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HIGHLIGHTS

•	 Single-atom nano-islands architecture enables “moving but not aggregation” of single atoms, fundamentally overcoming the inherent 
activity-stability trade-off in single-atom catalysts.

•	 Systematic synthesis strategies and multi-scale stabilization mechanisms for single-atom nano-islands are detailed, including one-step 
and two-step approaches, alongside electronic structure modulation via nano-island interactions.

•	 Single-atom nano-islands demonstrate exceptional performance across diverse catalytic applications, including batteries, clean energy 
production, chemical synthesis, and environmental catalysis, establishing robust structure-activity relationships.

ABSTRACT  Single-atom catalysts (SACs) are among the most cutting-edge catalysts in the multiphase catalysis track due to their unique 
geometrical and electronic properties, the highest atom utilization effi-
ciency, and uniform active sites. SACs have been facing an unresolved 
problem in practical applications: the opposing contradiction of activ-
ity-stability. The successful development of single-atom nano-islands 
(SANIs) cleverly combines the ultra-high atom utilization efficiency of 
SACs with the confinement effect and structural stability of nano-island 
structures, realizing the “moving but not aggregation” of SACs, which 
fundamentally solves this inherent contradiction. Although research 
on the precise loading of single atoms on nano-islands continues to 
advance, existing reviews have not yet established a closed-loop cogni-
tive framework encompassing “models-synthesis-high stability mech-
anisms-high activity essence-applications.” This work fills this critical 
gap by systematically integrating the basic conceptual models and cutting-edge synthesis strategies of SANIs, focusing on revealing the 
underlying mechanisms by which SANIs overcome the stability bottleneck of SACs, elucidating the role of nano-islands and their syn-
ergistic mechanisms to clarify the high activity essence, and establishing the structure–activity relationship between atomic confinement 
effects and macroscopic performance, ultimately achieving breakthrough validation across catalytic systems. This review aims to open 
new perspectives, drive a paradigm shift in understanding the multi-dimensional advantages of SANIs, and thereby spur breakthrough 
progress in this frontier field.
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1  Introduction

In 2011, Zhang et al. immobilized isolated Pt atoms onto 
iron oxide (FeOx) (Pt1/FeOx) to show extraordinary catalytic 
performance for CO oxidation, and proposed the concept of 
“single-atom catalysts (SACs)” in the field of heterogene-
ous catalysis for the first time [1]. As soon as the concept 
of SACs was proposed, it has rapidly developed into one of 
the most active research frontiers in the field of multiphase 
catalysis and attracted extensive attention from both aca-
demia and industry [2–10]. The “soul idea” of SACs lies in 
the individual immobilization of catalytically active metal 
atoms on support materials through precisely designed 
ligand/ion interactions between neighboring atoms [11]. 
This atomic-scale dispersion strategy maximizes the utiliza-
tion efficiency of each metal atoms, significantly improving 
both catalytic activity and reaction selectivity while optimiz-
ing catalytic process efficiency [12–15].

However, SACs face an inherent thermodynamic 
dilemma, as their extremely ultra-high surface free energy 
makes them highly susceptible to atomic agglomeration 
and sintering under high-temperature or reducing opera-
tional conditions, leading to structural collapse and a sharp 
decline in catalytic performance [16–18]. To address the 
stability issues of SACs, researchers have explored vari-
ous strategies, including utilizing surface defects [19–22], 
using N-doped carbon (CN)/oxide supports [23–28], and 
employing metalsupport interactions (MSIs)-based elec-
tronic/chemical anchoring strategies to stabilize single atoms 
(SAs) [29–33], to optimize the coordination environment of 
SAs and enhance their stability. The activity and stability of 
SACs are inherently contradictory due to their atomically 
dispersed structure. High activity stems from the unsatu-
rated coordination environment of isolated metal atoms, 
while stability requires enhanced MISIs. This fundamental 
contradiction makes it difficult to achieve both high activity 
and structural robustness in SACs, thereby becoming the 
core constraint on their development.

This inherent paradox could be fundamentally resolved 
if SACs were able to achieve “moving but not aggregating” 
behavior. With this in mind, the researchers designed an 
innovative nano-island structure that confines active Pt SACs 
in discrete and defect-rich CeOx nano-islands anchored on 
high surface area SiO2 for efficient CO oxidation [34]. This 
unique structure allowed free migration of Pt SACs within 

the designated nano-islands and did not cluster across the 
islands, realizing “moving but not aggregation” of active 
sites. Remarkably, the Pt atoms maintained atomic disper-
sion and structural stability even under harsh high-tem-
perature oxidation and reduction conditions. This peculiar 
structural design enables precise control over the number of 
metal atoms per nano-island, providing unprecedented flex-
ibility in catalyst design, thereby bypassing the traditional 
activity-stability trade-off. The core feature of single-atom 
nano-islands (SANIs), a novel catalytic material system, is 
the anchoring of isolated metal atoms on the surface of the 
dispersed nano-island structure or embedded in the nano-
islands, resulting in a multistage composite structure of 
“SACs-nano-island-sea” [35]. Differently, metals in subna-
nometric metal ensembles-based catalysts exist in subnano-
clusters composed of several to a dozen atoms, and atoms 
are connected by metal bonds to form irregular aggregates 
[36]. Therefore, the electronic properties of SANIs are pri-
marily regulated by MSIs, and the support can modify their 
electronic states [37, 38]. Meanwhile, subnanoclusters gen-
erate new electronic states due to interatomic interactions. In 
terms of catalytic performance, SANIs exhibit high atomic 
utilization efficiency and excellent selectivity, enabling them 
to fully participate in reactions and perform outstandingly in 
reactions with high selectivity requirements. This overcomes 
the limitation of subnanometric metal ensembles-based cata-
lysts, where clusters are prone to aggregation during reac-
tions, leading to a decline in activity.

