible real  configuration can be obtained. At 
the same time, by comparing the XPS results and EXAFS fit-
ting, other coordination configurations can also be excluded.

2.3. Optimizing Mass Loading

As mentioned in the previous sections, the atoms merely 
exposed on the surface can get involved in the practical catalytic 
reaction. Notably, excessive loading will cause serious aggre-
gation of single metal atoms. Consequently, the influence of 
metal loading on the catalytic system must be considered in the 
design of SACs as heterogeneous catalysts. For example, with 
the increase of Pt loading, the H2 evolution activity of Pt/CdS 
presented an interesting trend: it enhanced significantly first, 
then decreased rapidly, and subsequently enhanced slowly 
again.[49] Consequently, the precise control of active metal spe-
cies loading in SACs is crucial to the catalytic activity as well as 
stability. In a previous report, Yang’s group compared the PHE 
efficiency of Pt/TiO2 SAC with different Pt loadings (0.2, 0.5, 
and 2  wt.%) and TiO2-PD (pure TiO2 photodeposited 1 wt.% 
Pt-NPs).[57] The results showed that the photocatalytic activity 
was the highest when Pt loading was 0.2 wt.%, and the H2 pro-
duction rate can reach 169.6  μmol  h−1g−1 (Figure 6a). Another 
example is the formation of Pt-NPs when the Pt loading was 
increased from 1.15 to 1.54  wt.% (Figure  6b), resulting in an 
obvious decrease in the PHE rate.[58] It is worth noting that the 
enhancement of metal atoms on HER activity can be proved 
by calculating the trend of Tafel slope changing with the metal 
atoms content in SACs.[59] One of the routes for obtaining 
SACs with different loadings is by controlling the annealing 
temperature in Ar/H2 atmosphere, since the heat treatment 
can substantially influence the defect distribution.[60]

Compared to the particles in the nano-catalysts, the atoms 
dispersed in SACs provide higher energy and are easier to act 
as the active centers for enhancing reactivity.[61] However, highly 
dispersed M-SAs preferred to aggregate into clusters/nanopar-
ticles at high temperatures because of the high surface energy 
as well as thermodynamic instability. It is still challenging to 
maximize both the activity and durability of heterogeneous 
metals.[62] Inspired by the concerns above, Song et al. success-
fully fabricated Ru/Ni5P4 SAC with a Ru loading of 3.83 wt.% 
via the strong interaction between Ni defect sites and Ru3+.[63] 
Wan and co-workers reported a cascade anchoring strategy for 
the synthesis of SACs. First, a chelating agent (glucose) was 
employed to isolate the metal ions, and then the generated 
chelated metal complexes were pyrolyzed to protect the metal 
atoms.[64] Moreover, Uzun et al. anchored Ir-SAs by oxygen-con-
taining groups on reduced graphene aerogel (rGA), obtaining 
a SAC with ultrahigh Ir loading amount of 14.8  wt.%.[65] The 

Adv. Energy Mater. 2022, 2200875



www.advenergymat.de

© 2022 Wiley-VCH GmbH2200875 (9 of 72)

www.advancedsciencenews.com

highlight of this brilliant synthesis strategy was that Ir-SAC 
was fabricated via the reaction of precursor Ir(CO)2(acac) with 
the rGA support, in which Ir(CO)2 species were grafted onto 
rGA. First, rGA support. Specifically, rGA contained abun-
dant surface oxygen atoms and provided a high surface area 
(1000  m2  g−1). These surface oxygen atoms can react with 
Ir(CO)2(acac), which was similar to the clean reaction on metal 
oxides. Very recently, a facile hydrothermal method has been 
employed to fabricate a Ru SAC containing a high amount of 
atomic Ru species (7.2  wt.%).[66] In this study, N, S-codoped 
graphene oxide was prepared as support. The strong coordina-
tion interactions between atomic Ru species and support with 
enriched functional groups induced good sorption and chela-
tion capacities. Furthermore, the migration and aggregation of 
Ru atoms were well avoided in a mild hydrothermal environ-
ment. In another work, a Pt SAC supported on the chemically 
exfoliated MoS2 (Pt-SAs/MoS2, containing 5.1  wt.% Pt) was 
obtained by the underpotential deposition (UPD) approach.[67] 
It has been revealed that the interaction between metals and the 
support is more energetically favorable than metal–metal inter-
action in the metal bulk during the UPD process. As a result, 
the growth of Pt-SAs would be automatically controlled to ter-
minate. Such a self-termination offers a promising strategy to 
rapidly and controllably prepare high-performance SACs with 
high metal loading.

From the perspective of chemical reaction collision theory, 
one of the strategies to improve the activity of catalysts is to 
prepare high-loading SACs, that is, to increase the amount of 
metal in exchange for high catalytic activity. The difficulty of 
this strategy is that high concentrations SACs (>2 wt.%) are still 
prone to serious agglomeration even on strongly polar metal 
oxide supports.[68] Therefore, it is very important to optimize the 
design strategies of SACs. The typical methods usually imple-
mented the anchoring of SAs through the post-modification 

strategy on the synthesized supports, which greatly limited the 
loading of M-SAs.[69] In this regard, Zhou et al. coordinated the 
Pt SAs with the porphyrin precursor group, and subsequently 
assembled them into ultrathin (2.4 ± 0.9 nm) 2D metal–organic 
framework (MOFs) nanosheets to obtain PtSA-MNSs with 
ultrahigh Pt loading up to 12 wt.%, as illustrated in Figure 6c.[70] 
This strategy of introducing M-SAs first and then con-
structing the support provides a new idea for the preparation 
of 2D  SACs. Besides, zirconium–porphyrinic MOF hollow 
nanotubes (HNTM) synthesized through a competitive coordi-
nation strategy can satisfactorily support a variety of precious 
metals, including Ir (1.41 wt.%), Pt (2.74 wt.%), Ru (1.92 wt.%), 
Au (1.18  wt.%), and Pd (3.68  wt.%).[71] Another remarkable 
preparation approach is to pyrolyze the pre-designed bimetallic 
Zn/CO MOFs (Figure  6d). After selectively evaporating Zn at 
a high temperature above 800  °C, the loading of Co-SAs on 
N doped porous carbon can be as high as more than 4 wt.%.[51] 
Intriguingly, the addition of Zn2+ was substituted for a certain 
proportion of Co2+ sites, thereby acting as a fence to extend the 
distance between adjacent Co atoms.

It is unneglected that the appropriate supports are the key to 
the fabrication of high-loading SACs as well. MOFs materials 
have become the ideal choice results from their flexible geom-
etry, size, and function.[72] However, the use of a large number of 
metal precursors as well as high-temperature pyrolysis still does 
not strictly prevent metal aggregation, especially when an acid 
etching process is required to remove nonmetallic species.[73] 
The greater challenge is how to controllably and uniformly 
create single active sites on the supports to improve reproduc-
ibility.[74] To this end, Feng′s group reported a multilayer stabi-
lization strategy to construct ultrahigh loading (up to 16 wt.%) 
M-SACs (M = Fe, Co, Ru, Ir, and Pt) in N, S, and F codoped 
graphitized carbon (NSFC).[75] As illustrated  in Figure  6e, the 
authors first restricted the organometallic precursors (OMs) to 

Figure 6. a) Comparison of the H2 evolution activity and TOFs of different loadings of Pt/TiO2 under UV/Vis light irradiation. Reproduced with  
permission.[57] Copyright 2014, Wiley-VCH. b) HRTEM image of Pt nanoparticles with a diameter of ≈4 nm. Reproduced with permission.[58] Copyright 
2019, Elsevier Inc. c) Illustration of the preparation approach for the PtSA-MNSs. Reproduced with permission.[70] Copyright 2019, John Wiley and Sons. 
d) The formation of Co SAs/N-C. Reproduced with permission.[51] Copyright 2016, John Wiley and Sons. e) Illustration of the synthetic route toward the 
Fe–SA–NSFC. Reproduced with permission.[75] Copyright 2020, Nature Publishing Group.
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perfluorotetradecanoic acid (PFTA) bilayers, and then the final 
pyrolysis process was conducted after further coating with PPy 
layers. The migration of OMs during the pyrolysis process was 
effectively prevented by the confinement of PFTA and PPy, 
which promoted the coordination of isolated metal atoms with 
the N atoms in the porous graphitized carbon. Another issue 
is that the numbers of defects and anchoring ligands usually 
limit the metal mass loading in the common preparation strat-
egies of SACs. In this regard, substitutionally doping M-SAs 
into MoS2 via a spontaneous reduction method is an effective 
means of avoiding this limitation, obtaining a Ru/np-MoS2 
SAC with high Ru loading amount of approximately 8.0 at %.[76]

According to the above discussion, briefly, the strategies for 
fabricating SACs with high mass loading and uniformly dis-
persed active sites are mainly divided into two parties: i) opti-
mizing preparation strategies, for instance, using precursors, 
high temperature pyrolysis, and changing the order of SAs intro-
duction; ii) selection of suitable supports, such as with high sur-
face area as well as defects. To be sure, from the point of view of 
industrialization, “low loading–high reactivity” is certainly one 
of the main hard indicators for the practical application of SACs 
due to cost–effectiveness. Nevertheless, it cannot be ignored that 
“higher loading–higher reactivity” means that the density of cat-
alytic sites will increase by orders of magnitude, which is a key 

criterion for practical catalytic applications as well. More impor-
tantly, SACs with high mass loading are difficult to design, for 
which researchers need to be considerate enough during syn-
thesis. In the long run, the structure–performance relationship 
in SACs and the universality of synthetic strategies will surely 
be greatly developed as a result.

2.4. Doping Heteroatoms into Supports

The catalytic performance and selectivity of SACs are also 
affected by the coordination environment surrounding active 
metal sites. Heteroatom doping is a very effective strategy, 
which can well regulate the coordination chemical environment 
in SACs to adapt to different catalytic systems. As for HER, 
heteroatom doping can optimize the thermodynamic hydrogen 
adsorption/desorption on the catalyst surface via adjusting 
the electronic configuration of SACs. Typically, in addition to 
M-SAs participating in the catalytic reaction, the neighboring 
coordination atoms also play a critical role in catalytic reactions. 
As shown in Figure 7a, the electronic structure of metal sites 
in SACs can alter with the difference of the binding sites in the 
first coordination shell around it, which leads to the altering of 
catalytic performance. This property is similar to the important 

Figure 7. a) Illustration of the first and second coordination shells of atomically dispersed catalysts. Reproduced with permission.[47] Copyright 2018, 
National Science Review. b,c) pDOS of (b) hydrogen-free and (c) two hydrogen atoms adsorbed on Pt catalysts supported by NGNs with Fermi level 
shifted to zero. pDOS of graphene, N atom and d-orbitals of Pt are shown in the upper, middle, and lower parts of the panel, respectively. Reproduced 
with permission.[85] Copyright 2016, Nature Publishing Group. d) N 1s spectra of Ru- formaldehyde (top) and Ru-NC-700 (bottom). Reproduced with 
permission.[86c] Copyright 2019, Nature Publishing Group. e) P2p XPS spectra of Co1-phosphorus/PCN samples. f) Schematic diagram of the structure 
of Co1-phosphorus/PCN. Reproduced with permission.[55b] Copyright 2017, John Wiley and Sons.
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role of ligands in homogeneous catalysts. In addition, the metal 
cations on the support can easily become the second coordi-
nation shell and get involved in the catalytic reaction together 
with the primary catalytic metal atoms.[47] The modulation of 
the local coordination environment around M-SAs is of great 
significance to the enhancement of the catalytic performance 
and stability toward H2 evolution.

Currently, catalysts mainly rely on transition or noble metals, 
utilizing their special d-orbitals to bond with substrate mole-
cules for the formation of transition states with lower energy 
barriers. For non-metals, it is generally believed that they have 
no empty orbits and are difficult to participate in the catalytic 
process. In fact, the p-block elements lacking electronic flex-
ibility and tend to certain oxidation states may endow the pre-
pared catalysts with attractive stability and adjustability.[77] The 
light p-block with natural abundance and low toxicity, such 
as carbon, oxygen, nitrogen, sulfur, or phosphorus, are ideal 
candidates for the fabrication of heteroatom-doped catalysts. 
Introducing heteroatoms (such as N, S, P) into the supports 
has been proved an efficient strategy for regulating the coor-
dination environment. On the one hand, heteroatom-doping 
sites can be employed as coordination centers to stabilize 
metal atoms. On the other hand, the atomic radius and elec-
tronegativity of heteroatoms can be also used to adjust the elec-
tronic structure of metal atoms.[78] Especially for carbon-based 
supports, heteroatom dopants can remedy their lack of suit-
able sites to form strong MSI. For example, graphitic carbon 
nitride (g-C3N4) treated by phosphating can promote the sepa-
ration of photogenerated carriers,[79] and the electron density 
of the Pd-SAs anchored on the C3N4 support was substantially 
depleted by the coordination N atom.[80] Since the difference in 
position and bonding state, the types of heteroatoms are also 
different. For example, N dopants are divided into pyridinic-
N, pyrrolic-N, graphitic-N, quaternary-N, sp-N, oxidized-N and 
quaternary N,[81] and S dopants are divided into thiophene-S as 
well as oxidized-S.[82]

It has been reported that the functionality of carbon support 
can be changed via N atoms doping. In the meantime, the N 
atom is one of the most widely used ligand dopants at present, 
which can help to solve the problem that the weak bonding 
between Mo2C and metal atoms leads to the latter being prone 
to irreversible agglomeration during the synthesis, as well as 
the dissolution loss in the catalytic process.[83] Ru-SAs could 
be well dispersed on N-doped Mo2C nanosheets via an anti-
Ostwald ripening strategy. The surface digging effect produced 
by N-doping further prevented the aggregation of Ru-SAs.[84] 
For N-doped carbon supports, since the electronegativity of 
N atoms is higher than that of C atoms, more electrons can 
be obtained. This negative charge transfer induced by the N 
dopants can be the main reason accounting for the decrease 
of the electron accumulation on the H atoms and thus the 
reduction of ΔGH*. Sun and co-workers modified graphene 
nanosheets with N-doping (NGNs) to support Pt-SAs.[85] Par-
tial density of states (pDOS) and Bader charge analysis illus-
trated that N doping atoms caused the charge transfer between 
Pt atoms and the support, and, consequently, the chemical 
bonding of Pt and NGNs resulted in unique electronic prop-
erties of Pt-SAs (Figure  7b,c). At the same time, the Pt-SAs 
adsorbed on the NGNs still had a positive charge and the 

N atoms obtained electrons, which suggested that these Pt-SAs  
contained more unoccupied 5d density of states. In this case, 
the H atom would interact strongly with the Pt atoms, resulting 
in electron pairing and hydride formation.[85] In the Ru and 
N codoped carbon nanowires (Ru-NC) obtained by high- 
temperature pyrolysis using Te nanowires as sacrificial tem-
plates, N existed in the carbon substrate in four forms, that is, 
pyridinic-, pyrrolic-, graphitic-, and oxidized-N (Figure  7d).[86] 
The total N content in Ru-NC decreased with the reduction of 
pyrolysis temperature. First-principles calculations speculated 
that the active site of HER was probably the atomic Ru centers 
(RuCxNy) related to the coordination of N and C. In other words, 
the formation of RuC2N2 molecules was the key to the high cat-
alytic activity. Notably, Ru and adjacent C atoms were possible 
active sites.[86c] Of particular note is that N plays a critical role  
in the formation of catalytic active sites, and the N-doping level 
is significantly affected by doping temperature. According to a 
report, a doping temperature above 550 °C was a necessary con-
dition for inducing Co-NG SAC to form CoN active sites.[16a]

The reported P-doped SACs are mainly applied in various 
hydrogenation,[16i,87] photocatalytic,[55b] and electrocatalytic reac-
tions.[88] P-doped SACs for H2 evolution are rarely reported 
compared to the doping of N and S heteroatoms. Generally 
speaking, pure carbon-based supports have low electrochemical 
activity, which is unfavorable for H2 generation. Among carbon-
based supports, such as typical g-C3N4, the introduction of P 
can dramatically enhance their delocalized p bonds to improve 
conductivity.[89] Wei′s group changed the coordination envi-
ronment of Co-SAs on g-C3N4 through a facile phosphidation 
method (denoted as Co1 phosphide/PCN).[55b] XPS results in 
Figure 7e showed that there were two peaks in Co1-phosphide/
PCN, which can represent the characteristic of phosphide spe-
cies (129.5 eV) and PN coordination (133.1 eV). It means that 
partial P atoms may substitute the C atoms in the triazine rings 
to form PN bonds in the g-C3N4 framework. The formation of 
the isolated Co1P4 structure was confirmed by XANES spectra 
(Figure 7f). Remarkably, the PHE activity of the Co1-phosphide/
PCN sample was 274 times higher than before phosphating.

In addition, multicomponent heteroatoms codoping also 
has great potential to boost H2 evolution catalytic activity. For 
example, isolated Ru SAs could be stabilized on 2D titanium 
carbide MXene (Ti3C2Tx) support by forming RuN and RuS 
bonds with N and S atoms, respectively.[90] It was demonstrated 
through the control experiment that the catalytic properties 
of MXene doped with both S and N atoms were higher com-
pared to single component doping. This is reasonable because 
the strong electronegativity and varying atomic radii of N and 
S atoms allow them to form two different binding sites with 
single Ru atoms. In this case, the HER process, which occurs 
at the interface between this Ru-MXene SAC and electrolyte, 
can be more effective. Although S and N are both p-block ele-
ments, the larger atomic radius and lower electronegativity of 
the S atoms can spontaneously create defects on the carbon 
supports and alter the electronic structure of the active sites.[91] 
In another report on Mo-based SACs, the introduction of S 
atoms as a dopant into N-doped carbon could further control 
the electron density distribution of the support, which is con-
ducive to H2 generation.[92] Specifically, on the one hand, S/N 
codoping caused tensile strain to the carbon supports and 
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simultaneously reduced ΔGH*. On the other hand, the relatively 
high electronegativity of S and N atoms would also increase the 
negative charge on adjacent C atoms, leading to the increase 
of charge on H atoms, and at the same time reducing the 
bonding strength of Mo atoms and hydrogen bonds.[92] Besides, 
the binding energy of Mo SAs on this S and N codoped carbon 
support was quite high, which could well prevent the aggrega-
tion of Mo atoms (Figure  8a–g). A similar phenomenon was 
observed on Ru/GO SAC with N, S codoping, in which the 
dual-coordinated interactions with the RuS and RuN bonds 
accelerated the HER kinetics.[66]

Subsequent research further unraveled the dynamic evo-
lution of heteroatoms in the coordination environment. 
The Multifunctional SAC fabricated by anchoring Co SAs on 
S/N  codoped hollow carbon spheres (N, S-HCS) showed out-
standing electrocatalytic activity for ORR, OER, and HER.[93] It 
was suggested by both experimental characterizations and theo-
retical calculations that the main reasons for the high activity of 
the SACs (Figure 8h): i) CoN4 sites formed by the coordina-
tion of Co atoms with neighboring N atoms; ii) the optimiza-
tion of the local coordination environment of the active sites 
owing to S with weaker electronegativity; and iii) the synergistic 
effect among carbon support, metal atoms and heteroatoms. It 
is important to highlight that the pivotal atom ratio of N/S is 
ordinarily constant and difficult to modify. Generally, it is neces-
sary to optimize the synthesis process to better N, S codoping.

2.5. Understanding and Utilizing Metal–Support Interaction

As a special type of supported metal catalyst, the active metal 
species in SACs are completely dispersed into isolated SAs 

through chemical bonding with surrounding atoms from the 
support.[43b] On the one hand, supports are not only employed 
to disperse and stabilize metals, but also interact with metals, 
thereby influencing the catalytic activity and selectivity.[94] 
Notably, the common characteristic of the active sites in the 
heterogeneous catalytic reaction is the direct contact between 
interfacial atoms and supports, as well as the generation of 
interaction.[95] As a result, how to rationally construct the 
metal–support interface determines whether there can be a 
significant breakthrough in H2 evolution efficiency.[96] On the 
other hand, after the charge transfer caused by the interaction 
between M-SAs and anchor sites of the support, all the M-SAs 
as the active centers are partially charged.[97] A representative 
example, as shown in Figure 9, is the strong coordination inter-
action between the lone pair electrons of N and the d-orbital 
of Ru atom to ensure that Ru-SAs are confined in the voids of 
MOFs.[98] The easy-to-adjust electronic structure of SACs offers 
controllability for the selection of ideal catalytic pathways.[99]

The change in the electronic state of the active center atoms 
usually causes a change in the adsorption state of the reaction 
substrate, which is also the reason for the high catalytic activity of 
SACs. It is worth noting that the surface free energy of metal spe-
cies increases sharply when they are reduced to subnanometer or 
even atomic scale. Isolated metal atoms with ultra-high surface 
energy always tend to aggregate into nanoparticles.[100] Therefore, 
it is necessary to suppress the aggregation of dispersed M-SAs 
by the MSI. Interestingly, recent studies have found that SACs 
have low or no activity in certain reactions.[101] The latest research 
showed that the interaction between metal substrates and the 
support during the reaction not only affected the catalytic activity 
by modulating the geometric and electronic characteristics of the 
metal species, but also promoted the reaction.[102]

Figure 8. The optimized six different S and N codoped carbon structures and formation energies of a) Mo/S1N1C, b) Mo/S2N1C, c) Mo/S3N1C, 
d) Mo/S4N1C, e) Mo/S5N1C, and f) Mo/S6N1C. Grey sphere: C, blue sphere: N, cyan sphere: Mo, yellow sphere: S. g) Calculated Free energy versus the 
reaction coordinates of different S and N codoped carbon supported Mo SAs electrocatalysts at a potential U = 0. The inset indicates the significant 
difference in free energy between Mo/S1N1C and Mo/S6N1C. Reproduced with permission.[92] Copyright 2019, Elsevier Inc. h) Optimized configuration 
of CoN4 and CoN4S3 atomic interface models. Reproduced with permission.[93] Copyright 2020, John Wiley and Sons.
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2.5.1. Strong Metal–Support Interaction

Although it is generally accepted that the as-mentioned prop-
erties of the support materials are crucial in catalytic systems, 
how to control the interaction between metal atoms and the 
support to design the optimal composition and geometry of 
the metal sites is still quite challenging.[103] Especially for het-
erogeneous metal oxide supported catalysts, the mechanisms 
of support on the reaction activity include the stability of metal 
atoms, charge transfer properties,[12d,104] direct participation in 
catalytic reaction,[103a,105] and oxide encapsulation.[94,106] Pre-
vious studies showed that the catalytic activity of noble metal 
particles supported by reducible oxides was greatly improved 
after high-temperature H2 treatment. Tauster  et  al. designated 
this mechanism for regulating the catalytic performance of 
active sites as “SMSI”.[94] Nevertheless, there are two major 
challenges in adjusting the reactivity of heterogeneous metal 
catalysts through SMSI encapsulation state: i) it is difficult to 
find an intermediate configuration that allows the oxide over-
layer to fully interact with most of the exposed active sites;[107] ii) 
whether SAs and NPs can show similar or even the same SMSI 
state. The reversible suppression of CO adsorption observed 
on the Pt/TiO2 (where Pt-SAs and Pt-NPs coexistence) catalyst 
helped to unravel the typical SMSI effect in the SACs system.[108] 
As shown in the in situ DRIFT spectra (Figure 10a,b), due to the 
encapsulation state of Pt-NPs by the TiOx layer, Pt-NPs lost their 
CO adsorption strength after reduction at 250 °C, indicating the 
appearance of SMSI. Pt-SAs and Pt-NPs have common SMSI 
characteristics such as chemical adsorption and charge transfer. 
The difference is that, notwithstanding, SMSI occurred between 
Pt-SAs species and TiO2 support only after reduction treatment 
at 600 °C, and the CO adsorption strength could be recovered 
after oxidation treatment. According to the Low-energy ion 
scattering (LEIS), different from the physical encapsulation of 
Pt-NPs by TiO2 overlayer, single Pt atoms on the surface were 
neither embedded in the support nor encapsulated. Theoretical 
calculations further explained that the essence of this difference 
is that the Pt 18-electron coordination saturated configuration 

inhibited the CO adsorption of Pt atoms (Figure 10c,d). Briefly, 
the selective encapsulating of Pt-NPs proved that Pt-SAs pro-
vided the main active sites. One of the significant strategies to 
improve both the reactivity and selectivity of SACs is to solve 
the structural problem of SMSI overlayer poisoning or collapse 
during the catalytic reaction.[109]

2.5.2. Electronic Metal–Support Interaction

Further, modulating d-band structure of supported catalysts 
by the electron transfer can enhance the adsorption of reac-
tion intermediates, decreasing the energy barrier. The “EMSI” 
induced by this charge transfer is considered to be a superior 
explanation for the enhancement mechanism of supported 
catalysts than SMSI.[12d,110] In supported metal nanocatalysts 
with non-uniform atomic coordination sites, the charge of the 
support only greatly influences a couple of atomic layers at 
the metal–support interface.[95,111] Hence, the charge interac-
tion between metal species and the support in SACs, by  con-
trast, is much stronger.[112] Moreover, due to the interference of 
intrinsic metal effects, including the electronic quantum size 
effect[12d,104] and structure–sensitivity geometrical effect,[113] it is 
quite difficult to accurately identify the electronic state of metal 
particles or clusters. Fortunately, spatially uniform SACs pro-
vide an ideal catalytic model for solving the above problems. In 
turn, the EMSI effect can inhibit the migration of single metal 
species.

Recently, there are many studies have reported the application 
of EMSI in hydrogen evolution SACs, for instance, Ni-doped 
np-G,[114] Pd1/Co3O4,[115] and Mo1N1C2.[116] Bao et  al. have found 
that the introduction of Pt-SAs into MoS2 nanosheets would 
lead to new electronic states of Pt-MoS2.[40] As shown in 
Figure  11a, the increase in the electronic state near the Fermi 
level confirmed the EMSI occurring at the Pt-MoS2 interface. 
In other words, the prominent feature of EMSIS is to regulate 
the d-band centers of active metal sites via the charge transfer 
between supports and metal atoms.[117] A typical example is that 

Figure 9. Scheme of the proposed formation mechanisms for Ru SAs/NC. Reproduced with permission.[98] Copyright 2017, American Chemistry Society.
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Pt-SAs supported on mesoporous carbon (MC) had a positive 
charge (+0.270 eV) as well as unoccupied 5d densities of states 
on a single vacancy, which is critical for HER.[16d] The strong 
interaction of the 5d orbital of Pt-SAs and the highest unoccu-
pied electronic state both indicated the strong EMSI between 
Pt-SAs and the support (Figure  11b). Subsequent research by 
Lu et al. confirmed this.[115] They manipulate the unoccupied 5d 
state of Pt-SAs on Co3O4 through EMSI, which weakened the 
adsorption of ammonia borane and hydrogen molecules on 
Pt-SAs to a certain extent. Such an EMSI remarkably enhanced 
the hydrogen production activity of the SACs. A similar phe-
nomenon has already been observed by Chen’s group.[112] They 
revealed that the electron density around the metal sites could 
be redistributed when the electronic structure of SAC was tuned 
by EMSI, which promoted the electron transfer from the metal 
active sites to the reactants. More intriguingly, EMSI may exhibit 
differentiated effects on the electrons on diverse orbitals.[85] A 
similar result is that Pt atoms affect not just the neighboring 
atoms, they also impact the second and third coordination shells 
(Figure 11c,d).[118] Since the EMSI effect can greatly disperse and 
stabilize metal atoms, while significantly adjusting the elec-
tronic structure of metal atoms as well as the adsorption energy 
of intermediate species, EMSI has been extremely crucial in the 
rational design of catalysts at the atomic level.

The MSI is employed to stabilize the metal atoms on the 
support and control the coordination structure of SACs.[119] 
An in-depth study of the difference in electron transfer and 
adsorption/desorption behavior among different coordination 
configurations provides valuable insights into the stability of 
SAs and the superiority of catalytic activity. First-principles 
calculations can help us find potential SAs active sites, or suit-
able supports which can introduce active metal centers.[120] 
First of all, starting from the atomic structure and electronic 
properties of the supports, the most stable configuration 
and anchor sites can be calculated. Second, the aggrega-
tion induced by excessive surface free energy can be avoided 
through calculating the cohesive energy and bonding strength 
of metal atoms. Furthermore, both the electronic conductivity 
with the substrates and the metallic state of M-SAs can be 
demonstrated via calculating the total density of states (DOS) 
of SACs and pristine supports. By combining in situ or oper-
ando characterizations  to construct the optimized adsorption 
energy of possible H adsorption sites, the contribution of 
M-SAs can be better revealed to the catalytic reaction. Espe-
cially regarding the characterization techniques of oxidation 
state, such as XPS and XAFS, are powerful tools to under-
stand the reaction mechanism, because the oxidation state of 
M-SAs is directly affected by EMSI.