The concept of SANIs has since ignited a rapidly 
expanding research frontier, with an exponential growth 
of related research in recent years. This paradigm shift 
demonstrates how spatial constraints and dynamic atomic 
mobility can synergize to overcome one of the most per-
sistent challenges in catalysis [39, 40]. It also bridges the 
scientific paradigms of the atomic, nanoscale, and mes-
oscale levels, which helps bring atomically dispersed 
metal catalysts closer to practical applications. Previous 
excellent reviews have already highlighted the potential of 
SANIs to combine stability and activity, such as Li et al., 
who explored their scientific significance and application 
principles in heterogeneous catalysis [41], and Wang et al., 
who reviewed their unique advantages, design criteria, 
and latest developments [42]. With the emergence of new 
research (Fig. 1), the influence of nano-islands on SACs 
has become increasingly evident, as they determine the 
synergistic relationship between high stability and high 
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activity through dynamic interface interactions. However, 
the mechanisms underlying the high stability and excep-
tional activity of SANIs remain poorly understood. In par-
ticular, the mechanisms behind their exceptional stability 
are precisely what distinguish them from traditional SACs. 
Meanwhile, the concurrent development of high-precision 
SAs loading strategies also demands systematic analysis. 
To establish a closed-loop framework for SANIs spanning 
model design, precise synthesis, stability mechanisms, 
activity fundamentals, and application validation, a com-
prehensive review is urgently needed.

This paper first outlines the basic concepts of SANIs (ele-
mental interactions and material systems) and the three com-
mon models within SANIs. Additionally, based on the classi-
fication of SACs into precise and chemical assembly within 
nano-islands, it systematically reviews the most advanced 
SANIs synthesis strategies, particularly emphasizing the 

stabilization mechanisms and transformation processes that 
enable SACs to disperse within nano-islands. Subsequently, 
the paper focuses on the stability mechanisms of SANIs, 
systematically revealing the intrinsic mechanisms of that 
SANIs models overcome the SACs stability bottleneck in 
different application scenarios. It then delves into the role of 
nano-islands and their synergistic mechanisms to elucidate 
the fundamental reasons behind the high activity of SANIs. 
Finally, the paper discusses the representative advancements 
achieved by SANIs in the field of catalysis from the perspec-
tive of various catalytic reaction mechanisms. Finally, the 
paper presents concise conclusions and explores the pros-
pects and challenges of SANIs in the field of catalysis. This 
review aims to open up new perspectives and promote a 
paradigm shift in the understanding of the multi-dimensional 
advantages of SANIs, thereby driving breakthrough progress 
in this frontier field.

Fig. 1   Timeline of the development of SACs to SANIs. Dispersed Rh atoms supported on high-area Al2O3. Reproduced with permission [43]. 
Copyright 1979 AIP Publishing. Defined SACs. Reproduced with permission [1]. Copyright 2011 Springer Nature. Improved catalyst stability 
through SMSI. Reproduced with permission [17]. Copyright 2014 Wiley. Synthesis of SAA to protect the catalyst active site. Reproduced with 
permission [32]. Copyright 2016 American Chemical Society. Synergistic interaction of the edge-site with the active site. Reproduced with 
permission [11]. Copyright 2018 American Chemical Society. Encapsulation of Rh SAs with zeolites improves their stability. Reproduced with 
permission [33]. Copyright 2019 Wiley. N, S and F co-doping for improved catalyst performance. Reproduced with permission [15]. Copyright 
2020 Springer Nature. First concept of SANIs. Reproduced with permission [34], Copyright 2022 Springer Nature. Application of SANIs to 
HOR. Reproduced with permission [44], Copyright 2024 Springer Nature. Application of SANIs to Fenton-like reactions activates PMS. Repro-
duced with permission [35], Copyright 2025 Springer Nature
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2 � State‑of‑the‑Art of Generating SANIs

The central challenge in the study of SACs is how to sta-
bilize SACs while maintaining catalytic activity. SANIs 
utilize nano-islands structures to maintain the mobility of 
SACs while preventing their aggregation, thereby achiev-
ing atomic-level stable dispersion. The interactions between 
nano-islands and their supporting matrix (the “sea” com-
ponent) have fundamental similarities across systems, thus 
this study prioritized the precise assembly and chemical 
assembly of SACs within nano-islands. The current synthe-
sis routes for the assembly of nano-islands and SACs in the 
presence of the support mainly involve one-step or two-step 
approaches. This section begins with an overview of the 
basic concepts and compositions of SANIs, including com-
mon material compositions (e.g., metal oxides and carbides) 
and their structural advantages (e.g., confinement effects and 
defect-rich surfaces) (Table 1). It then focuses on the dif-
ferentiated advantages of SANIs compared to other cutting-
edge SACs systems, highlighting their dynamic stability and 
synergistic catalytic properties. Building on this foundation, 
the theoretical framework of existing SANIs models is ana-
lyzed to deepen the understanding of the SANIs concept. 
The state-of-the-art synthesis strategies for SANIs are then 
described in detail, with special emphasis on the stabiliza-
tion mechanisms and conversion processes that enable SACs 
to be dispersed in nano-islands.

2.1 � Concepts and Advantages of SANIs

2.1.1 � Concepts and Components of SANIs

SANIs are a class of materials that achieve atomic-level dis-
persion of active sites through a nano-islands-sea (supports) 
binary structure, thereby forming a three-level composite 
structure of “SACs-nano-islands-sea.” Their core structural 
characteristics comprise three inseparable elements: active 
metal atoms, nano-islands, and supports. This design clev-
erly combines the high atom utilization of SACs with the 
domain-limiting effect and stability of nano-island struc-
tures, which creates great opportunities for catalytic tech-
nology and makes atomically dispersed metal catalysts a big 
step forward to practical applications.

In SANIs, the “sea.” as the support of the entire catalyst, 
not only as a physical support for the structure, but also as 
a key component for achieving strong anchoring of SACs 
and nano-islands as well as catalyst stability. For the whole 
structure, the secondary support plays the role of stabilizing 
the “sea” and ensures the uniform dispersion of the nano-
islands, thus improving the apparent activity. The “sea” gen-
erally possesses the following properties in the selection of 
materials: (i) non-metallic oxides. Providing large specific 
surface area (SSA) and abundant non-metallic stabilization, 
they can be used to disperse and stabilize the nano-islands 
for better SACs dispersion; (ii) carbon-based materials. Pro-
vide high electrical conductivity and facilitate efficient elec-
tron transport; and (iii) metal oxides. Amphiphilic materials 
that can maintain a reaction-specific pH environment for 
enhanced stability.