Figure 10. a) In situ CO-DRIFT spectra of Pt/TiO2 after He purging at room temperature. b) Pt/TiO2-C for two redox cycles. Optimized structures 
obtained from Born–Oppenheimer molecule simulations. c) Top view of (Pt(OH)2(H)2(Ti))-Ti23O47 and d) side view of (Pt(OH)2(H)2(Ti)(CO))-Ti23O47. 
White, brown, red, blue, and silver spheres represent H, C, O, Ti, and Pt. Reproduced with permission.[108] Copyright 2020, Wiley-VCH.
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3. Interface Engineering of SACs with Different 
Supports toward H2 Evolution

It must be pointed out it is unreasonable to simply discuss 
the performance of SACs without combining SAs with sup-
ports. As mentioned in the above sections, SAs exhibit excel-
lent catalytic activity by coordinating with their surrounding 
species. Correspondingly, the HER activity of SACs is closely 
related to both the composition and properties of the support. 
In heterogeneous catalysts, the interfacial effect caused by the 
strong bonding or interactions between two different active 
components will lead to the reconstruction of active sites.[121] 
The catalytic performance of such reconstructed active sites far 
surpasses that of individual components.

The metal–support interface at the atomic scale certainly 
brings astonishing catalytic performance. Due to the syner-
gistic effect between SA and support, it is of great significance 
to deeply and comprehensively explore the electronic and geo-
metric effects of supports for both the bonding strength and 
coordination properties of the metal–support interface. To date, 
a plethora of experimental and theoretical works have demon-
strated that metal oxides, transition metal (TM) compounds, 
and carbon-base materials can be used as suitable supports to 
stabilize SAs for H2 production. Based on these great break-
throughs in the design and exploitation, we will comprehen-
sively present the design strategies of M-SAs species stabilized 
on diverse supports in this section. To help better understand 
the correlation between geometric structure and electronic 

structure, as well as their impact on the H2 evolution process, 
particular attention will be paid to the discussion of electronic 
regulation, and the relationship between structure and intrinsic 
activities. It should be pointed out here that we do not simply 
summarize the synthesis methods of H2 evolution SACs in 
various reactions, but do attempt to achieve rational designs 
through the MSIs during specific catalytic reactions.

3.1. Interactions of Metal–Metal Oxide Supports

Among various types of SAC supports, oxide materials have 
attracted wide attention. Besides the high surface area, oxide sup-
ports surface contains abundant oxygen vacancies (O-vacancies, 
Ovac) and ·OH groups that can be used as ligands to coordinate 
with lone pair electrons of oxygen atoms.[21] Particularly, the pres-
ence of these O-vacancies can tune the electronic structure of 
metal species.[122] It can be confirmed that the M-SAs on suitable 
oxide supports are dispersed and firmly anchored because of the 
stronger metal–oxide bonding than metal–metal bonding.[109,119b] 
According to reports, there are currently three main strategies 
for stabilizing M-SAs on the oxide supports: i) confined to the 
porous structures or attached to the structural defects; ii) coor-
dinated with surface functional groups (such as O2− or OH−) or 
metal cations; iii) confined in the surface or lattice of the oxide 
supports by MSI.[45,123] In the following discussion, we would like 
to reveal the MSIs that occurred in the SACs supported by metal 
oxide materials during H2 production reaction.

Figure 11. a) Total DOS for one H absorbed on Pt-MoS2, and projected DOS of in-plane and edge sulfur atoms from pure MoS2 and Pt-MoS2. Repro-
duced with permission.[40] Copyright 2015, Royal Society of Chemistry. b) PDOS of H absorbed on a Pt SA of Pt1/MC. Reproduced with permission.[16d] 
Copyright 2017, Nature Publishing Group. c) Schematic diagram for the coordination shells for the Pt SAs over the graphene. d) ΔGH* on pure and 
Pt-supported graphene in different coordination shells. Reproduced with permission.[118] Copyright 2018, American Association for the Advancement 
of Science.
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3.1.1. TiO2-Supported SACs

TiO2, especially anatase- and rutile-phase TiO2, is the most 
widely studied semiconductor material owing to its good elec-
tronic band structure. Traditional TiO2-based catalysts usually 
support noble metals. Assembling noble metal nanoparticles on 
the TiO2 surface can form a Schottky junction at the interface, 
thereby inhibiting the recombination of photo-generated elec-
trons and holes in TiO2 to boost the PHE activity.[124] TiO2 has 
been proved to be a suitable support for photochemical applica-
tions of SACs as well. Yang’s group found that compared with 
Pt-NPs, Pt-SAs on the TiO2 surface contribute much more to 
the activity of photocatalytic H2 evolution.[125] After metallic Pt0 
nanoparticles were removed by the NaCN leaching method (2Pt 
→ 2[Pt(CN)4]2−), there were commonly only extremely small 
clusters such as single Pt atoms or dimers remain on TiO2(101). 
The PHE activity, however, was almost unaffected. In addition, 
single Pt atoms preferred to bond with two surface two-coordi-
nated O2c (Figure 12a), and Bader charge analysis showed that 
single Pt atoms was in the oxidation state (denoted as Ptδ+ with 
δ = 0.16). The above results suggested that the oxidation state 
Ptδ+ on the TiO2 surface were the real  catalytic active center. 
Subsequently, they further constructed a catalytic model for 
which isolated metal atoms (Pt, Pd, Rh, or Ru) are anchored 
on TiO2.[57] It is not feasible to separate atomically dispersed Pt 
sites by adsorption method or to introduce additional oxygen 
atoms to stabilize Pt atoms. The reason is that the former needs 
to expose a large amount of lattice oxygen coordination envi-
ronment for anchoring, whereas PtO sites of the latter are 
easily dissociated by hydrogen molecules to form PtH bonded 
lattice OH species.

The dynamic step structure allows Pt-SAs to be doped at 
the specific step edges of TiO2 (Figure  12b), where the Pt 
atoms are in the oxidation state Ptδ+ (δ  = 1.50), representing 
the catalytically real active site.[57] Recently, much attention 
has been paid to the study of anchoring SAs at the surface 
defects of hydrothermally grown anatase sheets with large 
(001) faces.[60a,126] Two main disadvantages of this kind of thin 
sheet can be overcome by controlling the annealing parameter 
(defects control): i) it is easy to be fluoride-terminated after 
hydrothermal synthesis and ii) it will deform at a very low sin-
tering temperature.[60a,127] On the one hand, Pt-SAs could pro-
mote the generation of surface O-vacancy sites in neighboring 
TiO2 units, thereby forming PtOTi3+ atomic interface. 
This interface could effectively facilitate the photogenerated 

electrons transfer from Ti3+ defect sites to Pt-SAs, thus pro-
moting the separation of electron–hole pairs.[48] On the other 
hand, the annealing parameter control can effectively adjust 
the defect density of Ti3+ centers located in the regular lat-
tice position and Ti3+ exposed on the surface, to optimize the 
PHE activity.[60a,128] Another alternative strategy to improve 
the hydrogen evolution activity of Pt/TiO2 SAC was to con-
struct TiO2 nanocrystals with (001) and (101) crystal planes 
exposed in an appropriate proportion (Figure 12c). The selec-
tive anchoring of Pt-SAs on the (101) plane could further 
enhance the “surface heterojunction” effect between the (001) 
and (101) planes.[129] According to the reports, Pt-SAs would 
coordinate with its trap environment (i.e., oxygen atoms on 
the oxide surface) to form a Pt4+ state.[130] This result proved 
the strong Pt atomTiO2 support interaction induced by the 
covalent bonding. Furthermore, DFT calculation provided a 
reliable model for designing suitable binding sites to stabilize 
non-noble metal atoms on TiO2 anatase (101) surface.

The TM atoms anchored in TiO2 have great application 
potential as well. Hyeon  et  al. predicted the electronic struc-
ture of Cu/TiO2 single-atom photocatalyst through DFT cal-
culations.[131] They thoroughly revealed that Cu-SAs acted as 
oxidative redox-active metal cofactors could reversibly regulate 
the local TiO2 lattice during the process of dynamic photo-
catalysis (Figure  13a). Specifically, the photoexcited electron 
localized into the Cu dz

2 state altered the valence state of 
the Cu atom after photo-excitation (Figure  13b). To balance 
the surface charge, an extra proton requires to be adsorbed 
on the surface (Figure 13c). The photogenerated electrons on 
pure TiO2 surface in the absence of Cu redox sites remained 
delocalized in the conduction band (CB) rather than at the 
metal sites (Figure  13d). More interestingly, the lattice dis-
tortion near TiO2 induced by Cu dz

2 state with an axial anti-
bonding character immobilized the localized electron at Cu, 
where the backside oxygen coordination was elongated from 
1.959 to 2.113 Å (Figure 13e). These results suggested the fun-
damental similarities of the atomic-level cooperative effect 
with metalloenzymes and homogeneous catalysis, which was 
usually disregarded in heterogeneous catalysis systems. A  
modified wrap-bake-peel process used in this study designed 
a type of MT/TiO2 (MT = Co, Fe, Ni, Cu, and Rh) SACs with 
special positions (Figure 13f). The order of hydrogen produc-
tion performance of these single-atom metal catalysts was  
Cu > Rh> Co > Ni > Fe. Interestingly, this experimental result 
was different from the report of the Yao’s group.[132] It may 

Figure 12. a) The optimized structure of single Pt atom on TiO2 surface. Reproduced with permission.[125] Copyright 2013, RSC Publishing. b) Pt doping 
at the specific step-edge represented by the (302) vicinal surface consisting (100) surface and (101) surface. Pt4c represents that a Ti4c is replaced by 
a Pt atom. Reproduced with permission.[57] Copyright 2014, John Wiley and Sons. c) The model of single Pt atoms selectively dispersed on the (101) 
facets of TiO2 Crystals. Reproduced with permission.[126b] Copyright 2017, Elsevier Inc.
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be ascribed to the difference in potential at support crystal 
sites induced by different synthesis approaches. The change 
of potential would lead to charge-transfer modification, which 
affected the catalytic performance.

3.1.2. FeOx-Supported SACs

Iron oxide, as a 3d-metal-based support with abundant oxygen 
coordination, is a kind of representative material for stabilizing 
M-SAs. Nevertheless, surface OH groups and the uncertainty 
of iron oxide composition are influential in the stability, which 
poses a challenge to accurately anchoring M-SAs. Besides, 
owing to the redox properties of iron oxides, different reaction 
conditions and the introduction of single metal atoms can easily 
change the activity of the oxides. In Ir1/FeOx SAC, the introduc-
tion of Ir-SAs significantly decreased the reduction tempera-
ture of FeOx support, thereby greatly promoting the reduction 
of FeOx. As a result, abundant oxygen vacancies were further 
generated, which provided sites for reactive oxygen species 
and the H2O dissociation to produce hydrogen.[53a] According 
to the report, Ir-SAs stabilized in the form of IrOFe played 
a leading role during the catalytic hydrogen generation reac-
tion. Recently, Li and co-workers reported an Ir1/FeOx SAC 
with “dual-metal sites” for WGSR.[123] The investigation by the 

combination of a theoretical and experimental study that the O 
atoms bonding with Fe species can be abstracted from the FeOx 
support by CO during WGSR, and then generate O-vacancies 
and promote the conversion of Fe3+ to Fe2+ (Figure 14a). When 
Ir1/FeOx with O-vacancies was used for WGSR (Figure  14b), 
the oxidation state of Ir1-SAs and surrounding Fe sites 
(denoted as Fe(a)) would change from Fe3+

O…Ir2+
Ovac to 

Fe2+
Ovac

…Ir3+
O. As shown in Figure  14c, Ir1-SAs in FeOx 

with Ovac occupy exactly the positions of Fe atoms. The above 
results suggest that the Ovac near the Ir1-SAs on the FeOx sur-
face is the key to the formation of the dual-metal sites. This is 
similar to the results of their previous study.[53a] Such a dual-
metal site composed of Ir1 and neighboring Fe atom synergisti-
cally promoted the production of H2.

The primitive rhombohedral unit cell of Fe2O3 with a mag-
netic configuration of (+  −  −  +) proved to be the most advan-
tageous magnetic configuration of α-Fe2O3 in terms of energy, 
which can be employed to construct surface slab.[133] Based on 
this, choosing the O3-terminated surface of Fe2O3 (001) can 
better stabilize Ir-SAs, in which each Ir atom coordinated with 
the third layer of Fe atoms below and three surface oxygen 
atoms (i.e., O3) (Figure 14d), meaning that Ir atoms substituted 
the Fe atoms on the O3-terminated surface.[123] It has been 
reported that CO adsorption in WGS could be weakened by 
reducing the size of the Pd species to increase the ratio of the 

Figure 13. a) Illustration of Cu/TiO2 in various states of photoactivation cycle. CT0: resting state; CT1: photoexcited state; CT2: valence change of 
the redox-active Cu-SAs; CT3: active state. Schematic illustrations of the photo-excitation process of b) photo-electron formation, c) its localization 
to Cu dz

2 antibonding state with surface protonation, and d) local structural distortion. The top panels show the DFT-optimized structure for each 
procedure. VB, valence band; CB, conduction band. e) DFT-optimized structures and band structures of TiO2 surfaces in a pristine state (left) and 
modified with an additional electron and a surface proton (right). The additional electron is delocalized at the CB of the TiO2 surface, which significantly 
elevates the Fermi level. f) Schematic diagram of Cu/TiO2 SACs synthesized by modified wrap-bake-peel process. Reproduced with permission.[131]  
Copyright 2019, Nature Publishing Group.
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onefold adsorption mode of CO at Pb sites.[134] The influence 
of Pb-SAs on the formation of oxygen vacancies on FeOx can 
be evaluated by H2-TPR experiments (Figure 14e).[135] The main 
reason may be that the reduction temperature of the catalyst 
decreased with the addition of Pd, as well as the spillover effect 
of hydrogen from the metal to the support.[136] Moreover, the 
H2 consumption ratio of 0.044 wt.% FeOx/Pd is about 22 times 
higher than that of 1.1  wt.% FeOx/Pd, indicating that Pd-SAs 
promoted the formation of O-vacancies. The H2 consumption 
amounts of PdO reduction to Pd demonstrated the support 
effect: the strong interaction between single Pd atoms and FeOx 
accelerates WGSR.

It can be seen from the above examples that M-SAs in 
SACs with oxides as supports are usually anchored on the 
support surface through binding with the metal cations or 
occupying the vacancies in the support, which is in the form 
of metalO–support.[137] M-SAs are neutral atoms and have 
weak interaction with support. The preparation process, there-
fore, requires relatively harsh reduction reaction conditions. 
In addition, the metal–oxide interface sites have been recog-
nized as catalytic reaction zones. Nevertheless, it is almost 
impossible to reveal the real appearance of the MSI owing to 
the difficulty in controlling well the O-vacancies at the metal–
oxide interface. In summary, it is necessary to systematically 
study the microchemical environment and acid/alkaline prop-
erties in the interface.

3.2. Single Atoms on Transition Metal Compound Supports

3.2.1. Anchoring SACs by Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs), a graphene-like 
2D nanomaterial possessing excellent chemical/physical prop-
erties and low prices, have been widely used in hydrogen gen-
eration, energy storage, and various catalysis.[138] The strong 
spin-orbit coupling (SOC) effect in 2D TMDs MX2 (M stands 
for Mo, Nb, W, or V; X represents S, Se, or Te) brings new 
physical properties, such as the quantum spin Hall (QSH) 
effect observed in single-layer 1T’MX2,[91c,139] the supercon-
ductivity of few-layer 1TdMoTe2,[140] as well as 2HNbSe2,[141] 
which make them the focus of physics and materials science. 
TMDs offer a superior flexible and variable coordination envi-
ronment, in which the chalcogen and adjacent TMs can syn-
ergistically modulate the electronic structure of SACs through 
the EMSI effect.[112,142]

Generally, single metal atoms can be immobilized on TMDs 
through doping or adsorption, thus significantly improving the 
catalytic performance.[143] Sulfur vacancy defects are crucial for 
TMDs in tuning both the arrangement and electronic struc-
ture of adjacent atoms. Consequently, enough attention should 
be paid to the precise control of S-vacancy parameters, for 
example, both the concentration and distribution of S-vacancy, 
and the coordinated regulation of the two. In recent reports, 

Figure 14. a) In situ DRIFTS spectra of Ir1/FeOx samples with Ovac during WGSR. b) Illustration of the dual-metal sites (Fe(a) and Ir1) and two inter-
mediates (ii and ii-a) during the redox process on Ir1/FeOx for WGSR. c) HAADF-STEM images of Ir1/FeOx with Ovac. Reproduced with permission.[123] 
Copyright 2020, John Wiley and Sons. d) Model of Ir1/FeOx with O-vacancy from top view (left) and side view (right), where the O atoms are positioned 
at a triangle on the surface of Ir1/FeOx SAC. Blue: Ir SA; Purple: Fe atom; Red: O atom. Reproduced with permission.[123] Copyright 2019, John Wiley and 
Sons. e) H2-TPR profiles of FeOx, Pd/Al2O3, and Pd/FeOx SAC with different Pd loadings. Reproduced with permission.[135] Copyright 2017, American 
Institute of Chemical Engineers.
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the introduction of a single S vacancy uniformly distributed on 
MoS2 surface is expected to be one of the effective ways to fur-
ther improve the catalytic performance of TMD SACs.[144]

MoS2-Based SACs: 2D MoS2 is a typical representative of 
TMD nanomaterials in H2 evolution. In particular, MoS2 
shows splendid HER performance in water owing to the 
hydrogen binding energy close to that of Pt, which is regarded 
as a high-activity and low-cost alternative to Pt-based metal 
electrocatalysts.[145] Previous studies have shown that the unsat-
urated Mo and S atoms located at the edges of the MoS2 (010) 
and (100) crystal planes were the active sites in HER.[146] How-
ever, the small number of active sites and the high proportion of 
electrochemically inactive basal planes of MoS2 greatly limit its 
HER performance. It is commonly believed that the introduc-
tion of metal atoms, such as Co,[147] Ni,[148] Ru,[149] Pt,[40,150] and 
Zn,[151] can enhance the conductive charge on the basal plane 
and accelerate the charge transfer on the catalytic electrode, 
which is an effective strategy to improve the catalytic activity 
of MoS2. For example, the isolated Ni atoms modified to the 
lattice structure of MoS2 can substitute partial Mo atoms, thus 
effectively activating S atoms in the basal plane to adjust the 
electronic structure of the catalyst (Figure 15a).[152] Specifically, 
electrons transferred from Ni to S through the NiS bond after 
Ni atoms modification, and the resulting positively charged Ni 
centers would significantly increase the content of high-valence 

Mo (Mo6+)[153] According to previous reports, the HER perfor-
mance of Pt-SAs doped on MoS2 (Pt1-MoS2) was similar to that 
of Pt-SAs supported on MoS2 (Pt1/MoS2), but Pt1-MoS2 had 
superior stability as well as resistance to toxicity.[40] It should be 
noticed that the true active sites were S instead of Pt. Due to the 
special SMoS three layer unit structure of MoS2, Pt atoms in 
the doping layer could be protected from contact with the reac-
tion medium and reactants, which is the main reason for the 
stability of Pt1-MoS2.[154] The above examples indicate that suit-
able M-SAs doping can dramatically enhance the HER activity 
of the 2H phase MoS2.

Doping metal atoms into the MoS2 lattice, nevertheless, will 
inevitably lead to excessive hydrogen adsorption at the edge. 
Given that this excessive activation of the MoS2 edge is not 
beneficial to HER, there is a solution that exploits the three-
layer atomic structure of MoS2 to multi-dimensionally regulate 
the surface and inner layer of the MoS2 lattice simultaneously, 
which can selectively activate the basal plane while stabilizing 
the edge without quenching the activity. MoS2 co-doped with Co 
and Se atoms is an ingenious modification strategy. DFT calcu-
lations showed that Se atoms doped in the surface S-layer could 
stabilize both the basal plane and edge sites by forming CoSe 
bonds (Figure  15b–d). Meanwhile, they were able to weaken 
the excessive hydrogen adsorption on the Mo-edge S sites 
induced by the Co-confined in the inner Mo-layer significantly 

Figure 15. a) High resolution Mo 3d spectra of MCM@MoS2-Ni (left) and MCM@MoS2 (right). Reproduced with permission.[152] Copyright 2018, John 
Wiley and Sons. b) Adsorption free energies of H* (ΔGH) and c) adsorption structures of H* at the in-plane, Mo-edge, and S-edge sites of Co/Se MoS2. 
d) Structures of Co/Se co-confining basal plane, Mo-edge, and S-edge. Reproduced with permission.[155] Copyright 2020, Nature Publishing Group.
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enhancing the hydrogen adsorption on the basal plane S sites 
(ΔGH*  =  −0.47  eV).[155] Interestingly, these results mean that 
the activation effect of Co atoms and the stabilization effect of 
Se atoms are synergistic, and both enrich the active sites and 
optimize the hydrogen adsorption activity. In any case, defect 
engineering is always an important strategy to maximize the 
catalytic activity of SACs.

Regarding the crystal structure of the MoS2 supports, there is 
a semiconductor 2H phase (2HMoS2) and metallic 1T phase 
(1Tand 1T’MoS2) in MoS2 crystal. 2HMoS2 is composed 
of two SMoS layers, presents a triangular prism shape, and 
naturally exists in bulk MoS2. On the contrary, 1Tphase MoS2 
is an octahedron composed of a single SMoS layer, and the 
crystal needs to be exfoliated.[156] 1T phase MoS2 has greater 
potential than 2HMoS2 in terms of activating the inert basal 
plane, because the active sites of the former exist both on the 
edge and in-plane domains.[157] What cannot be ignored is how 
to modulate and stabilize the phase transition from 2H phase to 
1T phase. According to DFT calculations, the strain induced by 
the lattice mismatch and the bonding of metal atoms with S is 
considered feasible methods for the phase transition of MoS2.[158] 
In 2018, Xing et al. have reported for the first time that the redox 
characteristic of MoS2 was employed to induce interfacial het-
eroatoms doping.[159] They took advantage of a thermodynamic 
spontaneous interfacial redox reaction approach to chemically 
activate the surface basal plane of MoS2 by doping with low con-
tent of atomic Pd. According to the combination of characteriza-
tion and theoretical calculation, the Pd substitution occurs at the 
surface Mo sites, where the covalent bonding between Pd and S 
atoms (with the PdS coordination number of 4.3) leads to the 
generation of S-vacancies and the transformation to the 1T phase 
(Figure  16a). It has been confirmed that 1TMoS2 exhibited 
superior stability than 2HMoS2, and S atop site next to Pd atom 

showed ultralow hydrogen adsorption energy (ΔGH = −0.02 eV), 
as illustrated  in Figure  16b,c. Based on this study, Tan and 
co-workers have revealed that the bending strain induced from 
the nanotube-shaped ligament of nanoporous 1TMoS2 could 
increase the MoMo radial distance, changing the atomic 
arrangement of the resulting SAC (Figure  16d). The formation 
energy of S-vacancies after Ru doping decreased to 0.832  eV, 
lower than that before Ru doping, suggesting the feasibility of 
creating SVs by Ru doping. It is assumed that the introduction 
of Ru-SAs into MoS2 would lead to the loss of surrounding S 
atoms, and the Mo atoms in these formed S-vacancies could 
directly bind with H2O molecules.[76]

More interestingly, M-SAs doped in 1T phase usually become 
the active sites in HER, which is far cry from the pristine 2H 
phase. For example, Pt-SAs have been proved to be ideal active 
sites after being doped into 1T’MoS2 via the interface engi-
neering method (Figure  17a,b).[150] Experimental investigations 
and theoretical calculations revealed that Pt-SAs located at the top 
of MoS2 would continue to concentrate hydrogen owing to the 
tip effect. Moreover, in acidic and alkaline media, Ni-SAs on the 
1TMoS2 basal edge served as active sites directly or after forming 
NiO species (Figure  17c).[160] Certainly, the electronic properties 
and catalytic activity of MoS2 doped with different TMs will be 
varied greatly because of the difference in geometric characteris-
tics and the binding tendency of surface sites.[148b] Taking Co and 
Ni atoms as an example, Co tends to bind on the S–phase exposed 
on MoS2 surface. However, the geometric constraints induced by 
the large size of Co atoms make it impossible to form CoMo 
interaction. Instead, due to the stereospecificity formed through 
metal–metal bonds, Ni allows the establishment of the Ni-Mo 
interactions to modify Mo sites. Nonetheless, the potential cost is 
the ΔGH* at the surface exposed Mo sites will deviate from zero 
under high hydrogen coverage, resulting in decreased activity.

Figure 16. a) TEM image of 1%Pd-MoS2. Blue and yellow spheres represent Mo and S atoms, respectively. Scale bar: 1 nm. b) Adsorption positions 
for a single H atom absorbing on pristine MoS2 and 1TPd-MoS2. Purple sphere: Mo; yellow sphere: S; blue sphere: Pd. c) Calculated free energy 
diagram for hydrogen evolution of different active sites. Reproduced with permission.[159] Copyright 2018, Nature Publishing Group. d) Illustration of 
the construction Ru/np-MoS2. Reproduced with permission.[76] Copyright 2021, Nature Publishing Group.
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VS2-Based SACs: VS2, which belongs to TMDs nanoma-
terials as well, has the same 2D layered structure as MoS2, 
but its intrinsically metallic phase conductivity is entirely 
different. There are fewer reports on the introduction of 
single metal atoms in VS2 compared to MoS2. However, the 
advantage of VS2 is that the stable 1T phase structure can be 
constructed only by means of a facile preparation method 
(a one-step hydrothermal treatment at 160 °C).[59] The photo-
thermal reaction method can anchor Pt-SAs on VS2 well, and 
it is easy to control the structure of the catalyst. Characteriza-
tion analysis showed that Pt atoms were mainly stabilized on 
the VS2 surface through PtS bond, which was similar to the 
way 1TMoS2 fixed metal atoms. It has been demonstrated 
that Pt-SAs can exist as a substitute for V atoms or adsorbed 
species on the surface of VS2 via a combination of DFT calcu-
lations, and either method is favorable for the adsorption and 
desorption process of hydrogen.

Except for MoS2, there are few reports on the application 
of other TMDs as SAC supports toward H2 production. Given 
the special electronic band structure of TMDs, such as charge 
density wave, topological phases, and semiconductor (super-
conductivity) properties,[161] we believe that there are still many 
such kinds of materials that have the potential to boost the H2 
evolution activity of single metal/metal-free atoms catalysts.

3.2.2. Anchoring SACs by Transition Metal Carbides

Owing to the properties of metallic electrical conductivity, 
chemical stability, and corrosion resistance, transition-metal 
carbides (TMCs) have been widely studied in H2 production 
applications.[162] It has been reported that TMCs with noble 
metal like electronic structure exhibit HER activity similar to 
Pt.[163] Besides, the high electronic conductivity produced by 
interstitial alloys gives TMCs inherent advantages as electro-
catalysts. More significantly, for electrocatalytic HER, especially 
in acidic media, TMCs are ideal supports for SACs because of 
their corrosion resistance, toxicity resistance, and strong inter-
action with metals.[69b,164]

The first problem to be solved is that the HER kinetics will 
be slowed down due to the excessively strong binding between 
TMCs and H intermediates.[165] Effective electronic modulation 
is a key step in the design of TMCs-supported SACs. The elec-
tronic structure of TMCs is affected by the interaction between 
the spd orbitals of metal atoms and sp orbitals of C atoms 
(Figure 18). Hence, the variable crystal structures of TMCs gen-
erally have different catalytic properties.[162b,166] For example, 
among a dozen different phases of MoxC (including α-Mo2C, 
α-MoC1−x, β-Mo2C, γ-MOC, η-MOC, δ-MoC), β-Mo2C(011) is 
more suitable for the electrocatalytic process closely related to 
the electron transfer in the surface adsorption.[167] Likewise, 
the electronic deployment of SACs largely determines the HER 
performance as well. The tunable d-band of TMCs that depends 
on composition and crystallography can optimize H-binding, 
thereby accelerating the HER kinetics. Besides, another chal-
lenge is to stabilize M-SAs on TMCs while maximizing the 
exposure of metal sites with high activity.

Stabilizing SACs by Mo2C and TiC: To design SACs ration-
ally, Sahoo et al. introduced single M (M = Cu, Ag, Au, Ni, Pd, 
or Pt) atoms on the perfect or defective TiC(001) surface.[168] 
As the previous report, carbon top (CT) on a perfect surface 
acted as a more favorable adsorption site than titanium top 
(TT) and hollow (H).[169] Notwithstanding, the energy barriers 
of M atoms were lower than the binding energy, indicating 
that the tendency of metal atomic aggregation and migration 
on perfect TiC(001) was not stable (Figure 19a). After creating 
the C-vacancy defects on the TiC surface, they calculated 
that the Ti-rich environment (−0.95  eV) was more energeti-
cally favorable than that C-rich (2.50  eV) condition.[168] From 
a thermodynamic point of view, the carbon chemical poten-
tial (Δμc) ranged from −1.76 (Ti-rich) to 0  eV (C-rich), which 
demonstrated that M atoms were preferentially stabilized on 
the Ti-rich surface (i.e., C-vacancy state). Moreover, combined 
with the DOS analysis, it could be concluded that M-SAs 
embedded in the C-vacancies on the TiC surface reveal higher 
charge transfer as well as stronger interaction with the sup-
port. This research provides guidelines for the establishment 
of the SACs catalytic system.

Figure 17. a) Optimum structure of Pt-1T’MoS2. b) Differential adsorption free energy ΔGH diagram of the H atom absorbed on the Pt atom. 
Reproduced with permission.[150] Copyright 2019, American Chemical Society. c) Schematic illustration of Ni@1TMoS2 active species under 
acidic (left) and alkaline (right) conditions, in which the structure under alkaline conditions is representative. Reproduced with permission.[160]  
Copyright 2020, Nature Publishing Group.
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Mo2C has been developed as one of the supports of high-
performance single-atom electrocatalysts (SAECs). The unoc-
cupied d-orbitals with a large density in Mo are the crucial 
reason for limiting the HER performance of Mo2C.[170] The 

introduction of group VIII metals into Mo2C can make up for 
this deficiency and significantly improve its electrocatalytic 
activity.[171] Thermal annealing of Mo/Zn bimetallic imidazole 
framework is the latest developed method for the synthesis of 

Figure 18. Schematic diagram of the catalytic properties of TMCs depending on the metal–carbon interaction. Reproduced with permission.[162b] 
Copyright 2018, Wiley-VCH.

Figure 19. a) Binding energies of single M atoms on the CT site of perfect TiC(001) and the diffusion barriers from the CT site to the nearest CT site. 
Reproduced with permission.[168] Copyright 2019, American Chemical Society. b) Schematic illustration of the synthesis of Co/Mo2C. c) Schematic 
formation mechanism of CoMo3 moieties on the surface of Mo2C. Reproduced with permission.[172] Copyright 2020, Royal Society of Chemistry.  
d) Schematic illustration of the synthesis and e) XRD pattern of Ni/β-Mo2C. Reproduced with permission.[173a] Copyright 2018, Royal Society of  
Chemistry. f) Optimized geometry of the Mo termination and C termination of β-Mo2C(001) surface. Blue and gray spheres represent Mo and C atoms, 
respectively. Reproduced with permission.[173b] Copyright 2017, Royal Society of Chemistry.
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porous 2D Mo2C support (Figure 19b).[172] The sacrificial Zn at 
high temperatures would leave a large number of metal vacan-
cies to introduce atomically dispersed TM (such as Co, Ni, 
and Cu) to anchor accurately on the exposed Mo termination 
surface (Figure  19c). XANES and EXAFS analysis indicated 
that each metal atom was coordinated with three adjacent Mo 
atoms. As a representative bifunctional catalyst for both HER 
and OER, Co/Mo2C SAC had moderate bonding strength with 
H and OH species in alkaline OER and HER, which is ben-
eficial to the dissociation of H2O. Recent studies have found 
that only SACs fabricated with β-Mo2C as support were the 
most effective for HER among the various crystal structures of 
Mo2C.[173] Not only that, β-Mo2C is generally considered to be 
the most stable as well. Ni/β-Mo2C SAC was obtained via the 
use of metal–organic materials (MOMs) containing metal ions 
(Ni2+) and organic ligands (MoO4

2− groups) as precursors and 
subsequently high-temperature annealing (Figure  19d).[173a] 
XRD characterization revealed that Mo2C was a hexagonal 
closed-packed phase (Figure  19e). The Ni-Mo bonds in the 
MOMs precursor were critical to the formation of Ni/β-Mo2C 
structure, and the NiN4 bonds favored the stability of isolated 
Ni atoms on Mo2C.

Furthermore, β-Mo2C(001) allows two different termina-
tions, namely Mo termination or C termination (Figure  19f). 
Specifically, Mo termination of β-Mo2C (001) surface appeared 
to be more active oxides,[174] while the C termination was more 
stable.[175] Compared with C termination, the Mo termination 
surface supported Pt SAs exhibited lower formation energy, 
meaning that it was energetically favorable to substitute Mo with 
Pt atoms.[173b] It should be noted that the best adsorption struc-
ture was H species located at the vacancies with three Mo atoms. 
Pt@Mo2C(001) SAC can effectively overcome the activation bar-
rier of water dissociation to generate enough H and OH species 
for WGS reaction. According to previous studies, Mo2C-based 
catalysts possessed high activity in WGSR and methanol steam 
reforming (MSR).[176] Hence, the introduction of M-SAs into 
Mo2C support can greatly expand and advance the application 
of WGS or MSR in industrial hydrogen production.[173b] Addi-
tionally, to solve the intrinsic structure issue of the unoccupied 

d-orbitals with a large density in Mo, heteroatoms (such as N, 
P, S) can be introduced into Mo2C to efficiently adjust the Mo 
d-orbitals, thereby providing an extra active center for HER.

Stabilizing SACs by MXenes: Another TMC support, MXenes 
(structural formula of Mn+1Xn  and the other Mn+1XnTx), is a 
large family of 2D materials, where M represents TM (such 
as Sc, Ti, V, Cr, Zr, Hf, Nb, Mo, Ta, and W), and X is C and/
or N.[177] MXenes supported M-SAs have shown extraordinary 
competitiveness in electrocatalytic applications owing to its 
excellent electrochemical activity as well as hydrophilicity.[178] 
Mxenes, different from TMDs, possess many surface sites that 
can be chemically modified.[179] This special property makes 
MXenes good solid support for dispersing isolated metal atoms. 
Ru ions will be adsorbed due to the interaction with the O and 
OH groups on Ti3C2Tx, which facilitates the bonding of Ru SAs 
and Ti3C2Tx support.[90,180] By forming covalent metalC bonds 
with surrounding C atoms, M-SAs can be stably anchored 
into the vacancies on the MXenes surface. In particular, the 
abundant Mo vacancies constructed on the surface of double 
transition-metal MXene (Mo2TiC2Tx) nanosheets via electro-
chemical exfoliation approach, providing a large number of 
anchor sites for capturing M-SAs.[26d] In acidic media, this elec-
trochemical process (including exfoliation and formation of 
Pt-SAs) changed the surface chemical composition of MXene. 
Moreover, the MXene layer was disintegrated into defects and 
base planes that could be employed to fix Pt-SAs (Figure 20a–c). 
In Mo2TiC2O2-Pt MXene lattice, Pt-SAs substituting Mo atoms 
can enhance the HER performance through redistributing the 
electronic structure.

In addition, another report used Cr2CO2 and Mo2CO2 
MXenes as supports to investigate the activity of SACs with 
16 different metal sites for HER.[120] Interestingly, a previous 
report has shown that Cr2CO2 and Mo2CO2 are inert mate-
rials for HER,[181] which highlights the great contribution of 
anchored M-SAs to the corresponding catalytic activity. As 
shown in Figure  20d,e, Fcc sites and hcp sites were two pos-
sible adsorption sites for the termination groups, and the corre-
sponding atomic configuration of the latter was more stable.[120] 
The adsorption energy and bond length of MO at II and III 

Figure 20. a,b) SEM images of MXene (a) during and (b) after the electrochemical exfoliation process. c) Fabrication mechanism of Mo2TiC2O2-Pt 
during the HER. Reproduced with permission.[26d] Copyright 2018, Nature Publishing Group. Top and side views for the atomic structure of d) hcp sites 
and e) fcc sites. I, II, and III represent the possible anchoring sites, respectively. f,g) Schematic illustration of four possible H adsorption sites on the 
Cr2CO2 and Mo2CO2 surfaces with several metal atoms anchoring. Reproduced with permission.[120] Copyright 2020, Elsevier Inc.
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locations were very close, suggesting that both of them could 
be employed as anchoring sites for atomically dispersed metal 
species. Figure  20f,g showed four possible H adsorption sites 
on Cr2CO2 and Mo2CO2 with corresponding M-SAs anchoring. 
The calculated ΔGH of H adsorption demonstrated that the 
S1 site on M-Cr2CO2 (M = Sc, Ti, V, and Cr) and the S0 on 
Cu-Cr2CO2 were largely positive.[120] The above results indicated 
that Cr2CO2 with the introduction of Sc, Ti, Cr, Fe, Zn, and 
Mo2CO2 with the introduction of Sc, V, Fe, and Zn exhibited a 
significant increase in HER activity.

In summary, SACs with MXenes as support have been 
considered as ideal electrochemical HER systems. While 
continuously developing strategies to stabilize M-SAs, it is also 
necessary to further systematically comprehend the role of 
coordination interactions between M-SA and MXene during the 
catalytic reaction.

3.3. Interactions between Single Atom Species  

and the Carbon-Based Supports

Carbon-based materials have been extensively applied as cata-
lyst support owing to their remarkable properties, including 
low prices, diverse and controllable structures, as well as high 
stability, conductivity, and surface area.[182] Nevertheless, the per-
formance of pure carbon-based materials as electrocatalysts is 
not ideal. As mentioned in Section 2.4, the most direct strategy 
to solve this issue is to introduce metal atoms or heteroatoms 
into carbon-based materials.[183] Specifically, the introduction of 
heteroatoms with different electronegativity will optimize the 
charge state of adjacent C atoms, while the introduction of metal 
atoms can favor the catalytic reaction by reducing the energy 
barrier.[184] Notably, unlike the role of introducing heteroatoms, 

these metal atoms are commonly considered to directly partici-
pate in the reaction or even become the active center.

We have reviewed the rational design strategies of SACs 
with TMCs as supports in Section 3.2. Apart from TMCs, sev-
eral allotropes of carbon, such as carbon nanotubes (CNTs), 
graphene, GDY, and carbon nanospheres, are ideal supports as 
well, since their molecular structures can be further tuned. In 
the following subsections, we will focus on the breakthroughs 
made in the design of H2 evolution SACs by carbon allotropes. 
Furthermore, we also pay special attention to the interfacial 
interactions of M-SAs anchored on the N-rich carbon supports, 
namely MNC and graphitic carbon nitride (g-C3N4).

3.3.1. Graphdiyne

Recently, GDY, a novel synthetic carbon allotrope with abun-
dant triple bonds, has been believed to be an ideal candidate 
material for SAC support. GDY is composed of adjacent ben-
zene rings (sp2-hybridized carbon) connected by butadiyne 
linkages (CCCC), which have strong reducibility and 
can directly provide highly stable anchor sites for M-SAs.[185] 
On the basis of the unique properties of GDY, Li’s group suc-
cessfully reduced Fe and Ni metal ions to zero-valent SAs via 
electrochemical deposition technology, and they anchored these 
SAs in GDY for the first time.[26e] They proposed that the key 
to achieving low loading but high HER activity was the syner-
gistic effect between the acetylene bonds of graphyne, the pore 
structure of the super-large surface, and Fe/Ni atoms. EXAFS 
spectra combined with theoretical calculations provided sup-
port for studying the geometry of Fe/Ni SAs adsorption sites on 
GDY (Figure 21a). First of all, Fe or Ni atoms at the S1 site were 
more energetically favorable, where the binding energies were 

Figure 21. a) Adsorption of Fe/Ni SAs on GDY (left: possible adsorption sites; right: optimized configuration). b) Electrostatic potential maps of pure 
GDY, Ni/GDY, and Fe/GDY, respectively. Reproduced with permission.[26e] Copyright 2018, Nature Publishing Group. c) Schematic of the unit struc-
tures of Cu0/GDY. d) Schematic of for the coupled p and the d-t2g component (pink isosurface) and the d-eg component (brown isosurface) of Cu of 
Cu0/GDY, and contour plots where real-space HOMO and LUMO were depicted in blue isosurface and green isosurface, respectively. (C1, C2, C3, and 
C4 represent the active H-adsorbed C-sites). Reproduced with permission.[186] Copyright 2020, Wiley-VCH.
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−1.22 and −3.72  eV, respectively. The strong charge transfer 
from Fe/Ni to GDY indicated that both had strong chemisorp-
tion characteristics (Figure  21b). Second, taking Ni-3d as an 
example, the Ni-3d orbital in GDY exhibited a larger closed-
shell effect than the fcc–Ni orbital overlaps. Meanwhile, stable 
Ni had almost the same orbital energy in both the nearest 
neighbor and second neighboring Ni-C environments.[26e] 
These results meant that the C bonding with Fe or Ni atoms 
in the Fe/Ni SAs-GDY system was not covalent or ionic bonds 
in the conventional sense, but should be understood as orbital 
charge overlaps. Later, Li’s group used a similar electrochemical 
method to successfully anchor Cu-SAs (1.01% loading) on GDY 
for HER.[186] Similar to Fe/Ni-GDY SACs, Cu preferred to sta-
bilize at the corner of the 18-fold ring (i.e., acetylenic ring) next 
to the edge of the sixfold ring (Figure 21c). The on-site Cu-3d 
orbital potential energy variations revealed that the strong p-d 
coupling effect was responsible for the connection of local 
charges, which offered high charge exchange performance for 
HER. Furthermore, as shown in Figure  21d, the C2 site was 
more energetically favorable for H adsorption, which could 
probably be one of the potential reasons for high HER activity.

It has been reported that GDY, toward H2 generation, is ideal 
catalyst support for stabilizing various M-SAs, including TMs 
and noble metals.[46b] Accordingly, it is reasonable to believe 
that GDY has great research significance as well as potential 
application value.

3.3.2. Graphene

Graphene is a typical representative of carbon-based materials 
for hydrogen production, and it has good processability and 
functionality.[187] Theoretically, there are three stable models of 
Ni-SAs anchored on graphene. Figure  22a shows respectively:  
i) Ni-SAs were located in the hollow sites of the six-membered 
C rings as the adsorbed atoms (denoted as Niab); ii) Ni-SAs were 
employed as dopants in the substitutable lattice sites (Nisub), 
and iii) Ni-SAs anchored to the lattice defects of graphene 
(denoted as Nidef).[114] As shown in Figure 22b, the Nisub-doped 
graphene had the smallest |ΔGH*| value (0.10  eV), which was 
similar to that of the Pt catalyst (0.09 eV). This result indicated 
that Nisub, which occupied the carbon sites of graphene, was 
the most effective active center. The chemical interaction of the 
metal–support interface in SACs would produce unique elec-
tronic structures. According to DFT calculations, Ni-SAs-doped 
nanoporous graphene (Ni/np-G) exhibited the highest stability 
with a binding energy of −7.54  eV owing to the strong CNi 
binding. Besides, its special H2 evolution performance was 
attributed to the charge transfer between the d-orbital of Ni 
atoms and the sp orbital of coordinated C atom, which favors the 
formation of vacant CNi hybrid orbital at the local interface.[114]

Owing to the existence of intrinsic carbon defects, the 
unsaturated coordination of zigzag carbons or arm-chair car-
bons in graphene will lead to metal atoms being trapped by 

Figure 22. a) Three theoretical configurations of Ni-doped graphene. Ni atom anchored in a hollow center of the graphene lattice (left), Ni atom occu-
pying C site in the graphene lattice (middle), and Ni atom anchored on defect site (right). b) Calculations of GH* at equilibrium potential for Pt catalyst 
and Ni/np-G SAC with three possible configurations. Reproduced with permission.[114] Copyright 2015, John Wiley and Sons. c) Synthesis and structure 
characterizations of aNi @ DG. Reproduced with permission.[56] Copyright 2018, Elsevier Inc. Molecular orbital diagrams of free-standing d) Fe @ 2VG, 
e) Co @ 2VG, f) Ni @ 2VG, and g) Cu @ 2VG. Reproduced with permission.[193] Copyright 2021, Elsevier Inc.
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the edge sites.[183a,188] Unfortunately, the anchor sites provided 
by the edge sites are limited, so the loading capacity of metal 
atoms on graphene is usually low. By using the strategy of 
combining an incipient wetness impregnation (IWI) approach 
combined with subsequent acid leaching, a large amount of 
the isolated atomic Ni (aNi) could be stably confined in the 
defects of defective graphene (DG) (Figure  22c).[56] The key 
step in the synthesis process was to convert Ni(OH)2 into NiO 
through high-temperature pyrolysis, while NiO was reduced by 
carbon to metallic Ni. It is foreseeable that the strong charge 
transfer between the metal atoms and the 2π antibonding state 
of C atoms in the DG support can provide effective sites for 
anchoring M-SAs.[189] Alkaline electrocatalytic experiments 
showed that the performance of aNi@DG was significantly 
higher than that of Ni@DG.[56] According to a previous study, 
it can be inferred that Ni-SAs coordinated with C atoms regu-
lated the electronic environment at the metal–nonmetal inter-
face, strengthening the interactions between the substrate 
and the adsorbates.[190] This phenomenon was different from 
the catalytic mechanism of the typical metalNC system, 
because Ni-SAs in the defect were considered to be the unique 
active center of HER and OER. Recently, to form the volatile 
Pt(NH3)x species that can be anchored on the DG surface, 
the dicyandiamide was added in  the pyrolysis process to gen-
erate ammonia gas which can establish strong coordination 
interaction with Pt atoms.[191] EXAFS analysis demonstrated 
the oxidation state of isolated Pt (Ptδ+, 0 < δ < 4) as well as the 
proposed coordination structure of PtC4 in this as-prepared 
SAC. Notably, the DG formed after removing the most O spe-
cies on the graphene oxide surface via the thermal treatment 
could further trap the Ptδ+ species, fabricating the atomically 
dispersed Pt SAC. Subsequently, DFT calculations revealed 
that the charge transfer between Pt-SAs and DG was larger 
than that of Pt-SAs anchored on pristine graphene.

The above-mentioned Ni-SAs, as non-noble metal atoms, are 
trapped at C vacancies and defects, which significantly improves 
the electrochemical activity. Nevertheless, the C–metal atom 
bonds in graphene-based SACs cannot remain stable in the cat-
alytic reaction. As fully discussed in Section 2.4, one of the solu-
tions to this issue is introducing N atoms. Studies have shown 
that N doping can not only increase the bonding strength 
between M-SAs and graphene, but also reduce the activation 
barrier of SACs during the reaction,[192] as well as the overpo-
tential for HER at atomically active sites.[16a] Inspired by the 
above unique phenomenon, Valentin’s group trapped various 
MT atoms (Fe, Co, Ni, and Cu) at single (1VG) or double (2VG) 
C vacancies in DG with N doping, and systematically investi-
gated their structural, electronic, and energetic properties by 
DFT calculations.[193] Of particular note is that the defect size 
of the 2VG hole was large enough to accommodate TM atoms 
compared to the 1VG. As shown in Figure 22d–g, the spin-up 
component of the π∗ of Co@2VG was filled and Cu@2VG got 
almost filled, while that of Ni@2VG remained unoccupied.[193] 
Besides, the d states of Cu were the deepest in energy. These 
results were also proved by N-doped 2VG in free-standing 
graphene SAC, namely TM@4N2VG, in which four C atoms 
bonded with TM atoms were substituted by four N atoms. More 
importantly, in the free-standing N-doped system, the d  states 
of Fe and Co atoms are close to the Fermi level, whereas the 

d  states of Cu atoms are very deep, and the σ∗ state is just 
above the Fermi level.[193] Therefore, it is more reasonable to 
employ Fe and Co as the active sites of these SACs.

So far, there is still a lack of profound insight into the inter-
action between metal atoms and defects. The carbon defects in 
the DG support will be able to help us better understand the 
structure–performance correlation in the SAC system for H2 
production.

3.3.3. MNC

Different from N-doped carbon-based supports, N-rich carbon-
based materials have more precise structures. Currently, 
MNC (M refers to non-noble metals, such as Fe, Co, and so 
on) are hot materials as SAC support for energy storage as well 
as conversion. In these materials, the abundant MxNy active 
sites formed by the coordination of M-SAs with N atoms pro-
vide splendid electrocatalytic activity.[194]

It is challenging to improve the stability and catalytic activity 
of MNC catalysts at the same time, which is attributed to 
the leaching of metal sites and protonation of active sites.[195] 
The recently developed MNC SACs for H2 production 
mainly used 2-methylimidazole zinc salt (ZIF8) as the pre-
cursor and template and anchored Pt-SAs into FeNC cata-
lysts via IWI method. Generally, the Fe centers of FeNx moi-
eties in FeNC catalysts would be oxidized when absorbing 
a negatively charged O2 from the air.[196] However, after atomic 
Pt was grafted onto the Fe atom at FeN4 center through a 
bridging oxygen molecule (denoted as Pt1@FeNC), the 
negatively charged O2 further captured the positively charged 
Pt4+ ions at the other end, forming the Pt1*O2*Fe1N4 config-
uration.[197] Then, during mild heat treatment, Fe- and Pt-SAs 
would form a new stable Pt1O2Fe1N4 with neighboring O2 
molecules (Figure  23a). As a three-function (ORR, HER, and 
OER) catalyst with excellent performance, the HER activity of 
Pt1@FeNC was equivalent to that of Pt-NPs and exhibited 
long-term stability. Its favorable performance came from the 
abundant micro/mesopores, heteroatom pairs, and the grafting 
of Pt1O2.[198] Subsequently, Li and co workers also employed 
the IWI approach to anchor Pt atoms on the FeNC mate-
rial, but the fabrication method of the FeNC substrate was 
different.[199] They first synthesized MOF via doping Fe into 
ZIF8, and then synthesized FeNC by solid-state pyrolysis 
(Figure  23b). XPS characterization results suggested that the 
Pt atoms were located at the pyridinic N (py-N) sites. This 
may be derived from the protonation, the py-N tended to form 
[Cx(NH)2]2+[PtCl6]2− as the anchoring sites of Pt under the elec-
trostatic force.[200] Furthermore, XANES at the L3 edge of Pt 
confirmed the existence of Pt 5d state in the sample. A large 
number of vacant d-orbitals of these anchored Pt atoms acceler-
ated the electrons transfer from Pt atoms to FeNC interface, 
which enhanced the catalytic activity and stabilized Pt-SAs.

At present, the fabrication strategies of MNC SACs are 
mainly based on the high-temperature pyrolysis of metal salts 
and nitrogen-containing precursors at >700  °C.  Notably, the 
catalysts obtained by this fabrication strategy often have high 
structural heterogeneity because of the existence of atomically 
dispersed MxNy and inorganic metal particles.[194b] As a result, 

Adv. Energy Mater. 2022, 2200875



www.advenergymat.de

© 2022 Wiley-VCH GmbH2200875 (27 of 72)

www.advancedsciencenews.com

the atomic utilization is reduced and the difficulty of deter-
mining active sites is increased. The post-treatment approaches, 
such as chemical annealing with acids,[28] or concentrated 
H2O2,[201] can help to remove inorganic metal-containing nano-
particles. Nevertheless, the structure of active MxNy moieties 
may be damaged on this account. It is obvious that the compli-
cated operation processes of preparing MNC SACs are an 
urgent issue. Therefore, researchers should carefully consider 
the reaction conditions of each procedure.

3.3.4. g-C3N4

In addition to MNC, other N-rich materials, such as g-C3N4, 
are also useful supports for anchoring M-SAs. It is well known 
that g-C3N4 is the most stable carbon nitride allotrope during 
the polymerization process of common N-rich precursors 
under ambient conditions.[202] The g-C3N4 photocatalyst with 
O and N species was synthesized by the strategy of controlling 
the doping position for a polymer, showing strong visible light 
utilization and charge separation efficiency.[203] It is expected to 
provide a feasible scheme for constructing MxNy sites with 
single activity on g-C3N4. Moreover, it is easy to form the unsat-
urated coordination containing four in-plane nitrogen atoms 
(i.e., N-vacancy) during the preparation of g-C3N4.[204] Based on 
the above, the isolated Co atoms could be well supported on 
phosphorized g-C3N4 (PCN) by atomic layer deposition (ALD) 
technique, which was able to effectively promote the photo-
generated e− at the Co sites to get involved in the H+ reduction 
reaction.[79] On the one hand, on the basis of the enhancement 
of charge density through four N atoms around the Co atom, the 
Co1N4 active centers constructed at the interface between Co 
atoms and g-C3N4 significantly promoted the transfer of photo-
generated electrons from N atoms to Co-SAs, and inhibited the 
electron–hole recombination (Figure 24a,b). On the other hand, 
N atoms in Co1N4 moiety contributed to the formation of cru-
cial hydride intermediates, thus accelerating the production of 
H2. It has been reported that strengthening the reactive metal–
support interaction (RMSI) was an effective method to optimize 
the catalytic active sites.[205] The  ideal growth of Pt-SAs spe-
cies anchored on g-C3N4 could be promoted, while selectively 
inhibiting the Pt precursor at the N-vacancy, by controlling the 

annealing temperature as well as freezing the precursor solu-
tion. The formation of N-rich vacancies in g-C3N4 would cause 
obvious electron deficiency effects, which enhanced RMSI. 
Under this strong RMSI, Pt-SAs preferred to combine with the 
two-coordinated C (C2C) in the N-vacancies to maintain stability 
(Figure  24c,d).[206] Furthermore, a single atomic Pt introduced 
into g-C3N4 as a cocatalyst could improve the photocatalytic 
activity by inducing an intrinsic change in the surface trap 
states of g-C3N4.[16f ]

Admittedly, the in-plane charge transfer of g-C3N4 can be 
promoted by introducing TM atoms on the π-conjugated planes 
and doping nonmetal atoms in the lattice. However, these 
efforts failed to solve the problem of effective charge transfer 
among the adjacent layers of g-C3N4. According to a recent 
report, it was a feasible strategy to intercalate Pd-SAs into the 
adjacent layers of g-C3N4 and simultaneously anchor Pd-SAs 
onto the g-C3N4 surface.[207] Specifically, Pd atoms in adjacent 
layers can be regarded as a bridge to induce the directional 
charge transfer between adjacent layers by constructing vertical 
channels (Figure  24e). Then, these electrons transferred from 
bulk to the outermost surface undergo directional in-plane 
migration to the surface Pd atoms (acted as the reaction 
centers). It is worth mentioning that the g-C3N4 nanosheets 
(CN-NS) with an ultra-thin structure and multiple interlayers 
are the key to realizing the directional transfer of electrons to 
the active centers.[208] In addition, before the Pd2+ ions were 
reduced to metallic Pd atoms by photoirradiation, the stability 
of surface- and interlayer-Pd2+ ions was the result of the interac-
tion between the Pd2+ and sp2 hybridized N atoms.[209]

Subsequently, Zhang  et  al. gave promising insights into 
the enhancement of the catalytic performance of Pd-SAs sup-
ported on bulk C3N4 materials as well as the mechanism of 
water splitting reactions.[210] The authors pointed out that Pd 
atoms with different oxidation states on the g-C3N4 surface 
would interfere with the analysis of their role in the reaction. 
Only after the surface layer was removed via an Ar+ beam 
etching, the metallic Pd0 and the oxidation state Pdσ+ could be 
detected on the Pd/g C3N4 surface. Such a phenomenon was 
quite different from the results of previous studies.[207] It can 
be predicted that this distinction may contribute to the different 
surface characteristics caused by diverse preparation methods 
influence. Besides, as shown in Figure  24f,g, the C3N4 cavity 

Figure 23. a) Two possible configurations for the new moiety of Pt1O2Fe1N4. Reproduced with permission.[197] Copyright 2017, John Wiley and 
Sons. b) Synthesis procedure for the Pt-Fe/N/C and the corresponding structural model. Reproduced with permission.[199] Copyright 2020, American 
Chemical Society.
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adjacent to Pd-SA cavity instead of atomic Pd (−0.43 vs 0.17 eV) 
provided the most stable adsorption site for hydrogen as well 
as the aggregation site for activated electrons.[210] More inter-
estingly, as the increase of Pd size, hydrogen atoms tended to 
be adsorbed on large-sized Pd clusters rather than pyridine N 
(Figure 24h,i). Obviously, this is not conducive to the improve-
ment of photocatalytic H2 evolution activity.