Nano-islands are important bridges between atoms 
(SACs) and mesoscopic scale (sea), and they are mostly 
dispersed stably on the surface of supports or embedded in 
supports in the form of isolated islands, which induces SACs 
to anchor in their cavities, realizing the design concept of 
“moving but not aggregation”. The design of nano-islands 
consists of two key dimensions: (i) at the atomic level, nano-
islands need to provide more dangling bond structures/
SACs cavities/induced electrostatic adsorption with differ-
ent charges from SACs to realize the precise localization 
of SACs on nano-islands; and (ii) at the mesoscopic level, 
uniform dispersion over the sea to optimize mass transfer 
and stability. Materials selection must comprehensively con-
sider anchoring capability (e.g., defect density), electronic 
transport properties (e.g., conductivity), and environmental 
tolerance (e.g., corrosion resistance). Based on this, metal 
oxides have become the mainstream nano-islands materials. 
According to existing research statistics (Table 1), nano-
island sizes typically range from 1 to 5 nm in lateral/lon-
gitudinal dimensions, with special three-dimensional (3D) 
structures extending up to 10 nm. Their morphological fea-
tures primarily include three basic configurations: planar 
(two-dimensional (2D) extension), 3D (spherical/cubic), 
and core–shell (functional core@porous shell). Based on 
the degree of interface contact, they can be categorized 
into surface-adhered, partially embedded, and fully embed-
ded types. These three configurations collectively form the 
diverse design framework of nano-islands.
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2.1.2 � Advantages of SANIs

SACs generally face challenges such as difficulty in balanc-
ing activity and stability, agglomeration at high loadings, 
limited control over electronic structure, and susceptibility 
to poisoning of active sites. Currently, there are also many 
different types of promising SACs that can address these 
issues, but each has its own advantages and disadvantages. 
Carbon-based substrates, though highly active and conduc-
tive, struggle to suppress high-loading agglomeration due to 
insufficient chemical stability [63]. MOF-based substrates 
can achieve high loading and coordination control, but they 
are prone to collapse under harsh conditions, making their 
preparation relatively complex [64]. Metal oxide-based sub-
strates suppress agglomeration and induce defects through 
strong MSIs, but conductivity defects and the risk of phase 
transitions under extreme conditions limit their applica-
tion [65]. Single-atom alloys (SAAs) combine selectivity 
and stability, but their SAs ratio requires precise control, 
and high loading easily forms metal clusters [66, 67]. In 
contrast, SANIs achieve multi-dimensional breakthroughs 
through their “SAs-nano-islands-support” hierarchical struc-
ture: (i) they pioneer a “moving but not aggregation” mode 
through a synergistic mechanism of physical confinement 
and defect anchoring, completely suppressing agglomeration 
while maintaining high activity of unsaturated coordination; 
(ii) they precisely regulate the electronic structure of SAs 
via nano-islands to optimize the adsorption energy of inter-
mediates for diverse reactions; (iii) by designing selective 
adsorption sites to inhibit toxin occupation and block carbon 
buildup; (iv) through innovative serial active center design to 
reconfigure complex reaction pathways; and (v) by flexibly 
adopting one-step or two-step methods to simultaneously 
achieve nano-island size control and high-loading dispersion 
of SAs. Therefore, SANIs establish significant advantages 
in terms of activity-stability balance, reaction universality, 
and overall performance.

2.2 � Different Structural Models of SANIs

SANIs, as a novel atomic-nanocomposite catalytic system, 
achieve dynamic confinement and functional enhancement 
of SAs through their unique nano-islands structure, offering 
an innovative approach to resolving the trade-off between 
activity and stability in traditional SACs. Based on atomic 

distribution patterns and structural characteristics [41], 
SANIs can be categorized into three typical models: “one-
island-one-atom.” “one-island-multi-atom.” and “island-sea 
synergistic” (Fig. 2). Each structure possesses unique scien-
tific significance and application potential.

2.2.1 � One‑Island‑One‑Atom

In the “one-island-one-atom” architecture, a single metal 
atom is precisely anchored to an isolated nano-island, form-
ing highly dispersed active sites, its core “moving but not 
aggregation” property combines dynamic catalytic advan-
tages with high stability. A single metal atom can freely 
migrate within its nano-island, which may induce further 
optimization of the coordination structure and electronic 
configuration of SACs, serving as the source of its high 
activity. Taking defect-rich CeOx nano-islands as an exam-
ple, the diverse vacancy sites in defect-state nano-islands 
provided dynamic optimization pathways for Pt atoms, ena-
bling them to locate at the most favorable coordination sites, 
thereby significantly enhancing catalytic activity [34]. Mean-
while, strong Pt-O bonds anchored Pt atoms on CeOx, ena-
bling precise control over the stability of Pt metal atoms on 
CeOx nano-islands. The physical isolation effect of isolated 
nano-islands effectively restricted inter-island atomic migra-
tion, completely blocking cluster aggregation pathways. In 
fact, except to the interactions between nano-islands and 
SAs, the interactions between nano-islands and the supports 
also contribute to the stability of the “one-island-one-atom” 
configuration. Thermodynamically driven electron redistri-
bution achieves equilibrium between metal atoms and sup-
ports, ensuring uniform dispersion of the nano-islands [68]. 
Notably, when the size of the nano-islands is sufficiently 
small and the density is sufficiently high, the distribution of 
SAs tends to densify, ultimately achieving a synergistic leap 
in catalytic performance [41].

2.2.2 � One‑Island‑Multi‑Atom

The “one-island-multi-atom” model significantly enhances 
the density of active sites and overall catalytic activity by 
densely arranging multiple metal SAs on a single nano-
island. Compared to traditional high-density SACs, its core 
advantage lies in the localized effect of the nano-islands, 
which induces electronic synergistic effects between a 
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specific number of metal atoms. A strategic design schemed 
for Pt SAs and Ir SAs on nano-islands at an appropriate 
density have confirmed its feasibility [44, 53, 59]. It is 
worth noting that excessively high densities can lead to the 
aggregation of SAs into atomic clusters [69, 70]. While the 
formation of some metal bonds (e.g., M-M) can optimize 
electronic structure and enhance specific reaction selectiv-
ity, excessive aggregation reduces atomic utilization [71]. In 
this case, the physical confinement effect of the nano-islands 
effectively suppresses further aggregation into larger-sized 
nanoparticles, thereby achieving synergistic enhancement 
between atomic clusters and nano-islands [62, 72–74]. This 
mechanism, which balances controlled aggregation with 
dynamic confinement, endows the architecture with high 
activity and stability, making it an ideal platform for com-
plex catalytic systems such as multi-step organic synthesis. 
Therefore, SANIs can be extended to utilize the synergistic 
effects of atomic clusters and nano-islands, which may bring 
further innovations to this field.