3.3.5. Modified Carbon-Based Supports

The atomically distributed metal active sites on SAC sup-
port allow the tip structure, namely corner and edge sites, to 
dramatically enhance the local concentration of reactants and 
obtain excellent catalytic performance. Inspired by this unique 
phenomenon, Song’s group designed a nanosized onion-like 
carbon (OLC) support with a high curvature quasi-0D architec-
ture for anchoring atomically dispersed Pt species.[26b] Such an 
ingenious design of anchoring M-SAs with highly curved sup-
ports imitated the metal sites at the corners and edges of par-
ticles. The PtO2C295 model was constructed by encapsulating 
C60 fullerene in C235 defect fullerene. It can be seen that the 
pattern to stabilize Pt-SAs was by bonding with one C atom 
and two O atoms on the surface, as shown in Figure 25a. More-
over, the interfacial O species allowed Pt SAs to form strong 

interaction with OLC, thus maintaining high stability in acidic 
media. More intriguingly, theoretical calculations revealed that 
an in situ strong local electric field around the Pt site formed 
a protuberant tip (Figure  25b). Such a similar tip effect also 
appeared in the previously reported electrocatalytic CO2 reduc-
tion system[211] and the H concentration by Pt-SAs at the top 
of MoS2.[150] Actually, before then Fan  et  al. fabricated Ni@C 
nanomaterials encapsulated by hollow onion-like nanoshell and 
graphene layers after HCl leaching treatment with Ni-MOF as 
a precursor (Figure  25c).[212] They performed constant poten-
tial and cyclic voltammetric to activate the Ni@C sample, and 
unexpectedly found that Ni nanoparticles downsized to Ni-SAs, 
which were isolated on the carbon support. Arguably, the find-
ings of these studies are a milestone for SACs which were still 
in their infancy stage.

In addition to the above-mentioned OLCs, we will also intro-
duce another type of carbon allotrope, namely CNTs. The CNTs 
with integrated carbon network architecture have been also 
interesting support that can immobilize M-SAs well. It has 
been reported that Pt-SAs can be firmly anchored on single-
walled carbon nanotubes (SWCNTs) through a similar electro-
plating method with a facile process.[213] Compared with gra-
phene supports, SWCNTs with extremely low loading of Pt-SAs 
exhibited superior catalytic performance for two major reasons 
(Figure 25d): i) the high adsorption ability of SWCNTs allowed 

Figure 24. a) Steady-state fluorescence (SSF) spectra at 298 K for Co1/PCN, PCN, and C3N4. b) Time-resolved fluorescence (TRF) kinetics at cor-
responding steady-state emission peaks. Reproduced with permission.[79] Copyright 2017, John Wiley and Sons. Theoretical configurations of Pt SA 
trapped at the c) C2C and d) N2C sites. The adsorption energy of Pt SA at the C2C site is more negative than that at the N2C site, suggesting that the Pt 
SAs are more likely to be anchored at the C2C site. Reproduced with permission.[206] Copyright 2018, Elsevier Inc. e) Conceptual illustration of the isolated 
Pb atoms intercalated and anchored in the adjacent layers and on the surface of g-C3N4, respectively. Reproduced with permission.[207] Copyright 2018, 
John Wiley and Sons. Geometrical configuration and adsorption energies of hydrogen adsorption on the f) N and g) Pd atoms in Pd-SA/C3N4, and the 
h) N atoms and i) Pd cluster in Pd-cluster/C3N4. Reproduced with permission.[210] Copyright 2019, Nature Publishing Group.
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them to immobilize dispersed Pt atoms on the surface and 
inhibit their aggregation; ii) The high surface area of SWCNTs 
allowed them to be decorated with more Pt atoms on the sur-
face, increasing the loading capacity. It should be noted that the 
high surface area of SWCNTs made the surface diffusion pro-
cess of Pt atoms more important.[214] The interactions between 
Pt and different carbon substrates were calculated by DFT. It 
was found that the absorption of Pt at the axial sites (parallel 
to the tube axis) of SWCNTs was more stable than at the radial 
sites.[213] Furthermore, as shown in Figure  25e, the activation 
energy diffused along the axial site (0.28 eV) to the radial direc-
tion (0.12  eV) was asymmetric, suggesting the stronger ten-
dency of axial sites to bind Pt. As expected, the as-prepared 
SWNT/at-Pt SAC with an ultralow amount of Pt exhibited 
notably outstanding HER performance.

4. Atomic Metal–Metal Interactions

As discussed in the above sections, MSIs play an important 
role in the geometric and electronic properties of supported 
active metal sites in SACs. It can be seen that enhancing the 
interactions between metal and support is not only the key to 
ensuring the stability of M-SAs, but also the key to unraveling 
the structure–properties relationship at the atomic level. How-
ever, this is not the whole process of designing SACs ration-
ally. Recent studies have revealed that heterogeneous bimetallic 

catalysts have inter-atom interactions that can enhance cata-
lytic performance, which is also known as the synergistic 
effect. Such a special behavior of synergetic catalysis provides 
a novel idea for the design of SACs. For instance, “dual-atom 
catalysts (DACs)” are designed to further increase the density 
of active sites and loading mass. Especially for “single-atom 
alloys (SAAs)” composed of bimetals, the TM scaling relation-
ship in traditional alloys will be resolved by the synergistic 
effect. Based on the above, this section will briefly discuss the 
role of the synergistic effect between neighboring atoms in the 
catalytic system. Besides, we will show the metal–metal inter-
actions in SAAs and DACs from electronic effect, interfacial 
effect, and steric effect.

4.1. Synergistic Effects of Neighboring Single Atoms

The interaction between adjacent SAs is another major dis-
covery in the atomically chemical environment of SACs. Some 
studies in recent years have shown that decreasing the distance 
between two singly atomic active sites to sub-nanometer level 
will bring a surprising impact on the catalytic behavior. Similar 
to biological catalysis chemical reactivity of biological catalysis, 
there are synergistic effects between the neighboring active 
sites in SACs as well.

For example, when two single Fe atoms were fixed on 
the same graphene material through N atoms to form 

Figure 25. a) The optimized atomic model of PtO2C295. b) Localized electric field of the H2Pt1/OLC system at the tip-like Pt site under an equilibrium 
potential. Reproduced with permission.[26b] Copyright 2019, Nature Publishing Group. c) Schematic diagram of the synthesis of Ni SACs anchored on 
graphitized carbon. Reproduced with permission.[212] Copyright 2016, Nature Publishing Group. d) Adsorption of Pt onto (14,0) SWCNT and graphene. 
Carbon is shown in gray sphere and Pt in green sphere, and periodic boundaries are depicted in blue dotted line. e) The above figure shows a com-
parison of minimum energy profiles for Pt diffusion between two adjacent sites on graphene and SWCNT. The graph below suggests the activation 
energies and relative diffusion rates at room temperature. Reproduced with permission.[213] Copyright 2017, American Chemical Society.
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FeN3FeN3@graphene SACs, there was an unusual phe-
nomenon in the CO adsorption on adjacent Fe atoms.[139] 
Specifically, an atomic Fe would send charge transfer signals 
to another nearby Fe atom through the graphene support 
when absorbing Co, and induced it to change synchronously 
(Figure  26a). This is an interesting phenomenon, and such a 
synergistic effect between adjacent active sites was called coop-
erative spin transition. There is another report on Ir/FeOx SAC 
that the microscopic process of synergistic valence changes 
between supported Ir-SAs and neighboring Fe atoms was 
observed.[53a] Furthermore, Liu  et  al. have demonstrated that 
the synergistic effect between two adjacent Pt atoms in closely 
distanced three-coordinated PtC2N1 moieties had an important 
contribution to enhancing HER activity.[215]

Generally, the density of single atomic positions was a key 
factor in whether the active sites preferred to be close to each 
other, which would influence the catalytic activity.[43b] This 

effect also provides a rational strategy for the design of H2 evo-
lution SACs. By adjusting the concentration of Rh, Meng et al. 
found that there was a distance synergy between the Rh atoms 
embedded in the MoS2 lattice.[216] In this catalytic model, the 
distance between confined Rh atoms changed with the con-
centration of Rh, which could modulate the electronic struc-
ture of adjacent S atoms and optimize the adsorption energy 
of H atoms at S sites, thereby adjusting the reactivity of nearby 
in plane S atoms. As illustrated  in Figure  26b,c, with the dis-
tance between Rh atoms decreased, the ΔGH* on the neigh-
boring S site presented a volcanic curve that first activated and 
then weakened. This study revealed and proved that proper 
modulation of an inter-single-atom distance confined in the 
support lattice can trigger the optimal activity of SAC system.

Besides the above-mentioned synergistic effects observed 
among atomically dispersed active sites, M-SAs can also be 
employed to isolate metal nanoparticles (M-NPs). Very recently, 

Figure 26. a) Schematic of coordinated electron spin transition occurs between neighboring Fe SACs. Ferromagnetic (FM1), antiferromagnetic (AFM1), 
ferromagnetic (FM2), antiferromagnetic (AFM2). Reproduced with permission.[139] Copyright 2018, American Chemical Society. b) Optimized models 
of two Rh atoms with different inter-Rh distance confined in 2D MoS2. The yellow, cyan, and brown spheres represent S, Mo, and Rh respectively. 
c) The relation between the absolute values of ΔGH* and the inter-Rh distances. Reproduced with permission.[216] Copyright 2020, John Wiley and Sons.
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an outstanding Pt@Co SAs-ZIF-NC electrocatalyst with rich 
Co-SAs as multiple active sites has been obtained by Mu and 
co-workers (Figure  27a).[217]In their work, Pt NPs were uni-
formly immobilized on ZnCo-ZIF-derived porous N-doped 
carbon substrate through the isolating effect of Co site to Pt, the 
strong interaction between Co and Pt, as well as the confine-
ment of the MOFs. High-resolution imaging and spectroscopy 
tools displayed that Pt-NPs were fixed in the carbon substrate 
(Figure 27b,c), and the increased graphitic N in this catalyst can 
provide more electrons to Co and Pt. As compared to the Pt@Co 
SAs ZIF-NC, there were massive agglomerated Co particles, too 
large and randomly arranged Pt particles in Pt@Co ZIF-NC 
without Co-SAs, resulting in its structural damage and irregu-
larity. Moreover, for the Pt 4f peak in Pt@Co SAs-ZIF-NC, the 
negative shift of the binding energy was 0.25  eV relative to 
commercial Pt/C, whereas that of Pt@Co ZIF-NC was 0.15 eV 
(Figure  27d,e), indicating the stronger interaction between 
Co-SAs and Pt-NPs. These evidences suggested that Co-SAs 
and the confinement of porous carbon favored the relatively 
uniform growth of Pt-NPs. More importantly, the introduction 
of Co-SAs offered more active sites in HER, and the synergistic 
effect between Co-SAs and Pt-NPs further enhanced the elec-
trocatalytic performance.

It is worth mentioning that introducing M-SAs into metal 
supports can solve the problem of irregular morphology or 
complex composition of mainstream SACs, which is favorable 
to fully understanding the relationship between atomically dis-
persed metal centers and H2 evolution performance. In a pre-
vious work, isolated Co atoms were doped into Ru nanosheets 
(NSs) via co-reduction of Ru(acac), which exhibited higher cata-
lytic activity than pristine Ru and RuCo alloy.[218] As shown in 
Figure 28a, Co SAs substituted some of the atoms in Ru NSs, 

and dispersed in the hexagonal close packed (hcp) Ru lattice 
positions, where Ru: Co atomic ratio was 94:6. Furthermore, 
DFT studies have shown that the substitution of a single Co 
atom extraordinarily reduced the energy barrier of water dis-
sociation, resulting in better performance. Nevertheless, as the 
number of Co atom substitutions increased, the SA dispersion 
was destroyed, which lead to sluggish water dissociation. In 
addition, a higher amount of substitution also increased the 
electron density in the groove around Co atom, bringing dif-
ficulty to OH desorption (Figure 28b).

As a general rule, a relatively low loading amount of M-SAs 
in obtained SACs is a common issue. Due to the little distribu-
tion of M-SAs on the support and the long isolation distance 
between them, there are not enough active sites in the catalytic 
reaction. One of the feasible strategies to overcome this chal-
lenge is to make rational use of the synergy between the iso-
lated active site.

4.2. Surface Chemistry of Single-Atom Alloys  

and Dual-Atom Catalysts

The synergistic effect of adjacent metal atoms also occurs on 
the surface layer of another metal host with isolated M-SAs 
stabilizing. Such a type of catalysts, in which M-SAs are doped 
into a less reactive metal host and no bonding interactions 
between adjacent active sites, are typically called “bimetallic 
single-site catalysts” or SAAs. As shown in Figure  29, there 
are four main geometric structures of the metal–metal inter-
action.[219] The rapid development of surface science, charac-
terization techniques, as well as first-principles calculations, 
has reversed the embarrassing situation of synthesizing alloy 

Figure 27. a) Illustration of the synthesis protocols of Pt @ Co SAs-ZIF-NC. b,c) HRTEM image of Pt @ Co SAs-ZIF-NC. d,e) XPS spectrum of Pt 4f for 
Pt @ Co SAs-ZIF-NC, Pt @ Co ZIF-NC, and commercial Pt/C. Reproduced with permission.[217] Copyright 2021, Elsevier Inc.
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catalysts through chemical intuition and experience for many 
years. At the same time, it provides a foundational platform 
for controlling the catalytic activity of atomic surface chemistry 
and rationally designing heterogeneous catalysts.[220] Moreover, 
in recent studies involving the synergistic effect of adjacent 
M SAs, the chemical environment, and active species are the 
same, which limits the diversity of catalytic behaviors. The spe-
cial alloy interface of SAAs can make the electronic structure 
of M-SAs change significantly. As a result, the d-orbitals of 
metal atoms become close to the narrow degree of homoge-
neous catalysts. It has been reported that such a characteristic 
can combine the performance of homogeneous and heteroge-
neous catalysts.[221]

Assuming that the bonding between heterometals is stronger 
than homometallic bonding, then in principle, it is generally 
possible to isolate one metal atom (denoted as A) in the atomic 
array of a less reactive “metal host” (denoted as M). When M is 
more inert than A, the concentration of M will increase, which 
ensures that there is no bonding between A atoms.[43b] In com-
parison, the alloy catalysts have shown dissimilar structures 
and properties from pristine metal clusters, including different 
structures at the same size as well as synergistic effects. Other 
examples have also demonstrated that the synergistic effects 
between metal and metal can change the catalytic behavior of 
catalysts.[222] For example, Au-Pd nanoparticles supported on 
TiO2 had very high activity for H2O2 production,[223] alcohol oxi-
dation,[224] and toluene oxidation.[225] The introduction of Pt-SAs 
into CoOx/TiO2 could improve the selectivity toward the target 
product (i.e., cinnamaldehyde) and enhance the hydrogena-
tion performance.[226] Besides, the addition of Sn to Raney-Ni 
catalyst reduced the formation of methane during the H2 evolu-
tion from biomass conversion and favored the bond-breaking 
of CC bonds to promote H2 generation.[227] It is worth noting 
that the characteristic of such SAAs is that there can be one or 
more A atoms but only one M.

The common feature of the above-discussed SAAs and 
typical SACs is that their catalytic reactions are both driven 
by single metallic sites. DACs, a type of catalysts with “dual-
metal sites” reported in recent years, have attracted great atten-
tion as well.[228] For DACs, the structural characteristics of their 
multiatom components provide unique as well as remarkable 

catalytic performance. The active sites of DACs can be flexibly 
adjusted by regulating the ligand atom, coordination number, 
and structural distortion.[229] Such a strong chemical interac-
tion between adjacent heteronuclear metal atoms is favorable to 
further improve the intrinsic activity and stability of SACs.[230] 
A phenomenon similar to SAAs is that the catalytic system 
of DACs also relies on synergistic effects between metals. 
Depending on the composition of the catalytic sites, dual-atom 
metal catalysts can generally be divided into i) isolated dual-
metal atomic pairs; ii) binuclear homologous (also known as 
homonuclear) dual-metal atomic pairs and iii) binuclear het-
erologous (also called heteronuclear) dual-metal atomic pairs. 
The detailed information about these definitions has been 
extensively reviewed by Xu and co-workers very recently.[230b] 
Undoubtedly, until now, the research on DACs is still at the 
starting stage, especially in the hydrogen evolution.

Accordingly, taking full advantage of the synergistic effect 
between heterometals brings new opportunities to further 
control the catalytic properties of SACs. In this section, the 
dynamic evolution of bimetallic catalysts in H2 production is 
explored from the following three aspects.

4.2.1. Electronic Effect

The “crown-jewel (CJ)” structure synthesized by substituting 
Au atoms at the apex of the Pd cluster showed high catalytic 
activity in hydrogen peroxide decomposition (Figure 30a). The 
researchers claimed that this phenomenon was attributed to the 
electron transfer process caused by the alloying effect, which 
made the gold atoms partially negatively charged.[231] This 
research finding provides promising guidance for the develop-
ment of SAAs. In the design of SAAs, it is the key to enhancing 
the reaction activity that controls the electronic structure of 
the alloy by the introduced M-SAs. The electronic structure of 
solute atoms in metal will be largely tuned owing to the unique 
bond geometry of SAAs, which is usually characterized by the 
shift of the d-band center relative to the Fermi level.[232] For 
SAAs, the electronic states of highly dispersed metal atoms 
tend to be broadened after coupling with their solute metal, and 
finally, show an averaging effect.

Figure 28. a) Atomic resolution HAADF-STEM images of Ru NSs were substituted by Co. Inset is a surface model of the Ru NSs. b) Top view (up) and 
side view (down) of the electron density alter after Co SA substitution. Green sphere: Ru; purple sphere: Co; red sphere: O; white sphere: H. Reproduced 
with permission.[218] Copyright 2018, Nature Publishing Group.
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However, M-SA in some alloys still has a very narrow band-
width in the substrate, and the adsorption behavior of the sub-
strate on these M-SAs also deviates from the results predicted 
by the averaging effect of the two heterometals. There are some 
works have shown that the electronic structure of some SAAs 
appeared as the d-band of the solute metal became atomically 
narrow. In a previous report, using AgCu SAAs as a model cat-
alyst, the narrowing of the Cu 3d state promoted the binding 
of adsorbed oxygen with π bonds so that the overall bonding 
strength of adsorbed oxygen was increased.[36] First, PDOS cal-
culations suggested that the d-band of Cu was not disturbed 
by the surrounding coordination elements and maintained an 
electronic state similar to a “free atom”. The Cu center in the 

AgCu alloy was more electron-rich compared with the pure Cu 
center. Cu L3 NEXAFS demonstrated the increase in the elec-
tron density of the Cu d-band. The charge density difference 
plots in Figure  30b showed that the charge density around 
the Cu ions increased. Furthermore, as shown in Figure  30c, 
the relatively concentrated DOS of AgCu made pz, px, and y 
all have two intersection points, bonding, and antibonding 
orbitals in the form of σ and π bonds, respectively. In this case, 
the adsorption of oxygen on AgCu can be greatly enhanced. 
Notably, the altering of electron density of the Cu center in 
these SAAs affected the adsorption process. Specifically, when 
the adsorbate electronegativity was less than that of Cu, the 
binding strength between adsorbate and alloy was weaker than 
that with element Cu. Otherwise, its binding strength with 
alloy was stronger than that with element Cu.[233] The above 
results revealed that adsorbate bonding can be weakened by the 
free-atom-like electronic structure, depending on the electron-
egativity of adsorbate and the population of valence electrons.

In addition to SAAs, the superior activity of DACs with 
“biatomic metal sites” is also attributed to the synergistic effects 
between the electronic structures of the two elements.[229c,234] In a 
recent work, XANES spectrum demonstrated that the total unoc-
cupied density of states of Pt 5d character in Pt-Ru dimer was 
higher than that in the Pt foil, which meant that Pt-Ru dimer had 
better catalytic properties.[235] EXAFS spectrum confirmed that Pt 
existed in the form of SA, thus the dimer structure was prepared 
from Pt-SAs. Moreover, the change of the Ru electronic struc-
ture in this dimer catalyst was displayed in Figure  30d, PtRu 
dimer had a higher energy shift of the edge than Ru metal, indi-
cating that charge redistribution had occurred. DFT calculations 
revealed that Pt atoms had a noticeable influence on the elec-
tronic structure of Ru atoms. The simultaneous adsorption of 
two hydrogen atoms on Pt and Ru (Pt(2H)Ru(2H)) would make 
both Pt and Ru gradually lose the metallicity, resulting in more 
vacancy states (Figure  30e). Furthermore, Pt could regulate the 
inertness of Ru to H through the synergistic effect between het-
erometals. In this case, H adsorption would induce the transfor-
mation of bimetallic dimer from metal to semiconductor, which 
should be the key reason for enhancing the performance of HER. 
Recently, Fan  et  al. developed W1Mo1-NG heteronuclear DAC 
based on polyoxometalates (POMs) self-assembly chemistry.[230a] 
This DAC was composed of O-coordinated WMo heterodimer 
anchored in N-doped graphene, where heteronuclear WMo 
was stabilized in the NG vacancies via WO and MoO bonds. 
XPS survey spectrum demonstrated that the electronic structure 
of the WMo heterodimer changed owing to its local structural 
perturbation, meaning that its local electronic structure could 
be significantly regulated by adjusting the W/Mo ratio. EXAFS 
fitting also proved this point. Combined with theoretical calcu-
lations and the optimum configuration of heteronuclear WMo 
atoms was WOMoOC configuration with strong covalent 
interaction. The electron delocalization of this unique O-coordi-
nated WMo heterodimer improved HER kinetics.

4.2.2. Interfacial Effect

SAAs, as a type of catalyst with a small amount of dispersed 
and isolated M-SAs on the surface of the metal host, represents 

Figure 29. Schematic representation of some possible mixing patterns 
(cross sections). Top to bottom: Core–shell, linked monometallic nano-
particles, alloy (left) and mixed (right), three shells. The pictures show 
the clusters. Reproduced with permission.[219] Copyright 2008, American 
Chemical Society.
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the complementary surface science model of two metals, which 
provides a promising research platform for catalytic activity and 
selectivity.[236] Such SAAs with isolated bimetallic centers can 
provide a unique surface process, promoting the dissociation of 
reactant molecules to form intermediates.[222a] As early as 1998, 
Besenbacher and co-workers introduced Au to the surface of Ni 
catalyst to improve the efficiency of the steam reforming reac-
tion.[237] The combination of scanning tunneling microscope 
and DFT calculation confirmed that the alloying Au atoms 
were favorable to inhibit the formation of carbon-containing 
compounds on Ni catalyst surface and prevent the Ni catalyst 
from being poisoned. There are many studies since then that 
have shown that the more active metal elements in the alloy 
were stabilized on the surface by adsorbate. Such an inter-
esting phenomenon, that adsorbates had stronger binding with 
metals, was explained as a reverse segregation effect.[220b] Later, 
Tierney et al. found that H2 activation preferred to be at the iso-
lated Pd sites, and hydrogen atoms diffused to the weaker Cu 
center.[238]

As for Pt-based SAAs, almost all reports are about anchoring 
atomic Pt on the Cu surface, and few of them have been 
applied to electrocatalytic reactions. Pd, which has a lattice con-
stant similar to that of Pt, may be an ideal substrate for elec-
trocatalytic Pt based SAAs.[239] Zhang and co-workers success-
fully deposited Pt-SAs on the (100) and (111) surfaces of Pd-NPs 
through ALD method and synthesized octahedral Pt/Pd 
SAAs.[240] HAADF-STEM images illustrated that there were 
both Pt clusters (Figure 31a) and isolated Pt-SAs (Figure  31b) 
on the surface of octahedral Pd particles, which was confirmed 
by subsequent XANES spectra. Such a different deposition phe-
nomenon was caused by the difference in surface energy of 
(111) and (100). Then, they determined the occupancy of the 5d 

states of Pt. The results indicated that the total unoccupied den-
sity of states of Pt 5d character in octahedral Pt/Pd SAA (0.8176) 
was higher than that in Pt foil sample (0.6754), suggesting that 
the interaction between Pt SAs and Pd-NPs surfaces was much 
stronger. Moreover, EXAFS spectra analysis demonstrated that 
the coordination number of PtPd and PtPt in the octahe-
dral Pt/Pd SAA were 0.8 and 1.7, respectively, which were lower 
than that of the cubic Pd@Pt catalyst (2.7 and 3.3, respectively). 
These results revealed that Pt existed on the octahedral Pd sur-
face in the form of SAs and clusters, whereas did not diffuse 
into the Pd lattice. By comparison, a thin Pt shell was formed on 
cubic Pd. DFT calculation was employed to study the enhance-
ment mechanism of Pt atoms on the Pd surface with different 
structures for the electrocatalytic HER and ORR. Pt-SAs on 
octahedral Pd(111) could strongly absorb H+ during the Volmer 
step (H+ + e− → H*), and the second and third H adsorptions 
on Pt were promoted, as shown in Figure 31d. Depending on 
the above characteristics, the HER activity of this Pt/Pd SAA 
(23.5 A mg−1) at an overpotential as low as 0.05 V is 54.6 times 
higher than that of commercial Pt/C (0.43 A mg−1). Earlier, Li 
and co-workers reported that Cu-Pt dual sites alloyed with Pd 
NRs (Pd/Cu-Pt NRs) were a more attractive catalyst for HER 
than commercial Pt/C catalysts.[241] The characterization results 
showed that Cu and Pt existed in the form of atomic dispersion, 
and coordinated with each other or Pd atoms. In the Pt EXAFS 
curve of the sample, the PtO distance was shorter than that of 
PtO2, suggesting the unsaturated coordination of Pt on the sur-
face of Pd/Cu-Pt NRs. The remarkable HER activity of this SAA 
was attributed to the Cu atoms adjacent to Pt-SAs that balance 
the interaction between H and Pt atoms.

The interfacial effects can optimize the chemisorption 
of precursor molecules (such as H+ or H2O) and reactive 

Figure 30. a) Comparison of the catalytic activity of CJ-Au/Pd, Au, Pd, and Pd/Au alloy NCs for aerobic glucose oxidation. Reproduced with permis-
sion.[231] Copyright 2012, Nature Publishing Group. b) Computed charge density difference plots along the (110) and (100) planes in Ag31Cu1 and 
c) Schematic diagram of real space bonding between O and Cu in AgCu. Reproduced with permission.[36] Copyright 2018, Nature Publishing Group. 
d) Normalized XANES spectra at the Ru K-edge. e) Influence of adsorption energies on the atom structures of different H adsorption. Reproduced 
with permission.[235] Copyright 2019, Nature Publishing Group.
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intermediates (i.e., H*) to accelerate HER kinetics.[13] A 
prominent example is RuAu SAA, where the incompatibility 
between Au and Ru created unique electronic and geometric 
structures.[232b] To establish the catalysis model of RuAu SAA 
for HER, DFT calculations were performed on RuAu(001), 
Ru(001), and Pt(111) facets. The H2O dissociation on RuAu(001) 
and Ru(001) was easier than that of Pt(111), and the higher 
energy barrier of RuAu(001) was ascribed to structural perturba-
tion induced by alloying. Due to the interfacial effect of Ru-Au, 
the adsorption of H2O and protons achieved an outstanding 
balance. Specifically, Ru atoms acted as the first active sites for 
capturing and dissociating water molecules, while Au atoms 
served as the second active sites to achieve the absorption of 
protons and promote the formation of H2 (Figure  32a–d). In 
another report, Wang and co-workers found that the dual-
metal RhFe interbond formed by Rh-SAs adjacent to Fe 
could encourage the conversion of Fe-NPs to Fe-SAs at low 
temperatures.[242] As illustrated  in Figure  32e,f, Fe embedded 
in nitrogen doped carbon hollow spheres (NCS) inhibited the 

formation of Rh-NPs. Furthermore, the RhFeN4 interface 
formed after introducing Rh-SAs into the crystal lattice would 
reversely detach Fe clusters, which resulted in the shrinkage of 
Fe10 to Fe9 (Figure 32g,h). Such synergistic effect in the bime-
tallic Rh-Fe interface significantly optimized ΔGH.

4.2.3. Steric Effect

The particle size of TM-based catalysts generally prefers 
to be in the range of nanometer.[243] This makes it more dif-
ficult to study the influence of metal particle size on electro-
chemical performance at the atomic scale. Fortunately, the 
bimetallic active sites introduced by adding two cations can 
not only regulate the coordination environment of the metal 
sites to enhance the catalytic activity, but also provide a steric 
hindrance to alleviate agglomeration during the pyrolysis pro-
cess.[51,244] In particular, such a steric effect between heteroge-
neous atoms can enlarge the distance between adjacent atoms, 

Figure 31. HAADF-STEM image of octahedral Pt/Pd SAA. a) Brighter atoms (dashed circles) show the presence of Pt clusters and b) Individual bright 
spots (solid circle) indicate the presence of isolated Pt SAs, where inset shows an individual octahedral Pt/Pd SAA particle. c) Optimized adsorption 
configurations of H atoms on Pt/Pd(111) SAA. The coverages of hydrogen are 0.25, 0.50, 0.75, and 1.00 ML, respectively. Reproduced with permis-
sion.[240] Copyright 2019, American Chemical Society.

Figure 32. a,b) Schematic illustration of H2 evolution on RuAu SAA. (a) Adsorption of water molecule on Ru atom. (b) H2O dissociation on Ru atom and H 
adsorption on Au atom. c) H2O activation on another Ru atom nearby, and d) H2 formation on Au atom. Spheres: blue, top layer of Ru; gray, side layer of Ru; 
golden, Au; red, O; white and green, hydrogen. Reproduced with permission.[232b] Copyright 2019, John Wiley and Sons. e–h) Mechanism of the interaction 
between adjacent Fe and Rh atoms on the stability. (e) Rh7 cluster without Fe species adding. (f) Rh-SA formed with the assistance of Fe species. (g) Fe10 
clusters and NCS linked by Rh-SA and (h) the formation of RhFe dual-metal bonds. Reproduced with permission.[242] Copyright 2020, John Wiley and Sons.
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controlling the metal atoms with different aggregation degrees. 
After precisely adjusting the doping amount of Zn in the bime-
tallic ZnCo-ZIFs precursor, it was found that Co atoms can be 
geometrically isolated by the introduced Zn atoms to varying 
degrees during pyrolysis.[245] As shown in Figure 33a, when the 
molar ratio of Zn/Co was 0:1, 2:1, and 8:1, the isolation degree 
was the smallest (nanoparticle size), middle (atomic cluster 
size), and highest (atomic level), respectively. The subsequent 
HAADF-STEM images confirmed the formation of Co clusters 
and SAs. Surprisingly, this steric effect caused by doping with 
heterometallic atoms acted like a fence. More interestingly, the 
steric hindrance could be observed in DACs with homo-metal 
sites as well.[246] First, in order to obtain Pt1/graphene SAC, 
MeCpPtMe3 was anchored on the graphene surface with a lot 
of defect sites. Then, Pt1 SAs were employed as the nuclea-
tion sites for the selective deposition of the secondary Pt atom 
during the second ALD cycle, and finally obtaining a Pt-Pt 
dimer DAC (Pt2/graphene). It can be clearly observed through 
aberration-corrected HAADF-STEM measurements that the 
steric hindrance induced during synthesis well isolated the Pt1-
SAs, where the PtPt distance in dimers was longer than the 
PtPt bond in Pt bulk (Figure 33b,c).

The development of pluralistic catalysts to achieve high reac-
tivity and selectivity for complex reactions is the general trend 
of the future development of energy applications. In this case, 
SAAS and DACs with unique properties provide a new idea for 
the design of SACs.

5. Recent Advances in SACs for Hydrogen 
Generation

Hydrogen is an earth-abundant element and mainly exists in the 
form of water, hydrocarbons, and biomass in nature. However, to 

make these H elements into H2 fuel, it is first necessary to extract 
them through other forms of energy, such as light, electricity, or 
heat.[247] Noble metal nanocatalysts have been widely applied in 
H2 production. Unfortunately, shortcomings such as high price, 
poor durability, and low utilization limit their commercial appli-
cations. As mentioned above, SACs can utilize precious metal 
and non-precious metal atoms with maximum efficiency, greatly 
reducing the use and cost of precious metals. Furthermore, the 
excellent performance of SACs in activity, selectivity, and stability 
provides a feasible way for large-scale production and industrial 
application of hydrogen energy. Based on this, this section will 
comprehensively review the current progress of SACs in the 
common hydrogen generation reactions, including WGSR, elec-
trocatalytic HER, and photocatalytic H2 evolution. The future 
prospect and development direction of SACs are revealed from 
both experimental and theoretical aspects.

5.1. Hydrogen Production from Water Gas Shift Reaction

WGSR (CO + H2O ↔ CO2 + H2) is a type of crucial energy 
conversion reaction that employs fossil fuels as raw materials 
to produce H2, MeOH, and synthetic ammonia.[248] Besides, 
it is also used to remove CO pollution. Up to now, the major 
source of H2 is still the catalytic steam reformation relying on 
fossil energy.[249] Nevertheless, the weaknesses of this H2 pro-
duction strategy are also very obvious, for example, low thermal 
stability, complicated operation, and working at high tempera-
tures or high H2O/CO ratio.[250] The catalytic performance plays 
a decisive role in solving this issue. In this case, the emergence 
of supported SACs is expected to substitute for the convent 
commercial catalysts.

As early as 2003, Professor Maria Flytzani-Stephanopoulos 
skillfully used NaCN to wash away the NPs on the catalyst, and 

Figure 33. a) The synthesis and structure diagram of ZnCo-ZIFs with different Zn/CO molar ratios. Reproduced with permission.[245] Copyright 2019, 
John Wiley and Sons. b) Aberration-corrected HAADF-STEM images of Pt2 dimers. Scale bars, 1 nm. c) Statistical PtPt distance in more than 80 pairs 
of Pt2 dimers. Reproduced with permission.[246] Copyright 2017, Nature Publishing Group.
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found that the WGSR activity of this catalyst was still maintained, 
which fully proved that singly dispersed Pt and Au atoms were 
the real active sites.[8a] Such a catalyst with excellent performance 
is recognized as a milestone, leading to the rapid development 
of other SACs for WGSR. Fe-based SACs are generally used for 
high-temperature WGSR, while Cu-based or MoS2-based SACs 
are mostly employed for low-temperature WGSR. In recent years, 
a large number of SACs that produce hydrogen through WGSR 
have been reported, including Ir/FeOx,[53a,123,242] Au/FeOx,[68] 
Pb/FeOx,[135] Rh/TiO2,[251] Pt/TiO2,[252] as well as Au/TiO2.[253] In 
WGSR, the Mo2C surface that is doped with Pt-SAs has similar 
activity as the Pt catalytic system. Unlike Pt(111), the inhibition of 
CO2 desorption by Mo2C promotes the separation of H. On the 
contrary, introducing Pt-SAs into Mo2C can significantly increase 
the release of H2. For Pt@Mo2C(001) SAC, the synergistic effect 
of bimetallic MoPt is beneficial to H2 evolution.[173b] The initial 
adsorption and activation process of H2O occurs at the Mo site. 
Subsequently, H2O dissociates spontaneously to form H species, 
and migrates to unstable Pt sites to release H2. Interestingly, the 
major product on the Pt@Mo2C(001) surface is the trans-COOH 
species (Figure 34a). In another report, the total CO conversion 
rate of Rh/TiO2 SAC with 0.37% loading was as high as 95%, 
and the WGSR activity was about four times higher than that of 
NPs catalyst (Figure 34b).[251] Such excellent performance can be 
ascribed to the fact that H2 generated in WGSR does not react 
with CO and CO2 to form CH4.

In general, oxides are the most commonly used as SAC sup-
port for H2 production from WGSR, and H2O is dissociated at 
the oxygen vacancy sites in oxide support. The introduction of 
M-SAs into oxides can promote the formation of O-vacancies 
on the oxide support, and thus the enhancement of the reac-
tivity. It is worth noting that the mechanisms of WGSR are not 
identical. It has been generally accepted that the WGSR follows 
three mechanisms, including i) surface redox, ii) carboxyl, and 
iii)  formate mechanism.[176a,254] Temperature-programmed sur-
face reaction (TPSR-MS) experiment under WGS flow is a 
common method to distinguish the three mechanisms.[255] In 
the redox pathway, SACs always generate H2 first and then CO2, 
such as Ir/FeOx

[53a] and Pd/FeOx.[135] CO is oxidized through the 
Mars–van Krevelen mechanism. The absorbed CO reacts directly 
with the lattice O near SAs to form CO2. For the carboxyl/
formate mechanism, COOH/HCOO intermediates are produced 
by the reaction of absorbed CO with OH groups adjacent to SAs. 
It can be seen from Figure  34c that the priorities of the three 
reaction pathways are not the same at different reaction tempera-
tures.[252] Moreover, the generation step of OCOH* is similar to 
transalkylation in the formate pathways. An Ir1/FeOx SAC with 
synergistic dual metallic sites has been reported, which provides 
a redox mechanism different from the typical associative mecha-
nism for the formation of formate or carboxyl intermediates.[242] 
Typically, H2O is decomposed into OH* and H* on Ir1-SAs and 
the first adjacent O atom that is bonded with Fe, respectively. 

Figure 34. a) Diagram of the WGS reaction on the Pt @ Mo2C(001) surface, potential energy had been Calculated. Reproduced with permission.[173b] 
Copyright 2017, American Chemical Society. b) Specific reaction rate (solid symbol) and CH4 selectivity (open symbol) Rh/TiO2 catalysts. Reproduced  
with permission.[251] Copyright 2017, John Wiley and Sons. c) Various WGS reaction steps on Pt/TiO2 SAC. Reproduced with permission.[252]  
Copyright 2017, American Chemical Society.
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Next, the O-vacancies on the support surface are formed by the 
adsorbed CO on Ir1. Subsequently, H will migrate from absorbed 
OH* to Ir1, and eventually react with another H* to produce H2.

5.2. Hydrogen Evolution by Water Electrolysis

Water splitting (H2O (l) → H2  (g) + 1/2 O2  (g), 
ΔG° = +237.2 kJ mol−1, ΔE° = 1.23 V vs normal hydrogen elec-
trode (NHE)) is believed to be the most promising and sustain-
able way toward H2 production with zero-carbon-emission. 
The HER (2H+ (aq) + 2e− → H2 (g)) is a half reaction of water 
electrolysis/electrochemical water splitting at the cathode, as 
illustrated in Figure  35a. In comparison with the  reforming 
of fossil fuels, there are many advantages of H2 generation 
through the HER, including i) abundant and renewable  raw 
materials, that is, water, ii) pollution-free production process, 
iii) high purity of H2, iv) storable energy, and v) complementary 
advantages with other renewable energy sources. However, the 
energy consumption and cost of H2 evolution by water splitting 
are relatively high, because the water splitting reaction is not 
prone to occur in thermodynamics and kinetics, and great reac-
tion barriers require to be overcome for high efficiency.[256] In 
other words, energy input is needed to overcome the barriers in 
HER from water, namely the overpotential (η, the potential dif-
ference between the value required for a given electrochemical 

reaction and the thermodynamic value). Therefore, developing 
high-electrode catalysts to minimize the overpotentials for gen-
erating H2 efficiently is of great significance to the application 
of water electrolysis. As mentioned above, the HER is an elec-
tron transfer process in electrochemical water splitting that 
occurs at the cathode. Protons in acidic media or H2O mole-
cules in alkaline media are reduced to H2 on the electrode sur-
face with minimum external potential applied (Figure 35b). The 
difference in pH value of electrolytes will affect the reaction 
steps of HER. Volmer–Heyrovsky (Equation  (1)) or Volmer–
Tafel (Equation (2)) routes are involved to investigate the HER 
mechanisms in acidic and alkaline electrolytes.[257]

H H*,H * H H2+ → + + →+ − + −e e  (1)

H H*,H * H* H2+ → + →+ −e  (2)

where Hads represents the adsorbed H atoms on the catalyti-
cally active sites (*) of the electrode surface.

In particular, the Gibbs free energy of H adsorption (ΔGH*) is 
typically a key indicator to evaluate the HER activity. According 
to the Sabatier principle,[259] if the interaction between catalysts 
and the reactive intermediates is too strong or too weak, the reac-
tion will be slowed down. In the “volcano-type” plot established 
by Parson, the j0 value is associated with ΔGH*.[260] As shown 
in Figure 36a,b, the closer the ΔGH* value is to zero, the higher 

Figure 35. a) Schematic diagram of water electrolysis involved HER and OER. b) Mechanistic illustration of H2 evolution on the surface of an electrode 
in acidic (left) and alkaline (right) environment. Reproduced with permission.[258] Copyright 2020, American Chemical Society.
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the H2 evolution activity (HER log j0) is. Meanwhile, it should 
be noted that the adsorption and desorption of H atoms on 
the catalyst are in competition with each other. With the rapid 
development of computer science, DFT calculation has become 
a momentous tool to obtain the ΔGH* value.[23b,258,261] Specifi-
cally, the indicators for evaluating HER catalyst performance also 
include overpotential (η), Tafel slope (b), faradaic efficiency, turn-
over frequency (TOF), hydrogen bonding energy, etc. Among 
them, η1 (onset overpotential), η10, and η100 correspond to current 
densities of 1, 10, and 100 mA cm−2, respectively.[4a,162b,165] In par-
ticular, η10 is usually used to evaluate HER activity, and a smaller 
η10 indicates higher activity (Figure  36c). Moreover, the Tafel 
slope is closely related to HER rate. As shown in Figure 36d, the 
smaller the Tafel slope, the faster the electron transfer kinetics. 
More evaluation approach of HER catalysts has been discussed 
thoroughly in the work by Wong and co-workers.[258]

As is shown above in our paper, three main factors that can 
influence the SACs activity have been summarized: the geo-
metric structure and electronic properties of the support, the 
coordination environment of the metal atom, as well as the uni-
formity of the active site. Because the electronegativity of M-SAs 
is different from that of coordination atoms, the electrons of 

M-SAs will migrate to the support. This electron transfer will 
lead to more unoccupied d-orbitals, which favors the adsorption 
of hydrogen species. On the basis of above mechanism, for a 
complex electrochemical environment, especially under alka-
line conditions, the efficient HER SACs boost the process of 
industrial H2 production. All in all, SACs have been extensively 
studied in HER and exhibited exciting performance (Table 1).

5.2.1. HER in Acidic Media

The HER in acidic environment is carried out by the reduction 
of protons in the electrolyte (2H+ + 2e− → H2).[23f ] Specifically, 
acidic HER involves three key steps (Equations (3)–(5)):

H * H * Volmere ( )+ + →+ −  (3)

eH H* H * Heyrovsky2 ( )+ + → ++ −  (4)

2H* H * Tafel2 ( )→ +  (5)

Under acidic conditions, the HER precursor is a proton, 
which can easily receive electrons from the cathode. As a result, 

Figure 36. a) Relationship between j0 and ΔGH* under the assumption of a Langmuir adsorption model. Reproduced with permission.[260]  
Copyright 1958, Royal Society of Chemistry. b) HER volcano plot for metals-supported MoS2. Reproduced with permission.[13] Copyright 2017, The 
American Association for the Advancement of Science. c) Her polarization curve for iR correction and overpotential measurement. d) Tafel plots of 
Tafel slopes and exchange current densities. Reproduced with permission.[162b] Copyright 2019, John Wiley and Sons.
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Table 1. HER Performance of State-of-the-Art SAECs in different reaction environments.

Electrocatalyst Single active 
species

Loading −η10 [mV] mass activity  
[A mg−1 @ mV]

Tafel slope  
[mV dec−1]

Stability TOF [s−1  @  mV] Electrolyte Ref.

Pt-MoS2 Pt 1.7 wt.% 60 96 5000 CV cycles 0.1 m H2SO4 [40]

Pt-1T′ MoS2 Pt 1.04 wt.% 180 88.4 5000 CV cycles or 20 h 0.5 m H2SO4 [150]

Pt-SAs/MoS2 Pt 5.1 wt.% ≈59 17.14 @ 50 31 1000 CV cycles or 2 h 47.3 @ 100 0.5 m H2SO4 [67]

SA Co-D 1T MoS2 Co 3.54 wt.% 42 32 10 000 CV cycles or 240 h 7.82 @ 100 0.5 m H2SO4 [158c]

Pt1 @ FeNC Pt 2.1 wt.% 60 42 0.5 m H2SO4 [197]

K2PtCl4 @ NC-M Pt ≈1.92 wt.% 11 5.8 @ 20 21 40 h 6.1 @ 20 0.5 m H2SO4 [262]

Mo2TiC2TxPtSA Pt ≈1.2 wt.% 30 8.3 @ 77 30 10 000 CV cycles or 100 h 0.5 m H2SO4 [26d]

61 36 5000 CV cycles 0.5 m PBS

Pt SAs/DG Pt 2.1 wt.% 23 26.2 @ 50 25 5000 CV cycles or 24 h 0.5 m H2SO4 [191]

Pt SASs/AG Pt 0.44 wt.% 12 22.4 @ 50 29.33 2000 CV cycles or 24 h 0.5 m H2SO4 [263]

Pt/NiS @ Al2O3  Pt 2.8 wt.% ≈34 ≈35 120 h 0.5 m H2SO4 [264]

400-SWNT/at-Pt Pt 0.75 at % 27 38 5000 CV cycles 0.5 m H2SO4 [213]

RuSA-N-S-Ti3C2Tx Ru 1.2 wt.% 76 90 3000 CV cycles or 16 h 0.52 @ 100
0.87 @ 150
1.50 @ 200

0.5 m H2SO4 [90]

Pd-MoS2 Pd 1.0 wt.% 78 80 5000 CV cycles or 100 h 2.77 @ 100 0.5 m H2SO4 [159]

Ru SAs@PN Ru 0.33 wt. % 24 38 5000 CV cycles or 24 h 1.67 @ 25 
4.29 @ 50

0.5 m H2SO4 [88a]

Co-NG-MW Co ≈1.1 wt.% 127 80 1000 CV cycles or 120 h 0.385 @ 100 0.5 m H2SO4 [265]

Ni/np-G Ni ≈4–8 at % ≈180 45 1000 CV cycles or 120 h 0.8 @ 300 0.5 m H2SO4 [114]

A-NiC Ni 1.5 wt.% 34 41 4000 CV cycles or 25 h 0.5 m H2SO4 [212]

SAP-Mo2C-CS P 3.6 wt.% 36 38.1 1000 CV cycles or 11 h 0.23 @ 50
1.12 @ 100

0.5 m H2SO4 [266]

SANi-I I 1.2 wt.% 34.6 10 000 CV cycles or 24 h 1.0 m KOH [24]

Ru/N,S-GO Ru 7.2 wt.% 26 0.352 @ 100 30 10 000 CV cycles or 50 h 1.0 m KOH [66]

Ru SAs/NCNFs Ru 2.96 wt.% η20 = 34 0.39 @ 100 71 20 h 1.0 m KOH [267]

Ru/np-MoS2 Ru 7.94 at % 30 31 40 h 1.0 m KOH [76]

Ni5P4-Ru Ru 3.83 wt.% 54 1.601 @ 50 52 120 h 1.0 m KOH [63]

Ru-NC-700 Ru 2.01 at % 47 14 0.1 m KOH [86c]

12  10 000 CV cycles 1.0 m KOH

29 28 0.5 m H2SO4

Pt/NiRu-OH Pt ≈1.0 wt.% 38 1.01 @ 50 39 5000 CV cycles or 30 h 1.0 m KOH [268]

PtSA-NiO/Ni Pt 1.14 wt.% 26 20.6 @ 100 27.07 5000 CV cycles or 30 h 5.71 @ 50 1.0 m KOH [269]

27 31.94 1.0 m PBS (pH = 7.0)

Pt @ PCM Pt 0.53 wt.% 139 73.6 1000 CV cycles or 5 h 1.0 m KOH [118]

105 65.3 43.6 @ 500 0.5 m H2SO4

Co1/PCN Co ≈0.3 wt.% 151 52 0.22 @ 50, 
5.98 @ 100

0.5 m H2SO4 [33]

89 5000 CV cycles or 24 h 1.0 m KOH

Mo1N1C2  Mo 1.32 wt. % 154 86 1000 CV cycles  0.082 @ 50, 
0.262 @ 100 
0.842 @ 150, 
2.59 @ 200

0.5 m H2SO4 [116]

132 90 0.148 @ 50, 
0.465 @ 100, 
1.46 @ 150

0.1 m KOH
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the activity of HER in acidic media is relatively high when there 
are enough protons in the electrolyte. By comparison with alka-
line and neutral conditions, the acidic HER is usually the first 
choice for H2 evolution by water reduction.[155,186] In addition, 
the powerful and flexible proton exchange membrane electro-
lyzers in acidic media allow water electrolysis to couple with 
wind and solar energy.[272] Up to now, many SACs toward acidic 
HER have been reported.[26d,40,264,265]

Pt-based materials have been believed to be the most effective 
HER catalysts in acidic environments.[273] Especially, Pt-based 
SACs are able to maximize the HER activity of Pt metal sites. 
Deng et al. proposed for the first time that doping Pt-SAs into the 
in-plane domain of MoS2 nanosheets can significantly enhance 
the acidic HER activity and stability of MoS2.[40] According to 
the DFT calculations, Pt-MoS2 formed a new electronic state, 
and the adsorption behavior of H atoms on adjacent S sites can 
be well regulated by isolated Pt atoms. Yi et al. reported a site-
specific electrodeposition (SSED) technique that can be used 
to synthesize SACs supported with various metals (e.g., Pt, Pd, 
Rh, Cu, and so on).[67] MoS2 was chosen as support to deposit 
metals at the characteristic site through surface-limited reac-
tion, namely UPD process, and the metals were confined at the 
atomic scale (Figure 37a,b). Compared with the most advanced 
SAECs, the as-fabricated Pt-SAs/MoS2 SAC exhibited competi-
tive activity with low η10 of ≈59 mV and stability in acidic HER. 
Amorphous Mo based oxides may also be outstanding supports 
for Pt-based SAECs.[274] The Pt-SA/α-MoOx electrocatalyst was 
synthesized by anchoring dispersed Pt-SAs on amorphous 
MoOx through a wet chemical-calcination hybrid strategy.[275] 
As shown in Figure  37c, the mass activity of Pt corresponds 
to 40  times (52 A mgPt

−1) and 47.6 times (161.7  A  mgPt
−1) over 

Pt/C at an overpotential of 50 and 100  mV, respectively. The 

synergistic effect between unsaturated Pt-SAs and α-MoOx with 
abundant oxygen-vacancies is the key to the remarkable catalytic 
performance of Pt-SA/α-MoOx. Furthermore, the successful 
loading of other M-SAs such as Ir, Au, and Pb atoms on α-MoOx 
reflected the universality of the synthesis method as well. 
In another recent report, Pt-SAs were anchored on N-doped 
mesoporous hollow carbon sphere (Pt1/NMHCS).[276] Due to the 
strong EMSI effect induced by the unique N1Pt1C2 coordina-
tion structure, this Pt1/NMHCS SAC exhibited an outstanding 
HER performance in acidic solution with an ultralow η10 of 
40 mV and a Tafel slope of 56 mV dec−1

. According to DFT calcu-
lations, the N1Pt1C2 structure with the electron-rich state and 
strong reduction ability favored the reduction of absorbed H+. 
Additionally, Pt-SAs dispersed in tungsten suboxide (denoted 
Pt SA/m-WO3−x) accelerated the kinetics of H insertion/extrac-
tion (Pt + H+ + e− ↔ PtH, PtH + H+ + e− ↔ Pt + H2 ↑).[277] 
According to the experimental measurements, the as-prepared 
SAC could deliver a current density of 10 mA cm−2  at a super 
low overpotential of only 38 mV, while the mass activity was 16 
times that of commercial Pt/C. The authors claimed that this 
work was a strategy combining electronic effect and spillover 
effect, in which the support effect was the key to the enhance-
ment of HER activity (Figure 37d). It may be reasonable because 
the interface between Pt-SAs and WO3−x strengthens the H 
spillover effect and shortens the H diffusion length.[278]

Recently, Sun  et  al. designed a mild and facile approach to 
anchored atomically dispersed Pt atoms on aniline-stacked gra-
phene (AG) support for HER.[263]  As depicted in Figure  38a, 
graphene was modified via strong ππ  interaction of aniline 
molecules. DFT suggested that the edge-to-face configuration 
in aromatic ππ interactions was thermodynamically preferred 
compared with the face-to-face configuration. Subsequently, 

Electrocatalyst Single active 
species

Loading −η10 [mV] mass activity  
[A mg−1 @ mV]

Tafel slope  
[mV dec−1]

Stability TOF [s−1  @  mV] Electrolyte Ref.

W-SAC W 1.21 wt.% 105 58 10 000 CV cycles or 11 h

85 53 1.16 @ 40
3.40 @ 80
6.35 @ 120

0.1 m KOH [270]

Ni/β-Mo2C Ni 155 79 1000 CV cycles or 10 h 0.5 m H2SO4 [173a]

149 66 1.0 m PBS (pH = 7.0)

157 61 1.0 m KOH

Pt/np-Co0.85Se Pt  ≈1.03 wt.% 58 1.28 @ 100 39 1.0 m KOH [271]

55 1.32 @ 100 35 3000 CV cycles or 40 h 3.93 @ 100 1.0 m PBS (pH = 7.0)

58 13.57 @ 100 26 0.5 m H2SO4

PtSA-NT-NF Pt 1.76 wt.% 24 0.07 @ 50 30 5000 CV cycles 1.0 M PBS
(pH = 7.2)

[26a]

Pt-SAs/MoSe2 Pt 4.7 wt.% 67 43.65 @ 100 28 151 @ 200 0.5 m H2SO4 [112]

29 34.37 @ 100 34 1000 CV cycles 6.21 @ 50 1.0 m KOH

Pt-SAs/MoS2 5.1 wt.% 59 47.47 @ 100 31 172 @ 200 0.5 m H2SO4

65 6.75 @ 100 50 1000 CV cycles 1.02 @ 50 1.0 m KOH

Pt-SAs/WS2 4.1 wt.% 32 130.21 @ 100 28 273 @ 200 0.5 m H2SO4

108 2.46 @ 100 55 1000 CV cycles 0.56 @ 50 1.0 m KOH

Pt-SAs/WSe2 4.9 wt.% 118 11.20 @ 100 41 101 @ 200 0.5 m H2SO4

126 2.20 @ 100 59 1000 CV cycles 0.52 @ 50 1.0 m KOH

Table 1. Continued.
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H2PtCl6  aqueous solution with 0.44  wt.% Pt content and as-
obtained AG were fully mixed, then PtCl62− ions were electro-
statically fixed on AG. After microwave irradiation, these PtCl62− 
ions anchored on AG support were eventually reduced to Pt-SAs. 
Interestingly, the maximum protonation of aniline limited the 
maximum PtCl62− loading amount of 0.44  wt.%, preventing 
excess Pt from being anchored to form NPs or clusters. Images 
from in situ TEM characterizations demonstrated that Pt SASs/
AG well maintained the wrinkle structure of graphene, and 
Pt-SAs were uniformly dispersed on AG without visible agglom-
eration (Figure 38b–e). According to HAADF-STEM and XAFS 
measurements, Pt-SAs were coordinated with four aniline mole-
cules to form a Pt-N configuration (the coordination number 
was about 4), as shown in Figure 38f. The as-prepared Pt SASs/
AG catalyst exhibited nearly zero onset potential and a super low 
η10 of only 12 mV, as well as a remarkable mass activity of 22 400 
A gPt

−1, which is 46 times higher than that of the commercial 20% 
Pt/C. The structure–performance relationship between Pt coor-
dination and H2 evolution activity was studied by DFT calcula-
tions. On the one hand, the d-band center of Pt-SAs anchored by 
aniline downshifted to −2.465 eV (Figure 38g), which is close to 
that of Pt(111) (−2.687 eV), suggesting that the synergistic effects 
between aniline and Pt were responsible for HER performance. 