2.2.3 � Island‑Sea‑Synergistic

The core advantage of the “island-sea synergistic” structure 
lies in its integration of synergistic catalytic mechanisms 
between different active sites. As an important model, this 

structure achieves efficient bifunctional catalysis by loading 
metal atoms with differentiated coordination environments 
onto the supports (sea) and nano-islands, respectively. The 
different coordination environments of active metal atoms on 
the support and nano-islands can form efficient synergistic 
effects [75]. For example, Yang et al. developed a Pt SAs 
and PtCo alloy systems that significantly enhanced catalytic 
performance through synergistic interactions between the 
two sites [76]. In this architecture, the PtCo nano-island 
and Co SAs support (sea) system achieved optimized water 
splitting through proton and hydroxide overflow synergis-
tic interactions between the nano-island (oxygen evolution 
reaction (OER) active site) and the sea (hydrogen evaluation 
reduction (HER) active site). Notably, recent breakthrough 
research has delved deeper into the synergistic essence of the 
“island-sea synergistic” structure, specifically the synergistic 
interaction between the sea and island components. This cat-
alyst leveraged the “island-sea synergistic.” using small ZnO 
nano-islands to confine and stabilize Co SAs, while the vast 
ZnO substrate (sea) maintained a neutral microenvironment 
for the reaction system, enabling stable catalytic activity 
[35]. This multi-active center integration strategy not only 
maximizes atomic utilization but also precisely regulates 
multi-step reaction pathways, simultaneously achieving high 
reaction rates and selectivity in complex electro-oxidation 

Fig. 2   Three typical types of SANIs
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reactions, opening new dimensions for multi-phase catalytic 
design.

2.3 � Latest SANIs Synthesis Strategies

2.3.1 � One‑step Synthesis

The one-step synthesis strategy has emerged as a simpli-
fied approach for fabricating SANIs, typically following a 
“Stage I: precursor loading/support (sea) → Stage II: precur-
sor transformation” pathway. Due to significant differences 
in chemical properties and functional roles between nano-
islands precursors and SACs precursors, their interaction 
mechanisms also vary greatly. This inherent differentiation 
has prompted extensive research focusing on three critical 
aspects: (i) precise loading strategies for dual-component 
precursors; (ii) interfacial interactions among precursors 
and between precursors-support; and (iii) phase evolution 
dynamics during subsequent transformation processes. 
Accordingly, this section systematically examines preva-
lent methodologies employed in both stages (I and II) and 
evaluates their impacts on the resultant physicochemical 
characteristics of SANIs, including atomic dispersion effi-
ciency, island morphology control, and catalytic interface 
optimization.

The impregnation-pyrolysis method exemplifies a robust 
approach for fabricating SACs within the “precursor load-
ing → structural transformation” framework. A seminal 
study by Wang et al. [56] demonstrated this by dispersing 
Pt SACs in islands through the impregnation of SiO2 sup-
port in mixed metal salts (Pt, Ce, In), followed by pyrolysis 
(500 °C) of the dried precursor to yield 0.5PtₓIn(yCe)/SiO2 
catalysts (Fig. 3a). During the synthesis of the catalyst, the 
authors cleverly utilized the constraints between Ce and In. 
In3+ in the xIn(yCe) nano-islands could assist in the disper-
sion of Pt atoms, but it was highly susceptible to reduction 
to In0+ to produce PtIn alloys. Interestingly, the introduction 
of Ce could weaken the alloying ability between Pt and In 
(Fig. 3b), promoting the formation of low-valent isolated 
Ptδ+ sites (in the presence of Pt-O bonding) while generating 
ultrasmall InCeOx nano-islands. The structural robustness of 
the Ptδ+ sites was achieved through strong electronic inter-
actions between Ptδ+ and InCeOx nano-islands. To prepare 
highly dispersed and stable SACs, Chen et al. strategically 
employed tungsten carbide (WCx) as the nano-islands and 

converted the dopamine (DA)-Ru precursor into Ru/WCx 
composites by a calcination (900 °C) process (Fig. 3c) [45]. 
High-resolution transmission electron microscopy (HRTEM) 
images (Fig. 3d, e) showed that the Ru/WCx nano-islands 
were distributed on an amorphous carbon “micro-sea.” a 
continuous graphitized carbon shell that accelerated charge 
transport and improved the stability of Ru sites. This hierar-
chical structure not only facilitated efficient charge transport, 
but also enhanced the structural stability of the active sites. 
Most importantly, the Ru SACs were confined within the 
WCx lattice, which effectively inhibited their cross-islands 
migration (Fig. 3f), and the 3D scanning intensity distribu-
tion well formalized the dispersion of the Ru SACs.

The electrical pulse method has emerged as a transforma-
tive strategy for the synthesis of SACs, utilizing its unique 
capabilities in low-temperature processing, dynamic coor-
dination modulation, and energy-efficient operation [77]. 
Building on these advantages, the impregnation-electrical 
pulse method is now being extended to fabricate SANIs with 
atomic-level precision. A representative example involved 
the use of Zif-8-derived NCN) as -doped CN supports and 
the sequential impregnation of Fe and Pt salts onto the CN 
surface, after which Pt1-FeOx/CN catalysts were prepared 
applying an ultra-large current pulse for a duration of ≈ 
1 s (Fig. 3g) [53]. Pt and Fe atoms were overlapped within 
FeOx/CN, confirming that the electrical pulse process did 
not affect their segregation. The Pt binding energies in Pt₁-
FeOₓ/CN was reduced by about 0.2 eV compared to that of 
Pt/CN (Fig. 3h), suggesting that the interaction of the Pt 
SACs with FeOₓ resulted in a reduction of the Pt valence 
(Fig. 3i). The electrical pulse technique has shown remark-
able versatility in the successful synthesis of Pt SACs dis-
persed on different oxide clusters (MnOx, CoOx, and SnOx). 
A question worth pondering is whether the order in which 
the nano-islands and SACs precursors are added affects the 
dispersion and stability of the SACs? Or is there some kind 
of involvement between the two during the conversion? In 
order to clear the layers, Sui et al. explored the effect of 
Sn2⁺ pre-loading on the formation of Pt SACs by utilizing 
impregnation-microwave-assisted preparation of M1/SnO2/
UiO-66 (M = Pt, Cu, and Ni) (Fig. 3j) [47]. Pre-loading Sn2+ 
coordinated with Zr-oxo clusters via Sn–OZr bonds to form 
well-dispersed Sn2+ (Fig. 3k), facilitating the subsequent 
redox/hydrolysis reaction with the Pt precursor. This step-
wise process enabled Pt SACs deposition as stable on SnO2 
within UiO-66 cavity, evidenced by X-ray absorption near 
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edge structure (XANES) spectra showing highly oxidized Pt 
states (Fig. 3l). In contrast, direct mixing of UiO-66 with Pt 
or Pt and Sn precursors under the same conditions produced 
Pt NPs rather than SACs, highlighting the important role of 
sequential pre-loading of Sn2+ to achieve atomic dispersion.