On the other hand, the ΔGH* of this catalyst was −0.127 eV, which 
is almost the same as that of Pt(111) (Figure 38h). Moreover, Li’s 
group successfully prepared a Pt SAs/DG SAC from bulk Pt net 
through a facile thermal emitting approach.[191] The obtained 
SAC with 2.1 wt.% loading of Pt can serve as a high-performance 
catalyst toward HER and selective oxidation of various orga-
nosilanes. In another study, the Pt/NiS@Al2O3 SAC containing 
≈2.8 wt.% Pt loading was synthesized by anchoring Pt-SAs on a 
3D flower-like NiS@Al2O3 heterostructure.[264] For HER electro-
catalysis in 0.5 m H2SO4, this obtained catalyst achieved a low 
η10 of ≈34 mV and Tafel slope of ≈35 mV dec−1, superior to Pt/
MnS@Al2O3  and Pt/CoS2@Al2O3 and comparable to commer-
cial 20 wt.% Pt/C sample. It was believed that the high catalytic 
performance of Pt/NiS@Al2O3 was derived from the rich redox 
reaction sites generated by the introduction of Pt-SAs, as well 
as the active area of γ-Al2O3 nanosheets enlarged by highly dis-
persed NiS NPs.

Conventional solution chemistry and photochemical reduc-
tion are the common methods for metal nanocatalysts. However, 
the liquid phase and reaction products are prone to nucleation, 
growth, agglomeration, and diffusion, which seriously hinder 
their application in the synthesis of SACs.[16f,85,279] In this case, 
freezing the precursor solution to limit the photochemical 

Figure 37. a) Schematic diagram of electrodeposition method for depositing M-SAs on TMCs. b) A SACs library of various supporting TMD substrates 
and precursor metals for SSED. Reproduced with permission.[67] Copyright 2020, Nature Publishing Group. c) HER mass activities of Pt-SA/α-MoOx at 
η = 50 and 100 mV. Reproduced with permission.[275] Copyright 2020, Elsevier Inc. d) Illustration of the HER for Pt SA/m-WO3−x and Pt NP/m-WO3−x. 
Reproduced with permission.[277] Copyright 2019, John Wiley and Sons.
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reduction products is an effective solution. Wei et al. successfully 
prepared dispersed Pt-SAs that can be anchored on various sub-
strates through this method.[16d] The electrochemical H2 evolu-
tion activity of the as-obtained Pt1/MC had a low overpotential of 
only 65 mV at η = 100 mA cm−2, which is superior to the state-
of-the-art Pt/C. On this basis, Huang et al. revealed the heteroge-
neous nucleation process of PtPt dimers at −40 °C and room 
temperature via ab initio  molecular dynamics (AIMD) simula-
tions.[280] As shown in Figure 39a, the low-temperature environ-
ment forces the nucleation process of PtPt to overcome larger 
nucleation barriers, promoting the formation of highly dispersed 
Pt-SAs. This atomically dispersed Pt supported on the surface 
of N-doped mesoporous carbon (Pt/NMC-LT) was synthesized 
by a circulating cooling system (Figure  39b). The interactions 
between the Pt atom and the support make Pt species present 
the oxidation state of Ptδ+.[16d,281] Unfortunately, the above-men-
tioned synthesis strategies are relatively complex, low-yield, and 
require expensive equipment, which cannot be employed in 
industrial reparation. The recently developed ball milling process 
provides a feasible scheme for the large-scale automated produc-
tion of SACs and SAAs.[282] In a study by Jin and co-workers, 
a Pt SAC (K2PtCl4@NC-M) was fabricated quickly and easily 
by ball milling Pt precursor and N-doped carbon support.[262] 
In 0.5 m H2SO4 solution, the overpotential of K2PtCl4@NC-M 

(η10  = 11  mV) was lower than that of the commercial 20 wt.% 
Pt/C (η10  = 14  mV), while the mass activity in electrochemical 
HER was increased by 17 times (Figure 39c,d). XAFS data dem-
onstrated that the superior H2 evolution activity of K2PtCl4@
NC-M was ascribed to the maximum utilization of uniformly dis-
persed Pt SAs as well as the introduction of PtN2C2 active sites. 
Furthermore, this ball milling procedure is generally applicable 
to fabricate other M-SAs with similar structures (MtN2C2) for 
large-scale energy storage and conversion application scenes, 
such as Rh SAC (RhCl3@NC-M) and Ru SAC (RuCl3@NC-M).

It should be pointed out that the strong corrosiveness of 
acidic media will decrease the stability of carbon-based supports. 
Besides, the application of Pt in industrial H2 production from 
water electrolysis is greatly limited due to its high price and easy 
poisoning. Therefore, it is necessary to develop novel SACs to 
replace Pt-based electrocatalysts. It has been found that Ru 
exhibits a similar metal–hydrogen (MH) bonding strength to 
Pt, and its price is relatively low.[283] To this regard, Yang  et  al. 
prepared Ru SAC through a typical co-reduction approach, in 
which Ru-SAs coordinated with four N atoms on the P-vacan-
cies of a novel carbon-free PN nanotube support.[88a] The as-
prepared Ru SAs@PN catalyst contained merely 0.33  wt.% Ru 
loading but exhibited similar catalytic performance compared 
with commercial 20  wt.% Pt/C. Only ultralow overpotential 

Figure 38. a) Illustration of fabricating Pt SASs/AG. b) TEM image and c) corresponding elemental maps of Pt SASs/AG. d) HR-TEM image and 
e) HAADF-STEM images of Pt SASs/AG. f) EXAFS fitting curve of the Pt SASs/AG. The inset shows the optimized model. g) DFT calculation models 
(top views) of Pt SASs/AG and h) Corresponding PDOSs of the 5d orbitals of Pt. i) ΔGH* on Pt(111), Ptab/G, and Pt SASs/AG. Reproduced with permis-
sion.[263] Copyright 2019, Royal Society of Chemistry.
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of 24  mV was needed for Ru-SAs@PN to provide the current 
density of 10 mA cm−2, with the Tafel slope being 38 mV dec−1. 
Furthermore, it showed good stability at a high current density 
of 100 mA cm−2. The PN substrate with distorted spatial struc-
ture and polar PN bond is considered to be an ideal support 
for isolating the metal sites. Another example by He et  al. sta-
bilized Ru-SAs on the N and S doped Ti3C2Tx MXene.[90] DFT 
calculations based on XPS and XAFS results showed that the 
obtained RuSA-N-S-Ti3C2Tx endowed an optimized H adsorption 
free energy close to zero (0.08 eV) (see Figure 40a). As shown in 
40b and c, the RuSA-N-S-Ti3C2Tx was reported to exhibit a low η10 
of 76 mV and η100 of 237 mV in acidic electrolyte, with a Tafel 
slope of 90  mV dec−1. For comparison, the Tafel value of such 
Ru-MXene SAC is higher than that of the previously reported 
Ru-based electrocatalyst,[283] while similar to that of other 2D 
MXenes catalysts for HER.[284] This phenomenon can be attrib-
uted to the synergistic effect of Ru-SAs and Ti3C2Tx MXene and 
the regulation of electronic structure by N, S doping. In another 
graphene-supported SAC work, Duan and co-workers reported a 
simple and universal microwave heating strategy that can stabi-
lize a series of M-SAs (M = Co, Ni, and Cu).[265] The characteriza-
tion results suggested that microwave radiation can remove the 
oxygen functional groups, and meanwhile, restore the ordered 
graphene structure. Additionally, the defects or vacancies pro-
duced in the thermal reduction process from microwave radia-
tion also play a major role in the anchoring sites for metal atoms.

As discussed in Section  2.4, the strong electronegativity of 
non-metal atoms allows them to couple with metal atoms on the 
support surface, thereby modulating the electrocatalytic activity 
of catalysts. Recently, a non-metal-based SAC with single P 
atoms as active sites has shown great potential for HER. Fu et al. 

have successfully fabricated a phosphorus SAC on Mo2C-based 
hexagonal nanosheet arrays supported by carbon sheet 
(SAP-Mo2C-CS).[266] In contrast to P-doped Mo2C CS without SAs, 
the positive charge of Mo increases in SAP-Mo2C-CS (Figure 40d). 
A high-intensity PMo peak appeared in the front edge region 
(about 2146.8 eV), which suggested that P atoms mainly coordi-
nated with Mo atoms (Figure 40e). This metal-free SAC required 
a low overpotential of only 36 mV at 10 mA cm−2 in acidic elec-
trolyte, with a corresponding Tafel slope of 38.1 mV dec−1, which 
is comparable to commercial Pt/C. Particularly, the electrocata-
lytic activity of SAP Mo2C CS with 3.6 wt.% of P content was even 
superior than the commercial Pt/C at a higher potential range. 
Theoretical calculations suggested that the P-SAs, as highly 
active sites, gave rise to chemical coupling effects and electron 
redistribution on Mo2C, accelerating the HER kinetics.

5.2.2. HER in Alkaline Solution

In an alkaline environment, HER is carried out by the reduc-
tion of water in the electrolyte (2H2O + 2e−  → H2  + 2OH−) 
(Equations (6)–(8)).[23f ]

H O * H * OH Volmer2 ( )+ + → +− −e  (6)

( )+ + → +− −H O H* H OH Heyrovsky2 2e  (7)

( )→ +2H* H * Tafel2  (8)

Because there is only a small amount of H+ in alkaline 
media, it is necessary to dissociate the water molecules through 

Figure 39. a) Energy diagram of PtPt dimer formation at −40 °C and RT. The initial state (IS), transition state (TS), and final state (FS) are indicated from 
left to right. C: gray; N: blue; Pt: light blue; O atoms: red; H atoms: white. b) Schematic illustration of the atomically dispersed Pt on NMC substrates. 
Reproduced with permission.[280] Copyright 2019, Royal Society of Chemistry. c) HER polarization curves of K2PtCl4 @ NC-M and other samples. d) Mass 
activity of K2PtCl4 @ NC-M and other samples at an overpotential of 20 mV. Reproduced with permission.[262] Copyright 2020, John Wiley and Sons.
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constant and high current densities to obtain H+.[285] In general, 
the Tafel slope of alkaline HER is larger than that of acidic HER, 
which means that the kinetic rate of H2 evolution in an alkaline 
media is much slower than that in acidic media. Taking the state-
of-the-art Pt electrocatalysts as an example, their relatively slow 
HER behavior exhibited in alkaline environment has become 
the main bottleneck for large-scale applications.[38b,198c,286] From 
another perspective, although the electrocatalysis under acidic 
conditions has superior activity, it will inevitably produce acid 
mist during high-temperature operation, resulting in hydrogen 
pollution and equipment corrosion.[184a] The HER behavior dem-
onstrates the opposite in alkaline media, and the electrocatalysts 
can maintain stable operation. Accordingly, the development of 
SACs with high H2 evolution properties in alkaline media pos-
sibly has greater value in practical application.

For alkaline HER, decreasing the H2O dissociation energy 
in the Volmer step (Equation  (6)) for electrocatalysts is crucial 
for H2 evolution due to the energy barrier for splitting a strong 
OHH bond. In general, in order to improve the H2 evolution 
activity of SACs, it is necessary to achieve the optimal adsorp-
tion energy of H atoms, while also increasing the dissociation 
efficiency of water molecules on the catalyst surface.[287] It is 
well known that noble-metals active species, such as Pt, Ru, 
and Pd, have a relatively strong H adsorption but weak H2O 
dissociation in the alkaline HER catalysts.[4a,163] Introducing 
single noble metal atoms into electrocatalysts is an effective 
approach to designing high-performance HER catalysts. For 
example, introducing atomically dispersed Ru species into 
N-doped Mo2C nanosheets could significantly enhance the 
electrocatalytic activity.[84] The electronic state of Ru sites on 

this fabricated Ru SAs/N-Mo2C NSs catalyst was investigated 
by XAFS and XPS characterizations. As shown in Figure 41a, 
the Ru peaks of the sample supported Ru-SAs presented more 
negative binding energies than that of the sample supported 
Ru-NPs, suggesting the strong electron transfer between 
Ru-SAs and support. XANES spectra showed an obvious shift 
to lower energy of pre-edge centroid of Ru SAs/N-Mo2C cata-
lyst, indicating the decrease of the oxidation state (Figure 41b). 
In 1.0 m KOH electrolyte, this Ru SAC exhibited a remarkable 
mass activity of 6.44 A mg −1, which is 7 times higher than that 
of the 20 wt.% Pt/C catalyst (0.91 A mg−1). DFT results further 
demonstrated the strong synergistic effect between atomic 
Ru species and N-Mo2C in this electrocatalyst. According to 
another previous study, S-vacancies in MoS2 basal plane could 
be created via the introduction of Pd-SAs, and these S-vacancies 
adjacent to M-SAs were regarded as the real active sites during 
HER.[159] Inspired by the above findings, Tan’s group designed 
a nanoporous MoS2  (np-MoS2) with bicontinuous structure 
to stabilize atomic Ru species, in which the synergistic effect 
between S-vacancies and Ru-SAs dramatically boosted the alka-
line HER.[76] The rational design scheme of this Ru SAC was 
predicted through theoretical calculations first. Notably, for 
alkaline HER, the active sites were the Mo sites located below 
the S-vacancies. By comparison, the ΔGH* value of the Ru sites 
and S sites after the introduced strain decreased to nearly zero 
(Figure  41d), demonstrating the desirable binding strength to 
hydrogen. As expected, the synergistic effect between Ru-SAs 
and S-vacancies could be enhanced via applying strain in MoS2. 
According to these theoretical results, a Ru/np-MoS2 SAC with 
3D bicontinuous nanoporous structure and nanotube-shaped 

Figure 40. a) Schematic diagram of the calculated ΔGH* of RuSA-N-S-Ti3C2Tx catalyst. b,c) Electrocatalytic HER performance of the RuSA-N-S-Ti3C2Tx cat-
alyst. Reproduced with permission.[90] Copyright 2019, John Wiley and Sons. d,e) XANES spectra of SAP-Mo2C-CS and other samples. f) The calculated 
ΔGH* of different H* adsorption sites on various samples. Reproduced with permission.[266] Copyright 2020, John Wiley and Sons.
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ligaments were fabricated successfully via spontaneous reduc-
tion strategy (Figure 41e,f). HAADF-STEM and XANES spectra 
confirmed the 2H1T phase transition in np-MoS2 induced by 
Ru doping (Figure  41g,h). The S-vacancies formed by the loss 
of S atoms after Ru substituting were proved by the magnified 
HAADF-STEM image and corresponding intensity profile anal-
ysis, as illustrated in Figure 41i. Furthermore, ambient pressure 
XPS and operando XAS comprehensively revealed the mecha-
nism of the improvement of HER performance, as well as the 
identification of the active sites. Briefly, the applied strain of 
Ru/np-MoS2 enhanced the accumulation of OH−  and H2O in 
SVs adjacent to Ru atoms, accelerating the H2O mass transfer 
for the subsequent alkaline HER. Meanwhile, the bending 
strain of these catalysts effectively tuned the electronic struc-
ture of Ru-SAs, which plays a crucial role in the water disso-
ciation and HH coupling. Surprisingly, the Ru/np-MoS2 SAC 
exhibited an extremely low overpotential of 30  mV at current 

densities of 10  mA  cm−2 and a Tafel slope of 31  mV  dec−1 in 
1.0  m KOH electrolytes, which surpasses the state-of-the-art 
electrocatalyst and commercial 20  wt.% Pt/C catalyst for H2 
evolution. On the basis of these design principles, it may be a 
promising way to maximize the catalytic performance of SACs 
by constructing a synergistic center to assist the SA site.

The above-discussed strategies achieve  highly efficient H2 
generation through independently modulating the binding 
energy of reactants (i.e., OH and H*) on different catalytic 
sites. Inspired by this, other materials with superior HER per-
formance as well as coordination environment should be thor-
oughly investigated as SAC support. Contrary to noble metals, 
oxides/hydroxides possess weaker H adsorption properties, but 
stronger H2O dissociation under alkaline conditions.[288] Con-
sequently, it can be predicted that the composite SACs formed 
by combining both the single noble-metal atoms and oxide/
hydroxide supports are a feasible approach to simultaneously 

Figure 41. a) Ru 3d for Ru NPs/MoO2 NSs and Ru SAs/N-Mo2C NSs. b) XANES spectra for Ru K-edge of Ru NPs/MoO2 NSs, Ru SAs/N-Mo2C NSs, 
and Ru foil. c) Mass-specific activity at overpotentials of 100 mV. Reproduced with permission.[84] Copyright 2020, Elsevier Inc. d) Free energy diagrams 
for hydrogen adsorption at different sits. e) SEM image of Ru/np-MoS2. f) HRTEM image of Ru/np-MoS2 from the cross-sectional view. g) Magnified 
HAADF-STEM image and corresponding intensity line profiles. h) S K-edge XANES spectra of np-MoS2 and Ru/np-MoS2. i) S-vacancies characteriza-
tion. Reproduce with permission.[76] Copyright 2021, Nature Publishing Group.
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promote the H adsorption and the H2O dissociation. In this 
regard, Li  et  al. have designed a novel type of hybrid electro-
catalyst, namely Pt/NiRu-OH, where the amorphous surface 
of NiRu-OH had abundant functional groups, which can fix 
highly dispersed Pt-SAs.[268] Theoretical calculations and experi-
mental results revealed that the NiRu-OH sites accelerated 
water splitting while the atomic Pt species promoted hydrogen 
recombination, which were the crucial reason for the superior 
performance of this hybrid catalyst under alkaline conditions. 
Surprisingly, Pt/NiRu-OH can drive a typical current density 
of 10 mA cmgeo

−2 at a low overpotential of 38 mV (Figure 42a). 
Likewise, Li’s group recently fabricated a Ru SAC (Ni5P4-Ru) 
through stabilizing Ru3+ species into Ni-vacancy defects of 
Ni(OH)2 via impregnation method (Figure 42b).[63] The as-pre-
pared  Ni5P4-Ru sample exhibited an impressive HER activity 
with a low η10 of 54 mV and a small Tafel slope of 52 mV dec−1. 
DFT calculations investigated that the incorporated Ru-SAs 
improved the conductivity, which boosted the HER process. As 
shown in Figure  42c, the charge density redistributions have 
been demonstrated. Such a localized structural polarization 
induced an environment with electron-rich Ru sites, decreasing 
the energy barrier of H2O dissociation. The calculation results 
further proved that the energy barrier on the Ru site in Ni5P4-
Ru (1.28 eV) was lower than that on pristine Ni5P4 (1.97 eV), as 
shown in Figure 42d.

In addition to the above-mentioned hydroxide supports, the 
binding energy of reaction intermediates (including OH* and 
H*) can be independently regulated by the dual active sites cre-
ated at the metal oxide/metal interface, efficiently facilitating 
the water dissociation step with a low energy barrier.[269] In 
this as-synthesized  PtSA-NiO/Ni heterostructure nanosheets 
on Ag nanowires conductive network, metallic Ni sites and 
NiO sites at the NiO/Ni interfaces served as dual active sites 

(Figure  43a,b). Specifically, the crystal-lattice dislocation and 
phase transition generated abundant O-vacancies at the surface 
of NiO/Ni interfaces, which offered anchoring sites for Pt-SAs. 
As depicted in Figure  43c, Ni and NiO sites possessed strong 
binding with OH* and H*, respectively, promoting the HOH 
bond destabilization, and then Volmer step would be acceler-
ated. Particularly, NiO/Ni-supported atomic Pt sites favored 
the H reactants’ adsorption and transfer because of the wider 
5d band and higher density near the Fermi level (Figure 43d). 
HAADF-STEM, XPS, and XAFS analyses confirmed the Pt-SAs 
dispersed uniformly on NiO/Ni nanosheets. Combining the 
DFT calculations, the fitting results of EXAFS spectra  indi-
cated that the Pt atoms coordinated with one O atom and five 
Ni atoms in this Pt SAC, stabilizing at the interfacial Ni posi-
tions. As expected, PtSA-NiO/Ni exhibited a minimum energy 
barrier of 0.31 eV compared with that of PtSA-Ni (0.47 eV) and 
PtSA-NiO (1.42 eV), which demonstrated that the NiO/Ni inter-
face played a critical role in the H2O dissociation (Figure 43e). 
In particular, an ideal H binding energy (ΔGH*, −0.07 eV) was 
obtained (Figure  43f). Subsequent experiments revealed that 
the PtSA-NiO/Ni SAC exhibited a remarkable HER activity with 
an ultralow overpotential η10 and η100 of 26 and 85 mV, respec-
tively, and a small Tafel slope of 27 mV dec−1 in alkaline media. 
Furthermore, this PtSA-NiO/Ni SAC displayed remarkable sta-
bility that there was negligible change in the HER polarization 
curves after 5000 cycles or 30 h.

As we all know, CO is irreversibly adsorbed on the Pt surface, 
resulting in the deactivation of Pt-based catalysts.[289] Therefore, 
great efforts have been made to fabricate CO-tolerant Pt cata-
lysts. It is of great significance to further study the influence 
mechanism of CO-absorbed metal species on HER activity 
to reduce the toxicity of CO to the catalyst.[290] Recent studies 
have shown that, contrary to the common poisonous behavior 

Figure 42. a) Polarization curves of the Ni foam, NiRu-LDH, NiRu-OH, Pt/C, and Pt/NiRu-OH. Reproduced with permission.[268] Copyright 2020, 
Elsevier Inc. b) Schematic diagram for the fabrication of Ni5P4-Ru. c) Bader analysis of Ni5P4-Ru. d) The energy barriers for H2O dissociation on opti-
mized sites in Ni5P4 with Ru doping. Reproduced with permission.[63] Copyright 2020, John Wiley and Sons.
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in conventional electrocatalysis, the adsorption of CO on Au 
can enhance the catalytic performance.[291] However, since 
Pt is more active than Au, the strong donor-acceptor binding 
ability of CO is easier to decrease the activity of Pt-based cata-
lysts in electrocatalysis.[292] As a result, CO is usually consid-
ered a strong poisoning agent of Pt.[293] Surprisingly, when 
Pt in the PtS4 species downsizes to the atomic scale, the 
activity of Pt toward alkaline HER can be effectively enhanced 
by CO-adsorption.[294] Electrocatalytic HER characterizations 
showed that in the presence of CO, Pt-NPs supported by purely 
carbonaceous zeolite-templated carbon (denoted Pt/ZTC) and 
Pt-SAs supported by carbon with a high sulfur content (denoted 
Pt/HSC) were both significantly deactivated (Figure  44a–c). 
Interestingly, the kinetics of Pt/HSC was improved in CO-
saturated electrolytes. Such a special phenomenon is explained 
by the irreversible binding of CO to the atomic Pt site as an 
HER promoter. In addition, compared with pristine Pt SAC, the 
reduction current on the CO-modified catalyst increased signifi-
cantly, and CO reduction products were not formed. DFT calcu-
lations suggested that two H2O molecules (employed as reac-
tants and spectator) on Pt2+ were replaced by two CO molecules 

(Figure  44d). Notably, the enhanced effect of absorbed CO 
molecules on Pt/HSC on the HER performance was observed 
in an alkaline environment. By comparison, CO will induce 
rapid deactivation of this catalyst under acidic or neutral con-
ditions. Actually, the electrode/electrolyte interface chemistry 
modulated by the change of pH value can obviously improve 
the HER kinetics.

Besides the tungsten oxide supports discussed above, the 
combination of W atoms and carbon supports (i.e., graphene 
and CNTs) is also one of the strategies widely used to adjust 
the conductivity of materials.[209,210] Inspired by these works, 
Chen and co-works reported a synthesis approach that first 
anchored atomic W species on MOF-derived N-doped carbon 
(Figure  45a).[270] During the pyrolysis process, the uncoordi-
nated amine group contained in the MOF (UiO-66-NH2) played 
a vital role in suppressing the aggregation of W species. It can 
be seen in the TEM images that this obtained W-SAC main-
tained the polyhedral shape and size distribution (Figure 45b). 
HADDF-STEM image showed the atomically dispersed W in 
the sample (Figure  45c). As shown in Figure  45d, this result 
was also confirmed by XAFS measurements, where FT-EXAFS 

Figure 43. a) Fabrication procedure of PtSA-NiO/Ni nanosheets on Ag nanowires. b) HAADF-STEM image of PtSA-NiO/Ni. c) Mechanism of PtSA-NiO/
Ni catalyst for H2O dissociation and H2 production in alkaline electrolyte. d) Calculated Pt 5d band of PtSA-NiO/Ni and other samples. e) Calculated 
energy barriers of H2O dissociation kinetic and f) Free energy diagrams for hydrogen adsorption on the surface of three catalysts. Reproduced with 
permission.[269] Copyright 2021, Nature Publishing Group.
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peaks assigned to WW coordination were not detected. Sub-
sequently, DFT calculations further demonstrated the W1N1C3 
moiety was the optimized configuration toward HER. In com-
parison, W-SAC possessed the lowest ΔGH* of 0.033  eV than 
that of other W-based catalysts (Figure 45e). This single-W-atom 
material exhibited promising HER performance with η10  of 
85  mV and a Tafel slope of 53  mV dec−1 in an alkaline elec-
trolyte, similar to that of commercial Pt/C. Actually, the high 

HER activity of W-SAC is mainly attributed to the increase of 
electron density on C atoms after W doping.

The first synthesis of SAC with nonmetal active sites came 
from the work of Zhao and co-workers, who fabricated a nickel 
iodide single-atom electrocatalyst with atomically dispersed 
iodide species, termed SANi-I.[24] After substituting the excess 
iodine atoms in Ni-I precursor with O atoms and hydroxide 
ions, I-SAs will be immobilized at the interface between the 

Figure 44. HER polarization curves of a) Pt/ZTC and b) Pt/HSC. c) Tafel plots of Pt/HSC obtained from the potentiodynamic. d) Model structure 
of PtS4 with Pt2+ center coordinated by two strong thiolates and two labile thioethers. Reproduced with permission.[294] Copyright 2018, American 
Chemical Society.

Figure 45. a) Illustration of the formation of W SAC. b) TEM characterizations of the W-SAC. c) The HAADF-STEM image of the W-SAC. d) k3-weight 
FT-EXAFS curves of the W-SAC at W L3-edge. e) ΔGH* diagram of the W-SAC, WC, WN, and N-doped graphene samples. Reproduced with permis-
sion.[270] Copyright 2018, John Wiley and Sons.
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Ni support and the Ni-I precursor through chemical bonding 
with Ni atoms. During this synthesis procedure, the Ni-I pre-
cursor was activated in cyclic voltammetry scanning under alka-
line conditions, obtaining highly stable SANi-I with uniformly 
dispersed I-SAs (Figure  46a–d). EXAFS and XANES meas-
urements demonstrated that the O atoms would be inserted 
between Ni and I sites to form IO bonds during the activa-
tion process, thereby isolating the I atoms. This nonmetal SAC 
predominantly consisted of nickel hydroxide has exhibited a 
low η10 of only 60 mV in alkaline solution, which is even lower 
than that of Pt/C (61  mV) and bulk nickel hydroxide clusters 
with no iodine (A-Ni-OH) (285  mV). Meanwhile, SANi-I also 
showed excellent  stability with a negligible loss after 10  000 
CV sweeps or 24 h operation  at  −20  mA  cm−2, indicating its 
promising potential in practical application. In situ Raman 
spectroscopy revealed the HER mechanism of SANi-I. As 
shown in Figure 46e, an I-H vibrational band was observed at 
approximately 2460 cm−1, and the peak intensity increased due 
to the application of more negative potentials (from −0.015 V to 
−0.065 V vs RHE). On the contrary, no such peak was presented 
under the same condition (Figure 46f). The above experimental 
results suggested that boosted H2O dissociation and H adsorp-
tion via forming I-Hads.