Along with the ongoing development of SANIs, recent 
studies have successfully prepared ZnO and ZnO nano-
islands encapsulating Co SACs (CoSA/Zn.OZnO) using the 
simplified method of “one-step hydrothermal” (Fig. 3m) 
[35]. X-ray diffraction (XRD) analysis confirmed the 

Fig. 3   One-step synthesis of SANIs and their characterization techniques. a Demonstration of the Synthesis Process of PtIn(Ce) Cluster Cata-
lysts. b Pt L3-edge EXAFS (points) and curve fit (line) of the 0.5Pt0.3In(2.0Ce)/SiO2 catalysts. Reproduced with permission [56], Copyright 
2024 American Chemical Society. c Synthesis pathway of Ru/WCx. de HRTEM images over Ru/WCx. f 3D-scanning intensity distribution from 
the region marked with a red rectangle in Fig. 3e. Reproduced with permission [45], Copyright 2024 Elsevier. g Synthesis pathway of Pt1-FeOx/
CN. h Pt 4f XPS of the samples. i R-space EXAFS of Pt L3 edge. Reproduced with permission [53], Copyright 2022 Wiley. j The process of 
microwave-assisted synthesis of M1/SnO2/MOF (UIO-66 as a representative). k Aberration-corrected HAADF-STEM corrected for aberrations 
show Pt1/SnO2/UiO-66-NH2, with Pt SAs marked through red dashed circles. l The Pt L3-edge XANES spectra for different samples. Repro-
duced with permission [47], Copyright 2022 Wiley. m Synthesis procedure of CoSA/Zn.OZnO. n XRD image over ZnO and CoSA/Zn.OZnO (inset: 
magnified view showing (100), (002), and (101) crystal planes). o Comparison of cell volume and magnetic moment across the three configura-
tions. Reproduced with permission [35], Copyright 2025 Springer Nature
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excellent crystallinity of ZnO, while clearly demonstrating 
the atomic-level dispersion of Co SAs within nano-islands 
(Fig. 3n). Notably, unlike conventional interstitial doping 
modes, Co SAs achieved stable incorporation by replacing 
Zn and O atoms in the ZnO lattice. Such unique substitution 
mechanism induced the largest cell volume (Fig. 3o), creat-
ing an optimized electronic environment.

2.3.2 � Two‑step Synthesis

While one-step synthesis offers simplicity in preparing 
SANIs, it faces limitations in controlling metalprecursor 
interactions and achieving precise SACs loading. This drives 
the development of two-step strategies following a “Stage I: 
nano-islands/support → Stage II: precursor loading → Stage 
III: precursor transformation” sequence. Crucially, the 
precursor-loading methodology in Stage II dictates SACs 
positioning accuracy. This section will systematically evalu-
ate the Phase I synthesis methodology and its significant 
impact on the physical and chemical properties of custom-
ized SANIs.

To achieve selective deposition of Pt SACs on CeOx nano-
islands, Li et al. utilized pH-regulated electrostatic interac-
tions to direct the negatively charged Pt precursors to pref-
erentially anchor on the positively charged CeOx/SiO2 rather 
than on the negatively charged SiO2 support (Pt/CeOx/SiO2) 
(Fig. 4a) [34]. CeOx/SiO2 exhibited a higher Ce3⁺ content 
(Fig. 4b) and defect density (Fig. 4c) compared to CeO2 and 
CeO2 NPs/SiO2, which ensured its strong anchoring of Pt 
atoms even at high temperatures. It was noteworthy that Pt 
NPs larger than 1 nm in size were not generated even at high 
Pt loading (4 wt%) and high temperatures, highlighting the 
effectiveness of the CeOx nanoglue strategy in stabilizing the 
localization of Pt species and preventing their aggregation. 
When a high loading of Pt SACs was required, this could be 
accomplished by increasing the surface area of SiO2/density 
of CeOx nanoclusters, demonstrating the scalability of this 
strategy for industrial applications.

The successful synthesis of Pt/CeOx/SiO2 opens a new era 
of SACs and paves the way for the study of SANIs. Consid-
ering that the defects within the paired nano-islands could 
also serve as anchor sites for atomic dispersion, the “defect 
substitution” strategy was proposed for the preparation of 
PtSA@Mo2C@NC (Fig. 4d) [51]. This strategy generated 
ultrafine Mo2C enriched with Zn defects by pyrolyzing 

ZnMo6, and the Pt SACs were precisely anchored and con-
fined within the defects of the Mo2C nano-islands (Fig. 4e, 
f), achieving precise “defect substitution” at the atomic level. 
The Pt SACs generated in PtSA@Mo2C@NC predominantly 
employed axial N coordination (MoCPt–N) (Fig. 4g). This N 
coordination acted like a “safety belt” that stabilized the axi-
ally anchored Pt SACs while serving as a key transit station 
for accelerated electron transport. Notably, the introduction 
of Pt SACs also promoted the generation of thermodynami-
cally stable α-Mo2C rather than metastable β-Mo2C. This 
strategy was successfully extended to the Ru and Ir systems, 
providing a generalized platform for the design of precisely 
spatially confined SANIs.