5.2.3. HER Under Neutral Conditions

Compared with HER in acidic environments and alkaline envi-
ronments, the advantages of neutral electrolytes are environ-
ment-friendly, less corrosive as well as low requirements for 
hydrolysis equipment. Nevertheless, due to the larger Ohmic 
loss and low proton concentration, the kinetics of neutral HER 
is relatively slow.[295] Therefore, a higher applied voltage should 
be needed to achieve the same current density as in acidic or 
alkaline media. Fortunately, SAECs with maximum atom utili-
zation open up a new avenue for the solution of this challenge.

Commercial Pt/C is believed to be the most effective H2 evo-
lution electrocatalyst in a neutral environment.[296] Recently, 
with the rapid development, SAECs have represented a type 
of promising alternative for practical applications. It has been 
reported that the Pt-SAs, whose electronic structure underwent 
positive modulation by support, showed extremely high HER 

activity.[40,297] Moreover, some works have demonstrated that 
M-SAs can be dissolved from Pt anodes into acidic or alkaline 
media under high voltages, and then transferred to the cath-
odes.[298] Inspired by above works, a potential-cycling approach 
has been reported by Luo and co-workers,[26a] who attached Pt 
species to CoP-based nanotube arrays by Ni foam, fabricating 
SAECs containing Pt-SAs (PtSA-NT-NF) (Figure  47a). This 
binder-free electrocatalyst was atomic-scale and scalable, while 
its great advantage was that each PtSA-NT-NF piece could  
be directly employed as an HER cathode. In neutral media, the 
as-obtained SAEC exhibited a satisfactory  HER performance 
with a low η10 of 24 mV, comparable to that of commercial Pt/C 
(Figure  47b). Meanwhile, this catalyst could maintain a stable 
current density at an overpotential of 100 mV over 24 h with a 
negligible decrease, as shown in Figure 47c.

Later on, a similar synthesis strategy was reported by Jiang 
and co-workers.[271] They embedded Pt atoms at the electro-
chemical vacancy sites created in nanoporous cobalt selenide 
via a cycle voltammetry method, successfully fabricating Pt-SAs 
doped electrocatalyst, namely Pt/np-Co0.85Se (Figure 48a). The 
electronic and structure of the obtained SAC was revealed by 
XAFS analysis. FT-EXAFS spectra in Figure  48b exhibited a 
conspicuous peak at 2.03 Å, which could be attributed to the 
contributions from PtSe coordination, suggesting the single-
atom nature of Pt. As shown in Figure  48c, the peak inten-
sity decreased from 2.13 to 2.09 Å after the introduction of 
the Pt-SAs in np-Co0.85Se, which means the formation of Se 
vacancies for the partial rearrangement of Co atoms. In 1.0 m 
PBS solutions, the HER activity of Pt/np-Co0.85Se with low Pt 
loading of 1.03 wt.% could far surpass that of commercial Pt/C 
at high overpotentials (>19 mV), as depicted in Figure 48d. In 
particular, this catalyst exhibited a remarkable mass activity of 
1.32 A mg−1 at an overpotential of −100 mV, which is 11 times 
higher than that of the commercial 10 wt.% Pt/C (0.12 A mg−1). 
More insights on the origins of the outstanding activities of this 
Pt-based SAC were investigated via the in situ and operando Co 
K-edge XANES and FT-EXAFS spectra. The Pt-SAs could coop-
erate with the surrounding Co atoms to promote the thermody-
namic and kinetic process of HER, as illustrated in Figure 48e. 
DFT calculation  was employed to further demonstrate the 
electronic interactions between Pt-SAs and support. The 
strong induction of charge redistribution at the Pt/np-Co0.85Se 

Figure 46. Magnified HAADF-STEM image and (inset) corresponding SAED pattern of a) SANi-I and c) SANi-I sample after activation for 96 h, where 
red circles highlight I-SAs. HAADF-STEM image, corresponding mapping images as well as line-scanning profile (along the highlighted green line) 
for b) SANi-I and d) SANi-I sample after activation for 96 h. Schematic illustration of in situ Raman spectra for e) SANi-I and f) A-Ni-OH sample. For 
SANi-I, the broad peak of about 2460 cm−1 at a potential of −0.015 and −0.065 V is ascribed to the I-H vibrational band. Reproduced with permission.[24] 
Copyright 2019, John Wiley and Sons.
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interface by single Pt atoms favored the H2O dissociation pro-
cess, while improving the adsorption/desorption of hydrogen, 
thus accelerating the HER kinetics.

5.2.4. HER Over a Wide pH Range

Electrocatalytic H2 evolution is an electron transfer process as 
well as a proton transfer process. Since the water electrolysis 
process will inevitably lead to changes in the concentration of 
protons, the operating environment of different electrolysis 
equipment is not the same. As a result, there is an urgent need 
to develop electrocatalysts that can operate efficiently and sus-
tainably over a wide pH range. We believe that the stability and 
catalytic activity of the active phase in different pH environ-
ments must be considered in the design of SACs. For example, 
near-free Pt SAs formed as a result of the weakened interaction 
and charge transfer between Pt and N-C framework displayed 
superior HER activity in wide-pH electrolytes.[37] Unfortunately, 
at present, the report of H2 evolution SACs operating at all pH 
values has not constituted a complete system.

Generally, it is difficult to immobilize Pt-SAs onto porous 
carbon supports via traditional wet-chemistry technique. This 
is because the charge-balancing double layer generated by the 
precursors prevents the diffusion of Pt species.[10] To solve this 

issue, Lou’s group reported a facile and universal synthesis 
strategy for the introduction of Pt-SA into the porous carbon 
matrix (PCM).[118] They found that when atomic Pt species 
migrated from the surface of the parent carbon sphere into 
the interior of the carbon matrix, the traction induced by PCM 
would make Pt ions gradually fuse into the crystal lattice of 
the PCM. Specifically, pyrolysis of the mesostructured polydo-
pamine (PDA) particles incorporated with the Pt species can 
induce the mesopores formation, progressively fusing Pt ions 
into PCM owing to the internal dynamic force (Figure  49a). 
EXAFS spectrum demonstrated that the PtN/O bonds 
showed a square-pyramidal configuration. XANES spectra sug-
gested that the d-electron transfer from Pt to PCM was due 
to the higher electronic density of unoccupied d states of the 
obtained Pt@PCM (Figure  49b). Additionally, they confirmed 
these results by using XPS, and there are no Pt-NPs existing 
in Pt@PCM sample. Despite a low Pt content of merely 
0.53 wt.%, this Pt SAC exhibited promising stability and perfor-
mance toward HER with a η10 of 105 mV and 139 mV in acidic 
and alkaline conditions, respectively. Especially, the decrease of 
Pt loading amount (from 0.53% to 0.095%) induced the pres-
ence of  negative-shifted onset potential, indicating that the 
atomic Pt sites significantly contributed activity toward HER. 
DFT results revealed that there were some new hybrid elec-
tronic states between Pt (4f and 5d orbitals) and adjacent atoms 

Figure 47. a) Schematic illustration of the synthesis procedure of PtSA-NT-NF, where CE represents counter electrode. RE represents reference elec-
trode, WE represent working electrode. b) HER polarization curves of PtSA-NT-NF and other samples, acquired with 5 mV s−1 in N2-saturated 1.0 m 
PBS at 25 °C. c) Current density versus time (i–t) curves of PtSA-NT-NF and Pt/C at a constant jHER = 100 mA cm−2. Reproduced with permission.[26a] 
Copyright 2017, John Wiley and Sons.
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Figure 49. a) Schematic diagram of the fabrication procedure of Pt @ PCM. First, Pt @ PDA/PS-b-PEO is prepared by loading Pt component onto the 
PDA/PS-b-PEO. Second, Pt @ PCM is obtained through pyrolysis of Pt @ PDA/PS-b-PEO. b) Pt 4f XPS spectra of Pt @ PCM and Pt/C-20%. c) Calculated 
DOS and d) Distribution of charge density of Pt @ PCM. Reproduced with permission.[118] Copyright 2018, American Association for the Advancement of 
Science. e) Structure model of the Mo1N1C2. f) Nyquist plots of the Mo1N1C2, Mo2C, MoN, and 20% Pt/C. Reproduced with permission.[116] Copyright 2017,  
John Wiley and Sons.

Figure 48. a) Schematic diagram of the manufacturing process of np-Co0.85Se. b) Corresponding FT-EXAFS spectra for the normalized XANES at the 
Pt L3-edge of Pt/np-Co0.85Se and other samples. c) Corresponding FT-EXAFS spectra from the normalized XANES spectra at the Co K-edge of Pt/np-
Co0.85Se and other samples. d) HER polarization curves of Pt/np-Co0.85Se and Pt/C. e) Schematic diagram of the HER mechanism revealed by in situ 
and operando XAFS measurements of Pt/np-Co0.85Se in neutral solution. Reproduced with permission.[271] Copyright 2019, Nature Publishing Group.
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(Figure 49c). In addition, most of the charge density originated 
from Pt atoms, which can indicate that these Pt atoms enhance 
the catalytic activity through the distribution of charge density 
(Figure 49d).

In order to find an alternative material for Pt-based electro-
catalyst, Tour et al. introduced dispersed Co-SAs into N-doped 
graphene (termed Co-NG) via simply heat-treating graphene 
oxide and a small number of cobalt salts in atmosphere of gas-
eous NH3.[16a] Experimental and theoretical results showed that 
the Co-SAs in Co-NG could coordinate with N atoms on gra-
phene, and had considerable H2 evolution activity as well as sta-
bility in both acidic and alkaline media. In another work, Chen 
and co-workers prepared a SAEC that Mo-SAs were anchored 
on N-doped carbon via template and pyrolysis methods using 
sodium molybdate and chitosan as precursor.[116] AC-STEM 
and XAFS characterizations indicated that the Mo-SAs in the 
as-obtained catalyst were threefold coordinated Mo1N1C2 moiety 
by one N atom and two C atoms, denoted as. Under alkaline 
conditions (0.1 m KOH), the as-fabricated SAEC exhibited an 
onset overpotential of 13 mV and required only an overpoten-
tial of 132  mV to deliver the current density of 10  mA cm−2, 
which is much lower than that of Mo2C and MoN. Figure 49f 
shows the Nyquist plots where the charge transfer of Mo1N1C2 
was relatively low, suggesting the faster charge transfer capacity 
of Mo1N1C2 during HER. Meanwhile, Mo1N1C2 also displayed 
good HER activity and stability in acidic solutions. As revealed 
by DFT calculations, the excellent electrocatalytic performance 
of Mo1N1C2 for HER was mainly attributed to its unique coordi-
nation environment optimizing the d-electron domination near 
the Fermi level. Besides, MoS2 nanosheets array supported by a 
carbon cloth (MoS2/CC) provided abundant anchoring sites for 
Ru-SAs.[299] The unique 3D porous structure of MoS2/CC can 
serve as co-catalyst for synergetic reaction and increase the elec-
trical conductivity of this SAC. Owing to these properties, the 
as-prepared Ru-MoS2/CC exhibited interesting HER activities 
under pH-universal conditions with a low η10 and Tafel slope. 
Among them, the values for Ru-MoS2/CC at η10 were 41, 61, 
and 114 mV in alkaline, acidic and neutral media, respectively.

As discussed in the foregoing Section 2.5.2, from the struc-
ture–performance relationship, fine-tuning the oxidation 
state of SACs by EMSI is a feasible and promising strategy to 
achieve the regulation of the catalytic activities in both acidic 
and alkaline HER. Based on this, acidic/alkaline HER activity 
correlated with the oxidation state of Pt-SAs and the PtH/
PtOH interaction was recently studied by Chen’s group.[112] 
They used TMDs (e.g., MoS2, WS2, MoSe2, and WSe2) as sup-
ports for stabilizing Pt-SAs, where the chalcogen (S, Se) and the 
adjacent TM (Mo, W) could synergistically modulate the elec-
tronic structure of SAC via EMSI (Figure 50a). The synthesis 
method employed to immobilize Pt-SAs on various TMDs 
supports was similar to the work of Li and co-workers,[67] that 
is, UPD technique. As illustrated by XPS in Figure  50b, the 
conspicuous peak altered at approximately 71.8–72.8  eV was 
attributed to the increase of the binding energies of Pt 4f7/2 of 
Pt-SAs/TMDs.[112] This result indicated that the Pt species in 
Pt-SAs/TMDs has been partially oxidized with 0–+4 valence 
state because of the electronic interactions between Pt atoms 
and various TMDs supports (i.e., Ptδ+). By combining the mag-
nified HAADF-STEM and DFT results, XAFS measurements 

demonstrated that Pt atoms coordinated with three nearest 
neighboring S or Se atoms were straddled atop Mo atoms, as 
shown in Figure 50c–f. As expected, the designed Pt-SA/TMDs 
exhibited remarkable HER activity with negligible overpoten-
tials in both 1.0 m KOH and 0.5 H2SO4 solutions. In alkaline 
media, the trend of HER activities was Pt-SAs/MoSe2 > Pt-SAs/
MoS2  > Pt-SAs/WS2  > Pt-SAs/WSe2, especially for Pt-SAs/
MoSe2 that exhibited the lowest η10,HER  of merely 29  mV and 
an exceptional mass activity of 34.4 A mg−1 at 200 mV, which is 
73.4 times greater than that of commercial Pt/C (Figure  50g). 
By comparison with alkaline HER, these Pt SACs showed dif-
ferent activity orders in acidic media. Among them, Pt-SA/WS2 
exhibited the greatest HER activity with a superb mass activity 
of 130.2 A mg−1 at 100 mV, much better than most of the state-
of-the-art SAECs (Figure  50h). More interestingly, when the 
average oxidation state of Pt-SAs was increased, the H adsorp-
tion ability would enhance almost  linearly under acidic condi-
tions, whereas the alkaline HER activity showed a volcano-type 
relationship (Figure  50g). Such phenomena further suggested 
that the adsorption energy of H* intermediates and Pt-OH 
interaction was modulated by the EMSI during HER.

5.3. Photocatalytic Water Splitting for Hydrogen Generation

Photocatalysis for the removal of pollutants and the produc-
tion of renewable energy sources has become an increasingly 
promising technology to support the sustainable development 
of human being.[300] In addition to the above-mentioned tech-
niques, converting photon energy into chemical energy to pro-
duce H2 from water is also believed to be another promising 
energy conversion strategy.[3,301] Different from electrochemical 
water splitting requiring an applied voltage, photocatalytic 
water splitting/water photolysis can directly utilize solar energy 
to produce H2. Mechanistically, owing to the semiconductor 
nature, photocatalysts can adsorb UV and/or visible-light (Vis) 
irradiation from sunlight or other light sources. As schemati-
cally depicted in Figure 51, when the energy of incident light is 
greater than that of the band gap, the electrons in the valence 
band (VB) will be excited to CB, while the holes are generated 
in the VB. These photogenerated electrons and holes separate 
and migrate to the photocatalyst surface through photoexcita-
tion, leading to redox reactions similar to electrolysis. The pro-
duced negative electron (e−) and positive hole (h+) pairs act as 
reducing and oxidizing agents to form H2 and O2 for overall 
water splitting. As mentioned in Section  5.2, water splitting 
is an uphill reaction, which requires the standard Gibbs free 
energy change ΔG0 of 237 kJ mol−1 or 1.23 eV. Accordingly, the 
theoretical band gap energy (Eg) of the photocatalyst for water 
splitting should be >1.23  eV  when the wavelength of light 
irradiation (λ) is longer than 1000  nm, whereas Eg should be 
<3.0 eV (λ > 400 nm) to use visible light.

Obviously, it is important to match the band gap and the 
potentials of the conduction and VBs for both the reduction 
and oxidation of H2O. Furthermore, the process of photocat-
alytic water splitting involves complex multi-electronic and 
multistep reactions. Typically, due to the low efficiency of 
water photolysis using pure water, the sacrificial reagents (also 
known as hole scavengers) are usually introduced to effectively 
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promote the separation of electron-hole pairs, enhancing pho-
tocatalytic activity for hydrogen generation. Specifically, during 
the water photolysis process, photogenerated holes irreversibly 
oxidize sacrificial agents instead of water, so as to enrich elec-
trons in photocatalysts for activity enhancement.[302] In other 
words, the electron donor sacrificial reagents (such as alcohol 
and sulfide ions) can be employed as an external force to drive 
the surface chemical reactions, then the formation of H2O 
from H2 and O2 is inhibited. These sacrificial reagents can be 
divided into two types: organic (e.g., MeOH, organic acids, and 
hydrocarbons) and inorganic (e.g., sulfides and sulfites) elec-
tron donors. So far, methanol (MeOH) and triethanolamine 
(TEOA) have been widely reported as sacrificial reagents added 
in SACs for photocatalytic H2 generation (Table  2). Notably, 
MeOH is commonly involved in the H2 production reac-
tion carried out by TiO2-based photocatalysts, as well as for 
SACs.[126b,131,303] As an electron donor, methanol can react with 
photogenerated VB holes to improve quantum efficiency.[302a] 
Carbon-based[304] and MOFs-based SACs[41,70,71,305] are reported 
to be active for PHE in the presence of TEOA as the sac-
rificial reagent. Besides, Na2SO3/Na2S,[58] ascorbic acid,[70] 

(NH4)2SO3,[306] and lactic acid[49] have been used as sacrificial 
reagents for SACs toward PHE.

It should not be ignored that there are two major draw-
backs in PHE driven by sacrificial reagents. On the one hand, 
it is necessary to continuously add fresh sacrificial agents in 
the reaction to maintain catalytic activity, which makes it dif-
ficult to achieve large-scale industrial H2 production. On the 
other hand, sacrificial reagents such as sulfide (S2−) and sulfite 
(SO3

2−) are by-products of fossil energy.[307] These weak points 
are in contradiction to the strategic significance of clean energy 
and sustainable production. Unless photocatalysts with high 
light-to-hydrogen conversion efficiency are developed to com-
pensate. Therefore, improving the absorption of visible light by 
the semiconductor photocatalyst, as well as reducing the recom-
bination rate of photo-generated carriers and accelerating the 
surface reaction are necessary tasks in the study of H2 evolution 
photocatalysts. As we have discussed before, the unique nature 
and exceptional performance of SACs provide great opportu-
nities for practical PHE. Indeed, single-atoms photocatalysts 
(SAPCs) toward H2 production are still in their infancy. Most 
of these studies focused on the synthesis, characterization, and 

Figure 50. a) EMSI regulation of Pt-SAs for HER. Left: structure illustration of Pt-SAs on TMDs material. Gray spheres: chalcogen (S/Se); purple 
spheres: TM (Mo/W); green spheres: platinum. The electronic structure of Pt-SAs was tuned by 2D TMDs through charge delocalization, enabling the 
Pt-SAs to take a slightly positive charge (Ptδ+). The structural unit of Pt-SAs was circled by the orange dashed line and further enlarged above. Top right: 
schematic illustration of the band edges of TMDs. Bottom right: Schematic diagram shows that the d-state shift of Pt-SAs induced by EMSI modulates 
the HER performance. b) Pt 4f XPS spectra of the Pt-SAs/TMDs samples and commercial Pt/C. Magnified HAADF-STEM images and corresponding 
top and front views of optimized structural models for c) Pt-SAs/MoS2, d) PtSAs/MoSe2, e) Pt-SAs/WS2, and f) Pt-SAs/WSe2 samples. scale bars: 
2 nm. purple spheres: Mo; gray spheres: S; brown spheres: Se; green spheres: Pt; blue spheres: W. Relationships of average oxidation state, HER activi-
ties, as well as H adsorption ability or PtOH interaction of Pt-SAs/TMDs g) under acidic conditions and h) under alkaline conditions. The circle and 
triangle represent the average oxidation state of Pt-SAs obtained from XPS and XANES, respectively. Reproduce with permission.[112] Copyright 2021, 
Nature Publishing Group.
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activity evaluation of the catalysts. Accordingly, there is still no 
report on the mechanistic insights and detailed evaluation of 
the specific single-atom photocatalytic system by different sacri-
ficial reagents. Of note, the effects of different sacrificial agents 
on specific PHE activity are not the same.[308] The redox poten-
tial of sacrificial reagents is the key to the study of water pho-
tolysis because of its effect on quantum efficiency and stability. 
For instance, in Pt-decorated CdS nanorods, the hole removal 
rate of SO3

2− and TEOA with higher oxidation potential is faster 
than that of disodium ethylenediaminetetraacetic acid (EDTA4−) 
and MeOH, whose relative low photooxidation leads to the loss 
of semiconductor materials and ligands, thus unfavorable for 
promoting kinetics.[302a] Furthermore, too high a concentra-
tion and the corrosive effect on catalysts will also influence the 
overall efficiency of the catalytic reactions to a certain extent. In 
general, besides continuing breakthroughs in the development 
of novel visible-light-driven photocatalysts, we believe that the 
investigation of sacrificial reagents into SAC systems toward 
PHE should be further strengthened to promote industrializa-
tion. Future directions of H2 generation SAPCs should focus 
on the selection of appropriate sacrificial reagents, as well as 
the reducing or even not using sacrificial reagents.

In this section, two subsections according to the following 
basis: i) For Subsection  5.3.1, as a cocatalyst, M-SAs usually 
works synergistically with the adjacent environment to enhance 
the activity of PHE, such as modulating the electronic structure 
of support, reducing the interface resistance of carrier migra-
tion, modifying the intrinsic structure of support;[16f,131,309] 
ii)  regarding Subsection 5.3.2, M-SAs served as primary active 
sites, and adsorbed H* directly originates from single metal 
sites.[79,207]

5.3.1. Single-Atoms-Derived Species as Cocatalysts

It is one of the effective strategies to improve the activity and 
stability of photocatalysts by introducing cocatalyst into photo-
catalytic systems, which can inhibit charge carrier recombina-
tion and electron capture, and meanwhile offer extra active sites 
for protons.[311] Figure 51 illustrated the principle of water split-
ting using semiconductor-based photocatalysts with cocatalyst 
loading. Specifically, i) cocatalyst can decrease the energy bar-
rier of charge separation and migration for hydrogen or OERs; 
ii) cocatalyst can provide more reaction active sites; iii) the 
appropriate hetero-junction interface formed by cocatalyst and 
semiconductor shortens the necessary charge transfer distance, 
thus effectively accelerating the charge separation and transfer, 
as well as inhibiting both surface and bulk recombination; and 
iv) some specific cocatalysts loaded on semiconductors can 
inhibit their decomposition to enhance the stability of these 
photocatalysts.[312] Due to the unique coordination structure 
of single-atom catalysts, in which metal atoms coordinate with 
neighboring coordination atoms, M-SAs act as isolated active 
sites while also altering the electronic structure of the semicon-
ductor support. In this case, M-SAs may be more suitable as a 
cocatalyst in photocatalysis.

As has been discussed in this paper before, the size of 
catalysts is a crucial factor influencing catalytic performance, 
and cocatalysts are no exception. Regarding the metal nano-
catalysts, a large number of studies have demonstrated that 
the supported cocatalysts with small size and high dispersion 
exhibited superior photocatalytic activity. Certainly, M-SAs 
acting as a cocatalyst can further significantly boost the 
activity of photocatalysts because of the atomically dispersed 

Figure 51. Principle of water splitting using semiconductor-based photocatalysts with cocatalyst loading.
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active sites. For example, when Pt-SAs were anchored on 
the ultrathin porous CdS@carbon Dots (CDs) nanosheet 
as a cocatalyst, the H2 production rate is 133 times higher 
than that of pristine CdS@CDs, up to 45.5  mmol  h−1  g−1 
(Figure  52a).[58] In this work, the Pt-SAs were immobilized 
on CdS@CDs through in situ reductions of the Pt precursor 
(H2PtCl6 6H2O), while XAFS spectra demonstrated that the 
Pt-SAs were bonded as four-coordinated PtS. Noting that the 
Pt-SAs could not only enhance the photocatalytic performance 
of CDs nanosheets, but also accept electrons as the active sites 
for water reduction under light irradiation. In another report, 
anchoring the atomically dispersed Pt atoms could remark-
ably improve the PHE activity of g-C3N4.[16f ] While the loading 
amount of atomic Pt species was 0.16  wt.%, the H2 genera-
tion rate of the as-obtained SAC (318 μmol h−1) was ≈50 and 
8.3 times higher than that of pure g-C3N4 and Pt nanoparti-
cles, respectively (Figure  52b). This is ascribed to the syner-
gistic effect induced by isolated Pt-SAs inducing intrinsic 
change of the surface trap states the support. A similar work 
was reported by Zhang et al. that the photocatalytic H2 evolu-
tion activity of g-C3N4 with low Pd-SAs loading (0.1 wt.%) was 
up to 728 μmol h−1 g−1 compared with that of pristine g-C3N4 
(1.4 μmol h−1 g−1).[210] The atomically dispersed Pb atoms bring 
about more efficient charge separation and faster charge 

transfer, strengthening the adsorption ability of hydrogen. 
Notably, the pyridine N in the adjacent cavity to the Pb atom 
was the real active site. In addition,

Li’s group has reported a highly efficient SAPC with Pt 
loading content of merely 0.02  wt.% (denoted as Pt1/def-
TiO2).[48] Experiments and characterizations demonstrated that 
Pt-SAs can promote the neighboring TiO2 units to produce the 
surface Ovac. Remarkably, the photocatalytic H2  evolution rate 
of  the as-prepared SAPC was 78.5 times than that of pristine 
def-TiO2 in the presence of MeOH, which was attributed to 
the unique structure of the constructed PtOTi3+ interface. 
Jiang  et  al. employed Al-TCPP MOFs as support to anchor 
Pt-SAs to fabricate a photocatalyst for H2 evolution.[41] The 
atomic Pt species that strongly interact with the Pyrroic N atom 
in the as-prepared catalyst can maintain good stability, and the 
TOF (35 h−1) of the Pt-SAs is 30 times that of the corresponding 
Pt-NPs, obtaining an amazing photocatalytic hydrogen produc-
tion efficiency. This study has proved that MOFs possess the 
potential to be ideal support for SACs.

Ag clusters or NPs were regarded as one of the alternative 
materials for precious metal-based semiconductors.[313] The 
strong synergistic effect induced by SAs can eliminate the slug-
gish interfacial electron transfer of Ag. Hua  et  al. have found 
that introducing Pt-SAs as a dopant into Ag25 nanocluster 

Table 2. Comparison of State-of-the-Art SACs for Photocatalytic H2 Evolution.

Single-atom 
Photocatalyst

Metal  
Loading [wt.%]

Role of Single 
Atomic Species

Sacrificial Reagent Light source quantum efficiency [%] Rate of H2 Evolution Ref.