It is worth mentioning that Mo2C possess a Pt-like 
electronic structure, which predestines its unique binding 
properties as a nano-island with guest Ir SACs [78, 79]. In 
the report of Fang., Ir was deposited on carbon black by 
impregnation to grow MoOx, accompanied by high-tem-
perature treatment C would diffuse from the carbon black 
into MoOx, and Ir SACs were then dispersed on Mo2C NPs 
to form IrSAMo2C/C catalysts depending on the potential 
(Fig.  4h) [44]. Unlike the “defect substitution” mecha-
nism, the Ir SACs in this system occupied the substituted 
Mo sites in the hexagonal Mo2C lattice (Fig. 4i), forming 
a stable Ir-C coordination bond (Fig. 4j) with coordination 
parameters very close to those of the native Mo-C bond. 
This site-specific substitution strategy took advantage of the 
nearly identical bond lengths and coordination environments 
between the host and guest atoms to ensure the excellent dis-
persion stability of Ir SACs on the Mo2C nanolattice. Both 
approaches highlight the critical role of defect engineering 
and coordination chemistry on nano-islands in stabilizing 
the SACs conformation.

Currently, two synthesis strategies, one-step and two-step 
methods, are mainly used for the fabrication of SANIs. The 
one-step method is simple and relies on electron- support 
interactions, lattice confinement, or non-metallic coordina-
tion to stabilize SACs. Impregnation-pyrolysis is the predom-
inant one-step technique, but the high energy consumption 
and hours-long high-temperature treatment have hindered the 
diffusion of this technology. Emerging electrical pulse and 
microwave-assisted methods overcome these limitations and 
enable rapid synthesis of SANIs, but they have more strin-
gent support requirements (conductivity/polarity). Notably, 
the order of sequential addition of the two supports and the 
effect of the size of the formed nano-island particles need to 
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be considered in these methods. The one-step hydrothermal 
synthesis method simplifies the fabrication of SANIs while 
optimizing the key parameters for the sequential addition of 
the two supports. Since the one-step method has limitations in 
controlling metalprecursor interactions and achieving precise 
loading of SACs. This has driven the strategic rise of the two-
step synthesis. In the two-step method, nano-islands induce 
electrostatic interactions, defect substitution and coordination 
environments to meet precise SACs localization and stabiliza-
tion. The research process of the two-step synthesis is more 
focused on exploring the localization accuracy of SACs pre-
cursors on nano-islands. However, the two-step synthesis also 
has limitations, including uncontrollable metalsupport coor-
dination environments, the risk of structural collapse caused 
by thermal activation processes, and stringent requirements 
for support pore structure and thermal stability. In the future, 
in the preparation of SANIs, it can start from overcoming the 
strict requirements of the supports (e.g., electrical conductivity 

of electric pulse and polarity of microwave) to develop hybrid 
supports compatible with electric and microwave fields. Mean-
while, precisely adjusting the size, density, and spatial distribu-
tion of nano-islands for tailored functionality is another idea. 
Or combine density functional theory (DFT) with multi-scale 
simulations to predict optimal supportprecursor combinations.

The application of advanced characterization techniques is 
crucial for a more accurate understanding of the composition, 
structure, and chemical state of SANIs. Table 2 summarizes 
the current applications and limitations of commonly used 
static and dynamic characterization techniques for SANIs. The 
combined application of characterization techniques can not 
only provide guidance for the synthesis process of catalysts, 
but also support a deeper understanding of the structurestabili-
tyactivity relationship. In addition, the application of dynamic 
characterization provides important research tools for explor-
ing reaction mechanisms and the evolution and deactivation 
mechanisms of active sites.

Fig. 4   Two-step synthesis of SANIs and their characterization techniques. a Preparation process of functional CeOx nanoglue islands and the 
preparation process of CeOx/SiO2-supported Pt1 single-atom catalysts. b Ce 3d XPS data characterizing SiO2-supported CeOx nanoclusters (top) 
and pure CeO2 powders (bottom). c Normalized Raman spectra of the as-synthesized CeOx/SiO2 and pure CeO2. Comparison of cell volume and 
magnetic moment of three configurations. Reproduced with permission[34], Copyright 2022 Springer Nature. d Synthesis of PtSA@Mo2C@NC 
(I: self-assembly, II: 5 h, N2 at 800 °C, and III: Pt4+ loading). e HRTEM and f images of PtSA@Mo2C@NC. g FT curves of PtSA@Mo2C@NC, 
PtO2 and Pt foil. Reproduced with permission [51], Copyright 2024 Royal Society of Chemistry. h Schematic illustration of the synthesis pro-
cedure. i Intensity profiles of the line i and ii in AC-HAADF-STEM image. j Corresponding FT k2-weighted EXAFS spectra. Reproduced with 
permission [44], Copyright 2024 Springer Nature
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3 � Stability of SANIs: Deactivation Origins 
and Mitigation Strategies

SACs, with their exceptional atomic utilization efficiency and 
high catalytic activity, have become a research hotspot in mul-
tiple directions within the field of catalysis. However, their 
insufficient long-term stability remains a core bottleneck con-
straining their practical application. The integration of SACs 
with nano-islands structures in SANIs technology effectively 
addresses this stability issue. To deeply analyze the source of 
SANI’s high stability, this chapter will discuss the deactivation 
mechanisms of SACs in different application scenarios and 
their mitigation strategies based on the configuration of nano-
islands. The aim is to provide theoretical guidance for design-
ing highly stable SANIs and promoting their industrialization.

3.1 � SACs Migration and Aggregation

Thermocatalytic reactions require heating of the system to 
overcome activation energy barriers, encompassing various 
types of reactions (oxidation, reduction, and other reactions) 
[80, 81]. The development of highly stable thermal cata-
lysts suitable for high-temperature oxidative environments is 
crucial for addressing energy and environmental challenges 
[82, 83]. Traditional supported metal catalysts are prone to 
deactivation due to sintering and aggregation of nanopar-
ticles under harsh conditions. SACs also face the issue of 
sintering-induced deactivation caused by thermal diffusion-
induced atomic aggregation [84, 85], especially in reducing 
catalytic atmospheres, the breaking of M-metallic bonds in 
SACs can trigger the formation of M-M bonds [86, 87]. To 
address this bottleneck, SANIs employ a “one-island-one-
atom” architecture to achieve a “moving but not aggrega-
tion” mechanism, serving as a breakthrough solution to the 
activity-stability trade-off. Pioneering research in 2021 vali-
dated this concept by hosting Pt atoms (Pt/CeOx/SiO2) using 
defective CeOx nano-islands [34]. The positively charged 
CeOx possessed a stronger affinity (electrostatic interaction) 
for negatively charged Pt atoms than SiO2, ensuring that 
Pt SACs could move but remain within their active range. 
Extended X-ray absorption fine structure (EXAFS) spectra 
confirmed the atomic-level dispersion of Pt in the 0.4 wt% 
Pt/CeOx/SiO2 system, with no detection of Pt–Pt scatter-
ing paths. The simultaneously observed P-O coordination 
shell (coordination number was 4.5 ± 0.5) directly proved 
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the bonding between Pt atoms and CeOx. Notably, even 
when exposed to an H2 environment at temperatures ranging 
from 400 to 600 °C, Pt atoms remained site-isolated, over-
coming the atmospheric limitations of SACs and opening 
new avenues for designing highly robust thermal catalysts, 
thereby sparking a research boom in stable SACs based on 
nano-islands.

As research continues to advance, the SANIs system has 
achieved efficient dispersion and stabilization of SACs in 
electro-/thermalcatalytic through the stabilizing effect of 
nano-islands. In addition to electrostatic interactions, nano-
islands primarily stabilize SACs through defect anchoring 
and electronmetalsupport interaction (EMSI) mechanisms. 
Taking the “one-island-one-atom” PtSA@Mo2C@NC sys-
tem constructed via EMSI as an example, the Mo2C nano-
island served as the primary support, suppressing Pt atoms 
migration through strong EMSI effects (Mo-Pt bonds) [51]. 
While the NC acted as the secondary supports, forming a 3D 
confined structure via axial Pt–N coordination (coordination 
number = 1.4), effectively restricting Pt atoms migration and 
maintaining sites isolation during electrochemical cycling. 
This enhanced EMSI effect originated from vacancy defects 
induced by Zn atoms depletion, which further induced axial 
pyridine N coordination to synergistically construct a stable 
structure. For the “one-island-multi-atom” SANIs configura-
tion, the dispersion of multiple SAs sites on the nano-islands 
could also be achieved by providing abundant defect sites on 
the nano-islands to anchor the SAs [53].

As the core stabilizing unit of the SANIs system, nano-
islands provide dual protection for SACs through their iso-
lated, dispersed structure. On one hand, the high-density 
nano-islands dispersed on the support provide abundant 
dispersion sites for SACs. On the other hand, the rigid spa-
tial barrier effectively isolates adjacent sites, completely 
blocking SACs migration and aggregation pathways. Cur-
rently, nano-islands stabilize SACs through three synergistic 
mechanisms: electrostatic interactions, defect site occupa-
tion, and EMSIs (Fig. 5).

3.2 � SACs Poisoning

Protecting the active sites of SACs is the key to realizing 
their theoretical advantages (high efficiency, superior selec-
tivity, and low dosage). However, the exceptionally high 
surface free energy of SACs renders them prone to strong 

chemisorption with specific reactants/intermediates, leading 
to the formation of persistent overlayers that induce site poi-
soning [88, 89]. A typical example is sites poisoning caused 
by OHad species in alkaline electrocatalytic hydrogen evolu-
tion reactions (HER), which significantly reduces catalytic 
performance. To overcome this bottleneck, a “one-island-
multi-atom” configuration of Ru SAs on SnO2/C nano-
islands was constructed to induce a competitive adsorption 
mechanism (Fig. 6a) [48]. The SnO2/C component, which 
had pro-oxidative properties, preferentially adsorbed part of 
the OHad due to its high affinity for oxygen intermediates, 
alleviating the excessive binding of Ru sites. Its unique elec-
tronic structure also guided OHad to migrate toward the Ru 
active centers in a directed manner (Fig. 6b). The application 
of the competitive strategy regulated the adsorption of Ru 
SACs with reactants to enhance Ru sites toxicity resistance, 
with no decay in the polarization curves after 3,000 cycles, 
while Pt/C current density decayed by 35%. Additionally, it 
constructed an efficient electron transfer pathway (Ru to O) 
to support subsequent catalytic reactions.

In high-temperature dehydrogenation reactions, carbon 
deposition caused by the coupling of thermodynamically 
driven deep dehydrogenation with catalyst surface charac-
teristics (e.g., metal agglomeration and excessive acidity) 
is a key challenge in protecting the integrity of active sites 
[90, 91]. Interestingly, the synergistic interaction between 
InCeOx nano-islands and Pt SACs on SiO2 supports in the 
“one-island-one-atom” configuration effectively solved the 
problems of In0 generation and Pt sites blockage by carbon 
deposition [56]. On the one hand, the introduction of Ce 
could inhibit the generation of Pt-In bonds, thus suppressing 
the emergence of In0 species and reducing their coverage of 
Pt active sites (Fig. 6c). Concurrently, InCeOx nano-islands 
acted as spatial physical barriers and appropriate MSIs 
effectively confined the isolated Ptδ+ sites, ensuring their 
high dispersion and structural integrity. On the other hand, 
InCeOx nano-islands regulated the adsorptiondesorption 
behavior of propylene on Pt SACs, significantly weakening 
the adsorption strength of carbon deposition precursors. This 
design reduced carbon deposition to 6.2% (Fig. 6d) after 
20 h of reaction at 550 °C, a 10% reduction compared to the 
PtIn/SiO2 system (6.9%). This synergistic protective mecha-
nism endowed the catalysts with exceptional regeneration 
capability, enabling propylene yield to fully recover to fresh 
catalyst levels after O2 combustion treatment. Overall, the 
nano-islands allow for effective protection of the active sites 
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Fig. 5   Excellent dispersion and stability of SANIs

Fig. 6   a Synthesis of Ru SAs-SnO2/C. b Ru (001), Ru site on Ru SAs/SnO2 and Sn site on Ru SAs/SnO2, and corresponding binding energies. 
Reprinted with permission [48], Copyright 2022 Wiley. c Raman spectra and d TG profiles of the catalysts. Reproduced with permission [56], 
Copyright 2024 American Chemical Society. e Site protection methods. f Three configurations of ZnO, Co replaced Zn and Co instead of Zn, O. 
Reprinted with permission [35], Copyright 2025 Springer Nature
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through two pathways: competitive adsorption and preven-
tion of carbon deposition (Fig. 6e). Both pathways possess 
the ability to address the problem at the source and slow 
down catalyst deactivation, thereby extending operational 
durability without compromising performance.