Pt1/black TiO2 0.254 / MeOH 300 W Xe lamp (> 420 nm) 1.37% at 420 nm 800.3 μmol h−1 g−1 [303]

Pt/TiO2-A 0.6 Active sites MeOH 300 W Xe lamp 84.5 μmol h−1 [126b]

Pt/TiO2 0.2 Cocatalyst MeOH 169.6 μmol h−1 [57]

Pt1/def-TiO2 0.02 Cocatalyst MeOH 300 W Xe lamp 52 720 μmol h−1 g−1 [48]

Cu/TiO2 0.75 Cocatalyst MeOH 300 W Xe lamp (> 400 nm) 45.5% at 340 nm 16.6 mmol h−1 g−1 [131]

Pt-CN 0.16 Cocatalyst TEOA 300 W Xe lamp 318 μmol h−1 [16f ]

Pt-CN 0.1 Cocatalyst MeOH 300 W Xe lamp (> 420 nm) 473.82 μmol mg−1 [16g]

Pt-SACs/MBT 0.98 Cocatalyst TEOA 300 W Xe lamp (> 420 nm) 67.6% at 420 nm 68.33 mmol h−1 g−1 [305]

Pt1Ag24/g-C3N4 0.016 Cocatalyst TEOA 300 W Xe lamp (> 420 nm) 39.7 μmol h−1 [304a]

Pd/C3N4 0.1 Cocatalyst TEOA 300 W Xe lamp (> 400nm) 728 mmol h−1 g−1 [210]

Pd/g-CN 0.33 Active sites TEOA 4% at 420 nm 6688 μmol h−1 g−1 [207]

Al-TCPP-0.1Pt 0.07 Cocatalyst TEOA 300 W Xe lamp (> 380 nm) 129 μmol h−1 g−1 [41]

CN-Ni-OH 0.2 at % Active sites TEOA 300 W Xe lamp 354.9 μmol h−1 g−1 [310]

Ag-N2C2/CN 3.7 Active sites TEOA 300 W Xe lamp (> 420 nm) 1866 μmol h−1 g−1 [304b]

Co1/PCN 1.0 Active sites TEOA 300 W Xe lamp (≥300 nm) 3.02% at 450 nm,
1.25% at 500 nm

10.8 μmol h−1 [79]

300 W Xe lamp (≥420 nm) 9.1 μmol h−1

Co1-phosphide/PCN 0.4 Active sites Pure water 300 W Xe lamp (≥300 nm) 3.6% at 420 nm,
2.2% at 500 nm,
0.35% at 580 nm

410.3 μmol h−1 g−1 [55b]

300 W Xe lamp (≥420 nm) 126.8 μmol h−1 g−1

CdS @ CDs/Pt-SAs 1.15 Cocatalyst Na2SO3/Na2S 300 W Xe lamp 29.8% at 400 nm 45.5 mmol h−1 g−1 [58]

PtSA-MNSs 12.0 Active sites ascorbic acid 300 W Xe lamp (> 420 nm) 11 320 μmol h−1 g−1 [70]

Ni-NG/CdS 0.0013 Cocatalyst (NH4)2SO3 300 W Xe lamp (> 420 nm) 48.2% at 420 nm 1351.1 μmol h−1 [306]

Pt/CdS 0.27 Cocatalyst lactic acid 300 W Xe lamp (> 420 nm) 19.77 μmol h−1 g−1 [49]
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anchored on g-C3N4 (Pt1Ag24/g-C3N4) could strengthen the 
ability for trapping electrons, thus finely controlling the charge-
carrier dynamics.[304a] Under visible-light irradiation, the H2 
evolution rate of Pt1Ag24/g-C3N4 was more than 4 times that 
of Ag25/g-C3N4 without Pt-SAs in the presence of TEOA, and 
it could be reused within the cycle time, which exhibited con-
siderable activity and stability (Figure 52c,d). It has been proved 
that the uniformly dispersed Pt-SAs cocatalyst creates a new 
surface state for charge trapping, thereby enhancing the inter-
face charge transfer and electron-hole separation efficiency.[312b]

The non-noble metal SAs employed as cocatalysts have 
shown good PHE efficiency.[306] For example, catalytically active 
Pt-SAs were successfully anchored onto N-doped graphene by 
routine wet impregnation method, and then coupled with CdS, 
obtaining Ni-NG/CdS SAC. This catalyst with Ni loading of 
0.0013 wt.% exhibited robust and highly active PHE in the pres-
ence of (NH4)2SO3 as a sacrificial agent, especially an extremely 
high quantum efficiency of 48.2% at 420  nm. As investigated 
by photoluminescence (PL), the lower PL intensity of this pho-
tocatalyst indicated a stronger inhibition effect for the recom-
bination of charge carriers, thus increasing the photocatalytic 
activity. Additionally, EIS and photocurrents measurement 
further verified the promotion effect of charge separation and 
transfer in Ni-NG/CdS compared to NG/CdS and bare CdS. 
These results demonstrated that Ni-SAs dispersed in NG played 
critical roles in the proton reduction reaction. According to 
DFT calculations (Figure 53a,b), the Ni-SAs confined in single 

vacancy +3 pyridinic-N (SV+3N) structures provided H adsorp-
tion sites and weakened the H adsorption  |ΔGH*|  at N sites, 
thus obtaining preferable ΔGH* value.

There is no doubt that M-SAs as cocatalysts could well regu-
late the electronic band structure and the interaction with semi-
conductors, which alters the intrinsic light-absorbing properties 
of photocatalysts.[314] More importantly, these single-atom cocat-
alysts can significantly increase the PHE activity with a fairly 
low metal loading amount.

5.3.2. Single Atoms as Active Sites toward Hydrogen Generation

In addition to acting as cocatalysts, M-SAs usually play the role 
of active sites in photocatalytic reactions as well. In the work 
of Chen’ group, single Pd atoms were simultaneously anchored 
onto surface and intercalated into the space among the adjacent 
layers of the g-C3N4 support. The results of electrochemical 
impedance spectroscopy (EIS), steady-state, and time-resolved 
photoluminescence (TRPL) spectroscopy demonstrate that the 
photoexcited electrons transferred from the bulk to the surface 
are finally captured by the surface Pd atoms, indicating that the 
Pd atoms are the active sites.[207] Wang and co-workers stabi-
lized a series of noble metal SAs on zirconium-porphyric MOF 
hollow nanotubes (HNTM) by a simple solvothermal method 
(Figure 54a).[71] The authors used porphyrin–Pt units as a cata-
lyst and cleverly introduced Ir complexes as photosensitizers 

Figure 52. a) Photocatalytic H2 evolution over CdS @ CDs/Pt and other catalysts under simulated sunlight irradiation. Reproduced with permission.[58] 
Copyright 2019, Elsevier Inc. b) The photocatalytic activity of g-C3N4 was greatly enhanced due to Pt SAs. Reproduced with permission.[16f] Copyright 
2016, John Wiley and Sons. c) Photocatalytic H2 evolution performance of g-C3N4, Ag25/g-C3N4, and Pt1Ag24/g-C3N4. d) Cycling runs for the H2 evolution 
of g-C3N4, Ag25/g-C3N4, and Pt1Ag24/g-C3N4. Reproduced with permission.[304a] Copyright 2020, Royal Society of Chemistry.
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into the HNTM structure. Interestingly, the formed porphyrin-
Ir units have a synergistic effect with the catalyst, which con-
tributes to improving the catalytic performance. In another 
work, dispersed Pt-SAs at ultrahigh loading could be immo-
bilized onto ultrathin 2D MOF nanosheet (MNSs) through a 
surfactant-stabilized coordination strategy, fabricating a PtSA-
MNSs SAPC.[70] HAADF-STEM images showed a uniform 
distribution of Pt-SAs on the MNSs, and this result was con-
firmed via XAFS measurements. XANES spectra of Pt L3-edge 
demonstrated the oxidation state of Pt species due to the white-
line intensity of the obtained catalyst was between those of Pt 
foil and PtO2, as shown in Figure 54b. By combining the XPS 
results, EXAFS analysis further gave predominantly  PtN 
coordination for the atomic Pt sites with a bond length of 
≈1.5 Å (Figure  54c), indicating that Pt-SAs were immobilized 
by N atoms with the absence of Pt nanoparticles or clusters. 
This photocatalyst exhibited a surprising H2 evolution rate of 
11 320 μmol h−1 g−1 (Figure 54d). Correspondingly, DFT calcula-
tions revealed that these Pt-SAs favored efficient proton/elec-
tron transfer and optimized H binding (Figure 54e).

Carbon nitride is currently one of the major supports of pho-
tocatalysts, including SAPCs. By a phosphidation approach, 
Wei’s group constructed a stable single Co-phosphide structure 

(namely Co1P4 site) on g-C3N4 nanosheets for the immo-
bilization of Co-SAs.[55b] Such coordinatively unsaturated Co 
sites against the charge recombination could significantly 
prolong the average lifetimes of photogenerated carriers, as 
well as favor the adsorption and activation of water molecules 
compared to the N sites in g-C3N4. Soon afterwards, they suc-
cessfully anchored Co-SAs on g-C3N4 nanosheets for efficient 
PHE via ALD (Figure 55a).[79] In this work, the single Co1N4 
sites formed by the grafting of dispersed Co-SAs with N atoms 
acted  as active sites for promoting HH coupling to facili-
tate H2 production. In the presence of TEOA as the sacrifi-
cial electron donor, the obtained SAC showed an outstanding 
photocatalytic performance up to 10.8  μmol  h−1 under UV-Vis 
light, which is 11 times higher than that of pristine counterpart 
(Figure  56d). This work provided an ideal model to unravel 
the mechanism of enhanced H2  evolution for the typical 
Co1-N4  structure. In recent work, the oxidized Ni SAC con-
structed on polymeric carbon nitride (denoted CN-0.2 Ni-HO) 
achieved a 30-fold improvement in the photocatalytic H2 evolu-
tion activity, as compared to pure CN.[310] Intriguingly, the addi-
tion of Ni component had little effect on the intrinsic structure 
and functional groups of CN, while the coordination environ-
ments of Ni-SAs could be finely modulated through different 

Figure 53. Optimized structure with various H adsorbed on a) SV+3N and b) SV+3N+Ni structures. Reproduced with permission.[306] Copyright 2018, 
American Chemical Society.

Adv. Energy Mater. 2022, 2200875



www.advenergymat.de

© 2022 Wiley-VCH GmbH2200875 (59 of 72)

www.advancedsciencenews.com

calcination procedures. DFT calculations and XAFS spectros-
copy confirmed that each Ni-SAs dispersed on CN substrate was 
coordinated with four N atoms and one C atom (Figure  55b). 
The fitting results gave the coordination number of circa 5 at 
2.06 Å (Figure  55c). Particularly, the partial oxide state of the 
single-atom active sites was essentially the intermediate valence 
state with Ni2+/Ni0 ratio of about 2:1. Particularly, the partially 
oxidized single Ni sites had more d-orbital unpaired electrons 
occupying the VB (Figure 55d), and the CB crossed the Fermi 
surface, which reduced the electron work function (from 4.76 to 
3.69 eV). As a result, electrons are more easily excited by light. 
As shown in Figure 55e–g, the investigation into the photocata-
lytic H2 evolution performance demonstrated that the as-pre-
pared SAC possessed robust activity and stability.

Of note that C atoms are the central storage rooms for the 
excited electrons of CN, but the metal atoms in SACs prefer to 
bind with N atoms to form MNx.[79,315] This means that when 
the excited electrons in CN are transferred to metal atoms, 
a high energy barrier needs to be overcome, especially for 

metals with low work function (such as Ag).[316] Regarding this, 
Chen et al. propose a supermolecular approach to modulating 
the Ag-SAs coordinated with C and N atoms, constructing an 
Ag-N2C2/CN photocatalyst which could lower the energy bar-
riers of electron transfer (Figure  56a).[304b] As illustrated in 
Figure 56b,c, XAFS measurements revealed that the dispersed 
Ag-SAs were coordinated with C and N atoms in CN substrate 
at the coordination number of 1.8 and 2.3, respectively. Similar 
to CN-0.2 Ni-HO SAC mentioned above, there was no obvious 
influence on the structure of CN after the introduction of Ag 
atoms, whereas Ag atoms could enhance the light absorption 
by band gap narrowing. Impressively, the as-fabricated cata-
lyst exhibited much better H2 evolution activity than Pt-NPs 
supported on CN, with robust stability even after 15 cycles 
(Figure 56d,e). Experimental characterizations and DFT calcu-
lations demonstrated that the atomically dispersed Ag species 
co-coordinated with C and N atoms modulated the electronic 
structure and improved charge transfer, thus boosting the pho-
tocatalytic H2 evolution of CN (Figure 56f).

Figure 54. a) Illustration of the synthetic route toward the single-atom-immobilized hollow nanotube MOF (HNTM-M). Reproduced with permis-
sion.[71] Copyright 2018, John Wiley and Sons. b) Aberration-corrected HAADF-STEM image of the PtSA-MNSs. The Pt L3-edge c) XANES and d) EXAFS 
spectra for PtSA-MNSs, PtCl2, and Pt foil. e) ΔGH* on MNSs and PtSA-MNSs. Reproduced with permission.[70] Copyright 2019, John Wiley and Sons.
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6. Conclusions and Perspective

Single-atom catalysts have been a hot topic in the field of sus-
tainable energy transformations. In the course of H2 evolution, 
SACs have exhibited the following three outstanding advan-
tages. First, the ultrahigh catalytic efficiency of SACs provides 
the best scheme for saving preparation costs. The second is 
that their machinability and versatility can broaden the scope 
of application. Particularly, in addition to electrocatalysis and 
photocatalysis, SACs can also get involved in various biomed-
ical research (e.g., cancer treatment, wound disinfection, bio-
sensing, and oxidative-stress cytoprotection),[317] as well as the 
enzyme catalysis[318] and the synthesis of fine chemicals.[319] 
Third, it is not limited to noble and non-noble metals, even non-
metal SACs can also display excellent catalytic performance.[24] 
Throughout the full paper, to rationally design H2 production 
SACs, we highlight the guidelines involved in structural and 
electronic modulation: i) designing highly uniform single active 
sites to maximize the atom-utilization efficiency; ii) constructing 
specific geometric configuration to stabilize and expose a large 
density of active sites on the surface, thus enhancing the HER 
activity; iii) optimizing the density/loading of SAs to suppress 
their migration and agglomeration; iv) tuning the coordination 
environment by doping heteroatoms to adjust electronic struc-
ture and promote electrons transfer, thereby facilitating  the 

adsorption/desorption of hydrogen on the catalyst surface; 
v) taking advantages of the interactions between metal and sup-
port to regulate the adsorption energy of intermediate species, 
which can lower the kinetic reaction barriers for water dissocia-
tion. Since the supports are not only used to immobilize M-SAs 
but also participate in catalytic reactions, the rational design of 
metal atom–support interface is of great significance for H2 evo-
lution. It has been demonstrated that metal atoms, supports, 
and anchor sites are the key factors affecting the H2 genera-
tion performance of SACs in different catalytic systems. In par-
ticular, due to the intrinsic limitations, SACs cannot fully exploit 
their advantages in certain catalytic systems. In this regard, we 
believe that the proximity effects in SACs, that is, the synergistic 
effects between metal and metal, is one of the effective ways to 
overcome this problem. From the three perspectives of interme-
tallic electronic, interface, and steric effects, the static regulation 
and dynamic evolution of bimetallic catalysts, that is, SAAs and 
DACs, are briefly described. The successful design from SACs 
to SAAs/DACs can help us survey the diversified development 
of catalysts for H2 production.

Regarding PHE or HER, an ideal catalyst system for H2 
production should possess the following typical advantages: i) 
low costs, which means that non-noble metal and even metal-
free sites show the high efficiency of H2 evolution similar to 
that of noble metal, apart from the low noble metal loading;  

Figure 55. a) Illustration of the preparation for Co1/PCN SAC by the ALD method. Reproduced with permission.[79] Copyright 2017, John Wiley and 
Sons. b) Structural model for single Ni site in CN. Black, light, and green spheres represent C, N, and Ni atoms, respectively. c) Fitting results of FT-
EXAFS for CN-0.2 Ni-HO. d) Density of states of CN and Ni/CN. Photocatalytic H2 production rates on Ni-SAC e) with different concentrations of Ni, 
and f) in comparison to those of pristine CN and CN-Ni particles. g) Cycling stability on CN-0.2 Ni-HO. Reproduced with permission.[310] Copyright 
2020, John Wiley and Sons.
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ii) facile and universal fabrication route for industrial production;  
iii) good durability and high catalytic stability in complex elec-
trolytes during HER electrocatalysis, or continuously generating 
excited charges by the use of absorbed photons during PHE; iv) 
robust HER activity over a wide pH range, or efficient separation 
of the photoactive sites without any sacrificial reagents  during 
PHE; v) necessary mouldability and easy recycling to ensure reu-
tilization; and vi) integrating with other renewable energy utili-
zation devices, such as the wind generator, hydroelectric power 
system, and solar energy photovoltaic power system, etc. Unfor-
tunately, during practical applications, almost none of the known 
can have all the above advantages at the same time, because of 
poisoning deactivation induced by trace environmental impuri-
ties and the aggregation of active sites. It has been demonstrated 
that SACs can integrate the advantages of homogeneous cata-
lysts (including dispersedly isolated active sites, maximum metal 
utilization, and high selectivity) with heterogeneous catalysts 
(including good stability and easy separation).[18] Consequently, 
SACs with significant size effect have been believed to serve as a 
kind of promising catalysts to achieve new breakthroughs in H2 
production. Young SACs have won the favor of many scholars in 
just ten years. However, the impressive research fruits in SACs 
cannot cover up the fact that it is still a challenge to achieve a 
wide range of industrial  applications, especially there are some 
issues to be solved, such as stability, preparation universality, and 
suitable catalytic system. Despite the vigorous advances in SACs, 
it is suggested that more research efforts should be devoted to 
getting deep insight into the numerous challenges still existing 
for their future applications in H2 production:

(1) Attaching great importance to the role of support: As compared 
to nanocatalysts, SACs show more distinct metal–support ef-
fects.[320] The key factors affecting the H2 production activity 

of SACs include but not limited to the electronic structure 
of support, the number and isolation distance of vacancies, 
as well as the electronic properties of M-SAs. For example, 
the electron transfer on the dz

2 orbital of Cu could lead to 
lattice distortion of TiO2, thereby improving the PHE activ-
ity through the cooperative interaction of atomic catalysts 
and neighboring environments.[131] In another example, the 
unique configurations formed by trapping Ni-SAs into gra-
phene defects could modulate the local electronic structure to 
optimize electrochemical activity for OER and HER, respec-
tively.[56] It should be pointed out that the presence of a small 
amount of subnanometric  metal clusters or nanoparticles 
can mislead the active sites and reaction pathways of SACs. 
Therefore, the conditions for judging whether SACs are suc-
cessfully prepared are relatively stringent. Strictly speaking, 
all metal atoms in SAC are expected to be fully dispersed and 
isolated on the support, in which the aggregation of metal 
atoms is not allowed. It can be seen that the real active sites 
for activating reactants should be “single metal atoms”. The 
key to achieving this goal is the coordination interactions be-
tween active metal atoms and ligand species (such as O2−, 
OH−, C4−, N3−, and S2− species on the ionic supports) on the 
support surface. Particularly, the coordinating species at the 
metal–support interface can participate in the water redox 
process or proton transfer process, thus promoting the elec-
trocatalytic HER. Actually, such a coordination relationship 
is similar to that of homogeneous catalysts. The geometric 
character is the biggest difference between SACs and homo-
geneous catalysts, especially the limitation of inorganic solid 
support on the geometric configuration of complexes. In 
this regard, the use of supports with flexible geometry, such 
as polymer, is one of the feasible methods to overcome the 
geometric limitation. It should be emphasized that in some 

Figure 56. a) Synthesis process of Ag-N2C2/CN. b) EXAFS fitting curve in R space and c) Schematic structural model of Ag-N2C2/CN. Green, blue, and 
grey spheres represent Ag, N, and C atoms, respectively. d) H2 generation rates and e) the cycling activity of Ag-N2C2/CN and other samples. f) proposed 
mechanism for photocatalytic H2 generation over CN and Ag-N2C2/CN. Reproduced with permission.[304b] Copyright 2020, John Wiley and Sons.
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catalytic systems, the support can directly get involved in the 
catalytic reaction and establish a prominent proximity effect 
with M-SAs. These research findings indicate that it is neces-
sary to thoroughly explore the mechanism of the metal–sup-
port interface in the reaction.

The stability of SACs is another index that must be paid 
attention to, in which the influence of the supports cannot be 
ignored. First, because of the intrinsic heterogeneity of most 
supports, the interactions between SAs and supports present 
uncertain spatial ordering. That is, SAs are highly sensitive to 
the surface structure of the supports, which greatly increases 
the difficulty of practical production.[230b] The non-uniform 
active sites of SACs lead to a significant decrease in their 
hydrogen production performance. Second, atomically dis-
persed metal species tend to agglomerate into nanoparticles or 
clusters due to their high surface energy as well as the strong 
chemical interactions between adsorbates and metal sites on 
supports, losing excellent activity. It is challenging to fabricate 
high-performance SACs with highly uniform active sites in 
large-scale industrial applications. In Section  3, we reviewed 
metal oxide supports (TiO2, FexO) and TM compounds (TMDs, 
TMCs) that can be used to stabilize M-SAs, and showed out-
standing hydrogen production activity. Nevertheless, these 
SACs have low conductivity and/or poor stability toward HER 
under strong acid or alkaline environment.[29,321] In contrast, 
carbon-based SACs can work well over a wide pH range. There 
also exists the disadvantage of being unstable high-temperature 
oxidation and high-oxidation potential environments.[322] Based 
on the current research and understanding, SACs with adaptive 
structures need to be designed according to the actual reaction 
conditions toward efficient PHE and HER. Adjusting the coor-
dination structure between SAs and substances to strengthen 
the interaction with the coordinatively unsaturated sites, such 
as heteroatom doping, loading mass/density, is a common 
means to control the adaptability of the support. Further-
more, the combination of operando spectroscopic studies and 
computational simulations can help us to deeply dissect the 
mechanisms and phenomena in various reactions, which is of 
great significance for the rational design of highly stable SACs 
toward H2 production.

(2) Performance and practicability improvement: In energy-
related applications, the low-cost operation depends on the 
development of catalysts with high activity and selectivity. 
Improving the density and intrinsic activity of active sites are 
considered to be effective strategies to enhance the activity 
of SACs. The peculiar MSIs in SACs provide a confinement 
effect to stabilize more M-SAs as active sites. Meanwhile, the 
exposure of active sites can be increased by functionalizing 
the support, for instance, heteroatoms doping and the in-
troduction of defects. Notably, although the density of active 
sites increases to a certain extent when raising the metal load-
ing, the excessive increase may lead to agglomeration, thus 
reducing catalytic activity. Considering the costs, the activity 
enhancement dependent on the loading amount does not ap-
ply to noble metal-based catalysts.

The intrinsic activity of active sites has a more significant 
impact on the catalytic activity as compared to the density of 

active sites. The difference in intrinsic activity between good 
catalysts and poor catalysts can exceed more than 10 orders of 
magnitude, but the difference between high-loading and low-
loading catalysts might only be 1 to 3 orders of magnitude.[13,323] 
The intrinsic activity of SACs can be regulated by the coordi-
nation environment, the interactions between metals and the 
support, and the synergistic effect between metals and metals, 
as well as the nature of the metals and supports, especially the 
H-binding strength is determined by the electronic structure of 
active sites. This means that there is an urgent need to further 
combine theoretical calculations with experimental results in 
order to deeply study and understand the relationship between 
the electronic and geometric effect of SACs and the catalytic 
activity. Generally speaking, because the active sites in SACs are 
isolated, their catalytic activity tends to weaken as the selectivity 
increases. Constructing SACs with a controllable coordination 
environment is the optimal  scheme to maintain high activity 
and high selectivity at the same time. The site-isolated atoms 
in SACs provide high chemical selectivity, while the electronic 
modification of the active sites by the coordination environ-
ment can effectively activate the reactant. Compared to the reg-
ulation of metal–support coordination for minimizing ΔGH*, 
it is still experimentally challenging to promote both the H2O 
dissociation and H recombination under alkaline conditions 
via the optimization of single-atom active sites. As discussed in 
Section  4.2, owing to the atomic-level cooperative interactions 
between metal and metal, bimetallic single-site catalysts (i.e., 
SAAs) or bimetallic dual-site catalysts (i.e., DACs) have been 
expected to be ideal model catalysts for controllable optimiza-
tion of the balance between H2O dissociation and H recombi-
nation, thus further improving the rate of H2 evolution.

(3) Developing novel synthesis approaches and design strate-
gies: In the single-atom catalyst systems, the coordination 
atoms have a great influence on the electronic structure of 
the center atoms, which leads to the active sites exhibiting 
different catalytic performance. This finding suggests that 
finely designing the local atomic structure of the active sites 
with a regulable coordination environment at atomic scale 
has become the focus and challenge of research area. On the 
one hand, most reported synthesis strategies of H2 evolution 
SACs are only applicable to small-size preparation in the labo-
ratory. On the other hand, the high catalytic efficiency of these 
SACs is the result of sacrificing the loading amount. In ad-
dition, we also noticed that the research on non-metal-based  
SACs has been almost neglected as compared to metal-based 
SACs. The primary advantage of non-metal-based SACs is 
low cost and facile fabrication. We advocate that the devel-
opment of the study on SACs should be diversified. It is of 
great economic and scientific significance to further devel-
op the large-scale production technologies for non-metallic 
SAC in the field of H2 production. Obviously, to meet in-
dustrial needs, it is of great practical significance to further 
develop superior support materials and synthesis strategies 
to achieve low cost, fast, integrated control, high efficiency, 
and stable large-scale application standards. In 2019, Zhang’s 
group employed a “ligand-mediated” approach for large scale 
synthesis (>1  kg) of transition-metal SACs containing Cr, 
Mn, Fe, Co, Ni, Cu, Zn, Ru, Pt, or combinations thereof.[324] 
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Subsequently, Ma and co-workers reported a feasible strategy 
that allowed the kilogram-scale fabrication of noble-metal 
SACs via the ball-milling and calcination treatment of com-
mercial acetylacetonate precursors at ambient conditions.[282] 
These works pave the way for cost-effective mass production 
of SACs, opening a window for their industrial application.

Actually, the activity of SACs is not always superior to that 
of nanocatalysts in some HER systems.[102] Interestingly, the 
presence of a moderate number of M-NPs in SACs may be 
able to maintain the high conductivity of the active site, pro-
moting rapid charge transfer. For example, Kim and co-workers 
reported that there was a synergistic effect between M-SAs and 
M-NPs loaded on melamine-derived graphitic tubes, which 
boosted the electrocatalytic HER.[325] Lin  et  al. found that the 
dispersed Pt-SAs and clusters immobilized on functionalized 
MWCNTs together endowed the electrocatalyst with ultra-
high HER activity.[326] Besides, the recently produced Ru-NPs/
SAs@N-TC has been demonstrated to exhibit excellent perfor-
mance in both electrocatalytic and photocatalytic H2 evolution, 
which is attributed to the synergistic coupling between Ru-NPs 
and Ru-SAs.[327] Undoubtedly, researchers need to make reason-
able choices based on the realistic reaction demands to give 
full play to the advantages of SAs or NPs/clusters. However, 
there are many barriers to be overcome regarding the prepara-
tion and application of supported catalysts in the presence of 
M-SAs and NPs/clusters. On the one hand, the precise identifi-
cation of active sites is a huge challenge. On the other hand, the 
optimal proportion of SAs and NPs/clusters should be adjusted 
according to the reaction system as well as the nature of the 
active site and support.

(4) The combination of advanced characterization technologies, 
theoretical calculations, and simulation systems: The devel-
opment of advanced characterization technologies, such as 
AC-STEM, XAFS, etc., provides support for the visualized 
characterization of SACs. Undoubtedly, in the complex H2 
generation reaction, the supported catalysts will undergo 
corresponding structural changes as the reaction proceeds. 
Meanwhile, this dynamic change in geometry or electronic 
structure will result in different reaction pathways. How-
ever, the catalytic models usually established in studies are 
static, which cannot reveal the true reaction mechanism 
and regulate the reaction, especially important information 
such as the microstructure evolution at atomic scale and the 
adsorbed reaction intermediates during the H2 generation 
process. Therefore, in situ monitoring of the dynamic evolu-
tion of SACs plays a great role in the accurate detection of 
active sites under practical reaction conditions and in-depth 
understanding of the relationship between structure and per-
formance. In situ characterization techniques, including but 
not limited to TEM, EXAFS, XANES, Raman spectroscopy, 
XRD, etc., allow researchers to investigate the subsequent 
evolution of SACs during or after the reaction.

In addition, combining experimental results with theo-
retical calculations can help us unravel or even predict the 
catalytic behavior and mechanism of SACs for H2 generation 
reactions, which builds a basic platform for the advances of 
efficient catalysts. Generally, the H-binding strength obtained 

by theoretical calculations will deviate from the actual liquid 
condition to some extent. Accordingly, we would like to empha-
size that the theoretical calculations and molecular simulations 
should match the working conditions as much as possible, 
otherwise it is difficult to make a reliable explanation of the 
experimental phenomena. With the continuous development 
of computing hardware and software resources, it is expected 
that the theoretical calculation results for SACs in H2 genera-
tion reaction will be basically consistent with the practical cata-
lytic reaction results in the near future. Given the good develop-
ment impetus, SACs will be a fruitful area.

Arguably, SACs have offered an ideal model and research 
platform for understanding the catalytic reactions mechanism 
at the molecular level. More importantly, SACs with broad 
application prospects create unprecedented opportunities for 
the promotion of renewable energy technology, which not only 
marks a new era in the field of catalysis, but also presents new 
challenges to researchers. To deal with the unresolved prob-
lems in SAC system, there is an urgent need to build a research 
system that should not just cater to a specific catalytic reaction. 
We should systematically combine the knowledge of physics 
and chemistry, rationally integrate the existing theoretical basis 
of homogeneous or heterogeneous catalysis in photochemistry, 
electrochemistry, and photoelectrochemistry, and make a global 
explanation from the molecular scale.
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