3.3 � SACs Dissolution

In the deactivation mechanism of SACs, the primary cause 
of metal dissolution is the acidic environment of the reac-
tion system or the erosion by highly reactive oxygen species 
(ROS) [92–94]. In the peroxymonosulfate-based advanced 
oxidation process (PMS-AOPs), the dissolution of PMS 
leads to acidic conditions, which together with ROS attacks, 
cause the dissolution of active sites and performance deg-
radation. The “island-sea synergistic” configuration in the 
SANIs structure overcomes this bottleneck through syn-
ergistic structural design. Nanoscale ZnO islands served 
as anchoring points, utilizing the similarity in ionic radii 
between Co2+ and Zn2+ to achieve lattice substitution dop-
ing, forming Co–O/CoZn coordination bonds that con-
fined Co SAs within a stable structure to inhibit dissolu-
tion (Fig. 6f) [35]. Meanwhile, the large-area ZnO “Sea” 
substrate leveraged the amphoteric oxide properties to 
dynamically maintain the reaction microenvironment at a 
near-neutral pH value (~ 6.1, regardless of initial acidity or 
alkalinity), eliminating acid-induced dissolution risks at the 
source. This island-sea synergistic system kept Co leach-
ing below the detection limit, maintaining 90% pollutant 
degradation efficiency after 10 cycles, successfully resolv-
ing the traditional trade-off between activity and stability. 
Furthermore, for acidic electrocatalytic HER systems, Pt 
SAs employed a hierarchical stabilization strategy to con-
struct axial Ncoordination protection, effectively inhibiting 
Pt atoms leaching in acidic electrolytes, achieving a balance 
between catalytic activity and structural integrity [53].

SANIs effectively address the deactivation challenge of 
SACs through multi-level stabilization mechanisms. Their 
configuration design, tailored for different application 
scenarios such as thermal catalysis, electrocatalysis, and 
environmental catalysis, integrates spatial confinement, 
electronic regulation, and dynamic protection to provide 
a universal solution for the long-term stable operation of 
catalysts. Future research should focus on the application of 
different nano-islands configurations in complex systems, 

and further elucidate the universality and failure boundaries 
of protective mechanisms under acidic/alkaline media, high-
temperature/high-pressure conditions, and multi-component 
coexistence environments during reaction processes.

4 � Bright Sparks within Nano‑Islands 
and SACs

The high activity of SACs stems from their unsaturated coor-
dination environment, while their stability is constrained by 
the strength of the binding energy between metal sites and 
the support, creating a natural trade-off [4, 95]. Notably, 
SANIs break limitation through the unique “moving but 
not aggregation” design concept of nano-islands, with their 
high stability having been thoroughly analyzed in the previ-
ous chapter. To elucidate the microscopic essence of this 
breakthrough mechanism, this section focuses on the regu-
latory mechanisms of activity by different types of SANIs. 
On one hand, SACs serve as the primary active sites, and 
nano-islands optimize the catalytic process through elec-
tronic structure modulation. On the other hand, nano-islands 
themselves also function as extended active sites directly 
participating in reactions, forming a synergistic dual-func-
tional system with SACs sites.

4.1 � Flexible SACs Electronic Structure Modulation

The electronic regulation of nano-islands precisely tailors the 
electronic structure of SACs through charge transfer effects, 
serving as a critical link between atomic-scale active sites 
and macroscopic performance. Taking the constructed “one-
island-one-atom” IrSAMo2C/C system as an example, the 
Mo2C nano-islands on the carbon supports to induce elec-
tron transfer, effectively regulating the electronic states of Ir 
SACs [44]. Bader charge analysis (Fig. 7a) showed that Mo 
atoms on the Mo2C surface transferred electrons to adjacent Ir 
atoms, resulting in highly delocalized partial density of states 
(PDOS) of the Ir-5d orbitals in IrSAMo2C (Fig. 7b), exhibit-
ing metal-like 5d orbital characteristics similar to those of 
Ir(111). This electronic engineering significantly optimized 
the binding properties of Ir sites toward reaction intermedi-
ates, enabling the directional growth of Ir SACs with delo-
calized electronic configurations that successfully reconciled 
the inherent trade-off between catalytic performance and sta-
bility. Interestingly, recent studies have further revealed the 



Nano-Micro Lett.          (2026) 18:149 	 Page 17 of 36    149 

structure–property relationship between nano-islands con-
centration and SACs distance. In the “one-island-multi-atom” 
configuration, O vacancies provided from CeO2-x nano-islands 
acted as electronic traps to regulate Pt SAs density, achiev-
ing spatial structural control of Pt sites [59]. When the Pt–Pt 
distance was at the third-nearest-neighbor (3NN) distance, Pt 
SA transferred charge to the CeO2-x surface, thereby enhanc-
ing intermediates adsorption and achieving optimal catalytic 
performance. This electronic restructuring exhibited a univer-
sal regulatory mechanism, where the crystal symmetry of the 
nano-island (e.g., the (111) crystal plane of CeO2) and defect 
concentration jointly determined the SACs distance, enhanc-
ing catalytic performance through charge redistribution.

The d-band center theory can elucidate the binding charac-
teristics between reactants and the catalyst surface, and nano-
islands can also regulate the d-band of SACs to optimize the 
adsorption/desorption balance of intermediates. The “one-
island- multi-atom” configuration of Ru/WCx was constructed 

by Chen et al., elucidating the d-band regulation of Ru SAs by 
WCx nano-islands [45]. Ru atoms occupied W atoms on WCx 
nano-islands to form shorter C-Ru bonds confined within the 
WCx lattice, resulting in significant charge separation between 
Ru SAs and surrounding W atoms, with charge being distrib-
uted unevenly around Ru atoms (Fig. 7c). Compared to the 
Ru(001) surface, the d-band centers of lattice-confined Ru 
atoms were significantly shifted downward, away from the 
Fermi level (Fig. 7d), promoting desorption kinetics.

In advancing the development of electronic regulation 
mechanisms, in the “one-island- one-atom” configuration, 
FeOx nano-islands on CN regulated the d-band center of Pt 
SAs to shift upward, achieving optimal matching of interme-
diate adsorption strength [53]. The regulation of the d-band 
originated from the FeOx nano-islands acting as an electron 
donor on Pt SACs (Fig. 7e), leading to changes in the Pt-O 
bond length and coordination number within Pt SACs, which 
differed from the changes caused by Ru SAs replacing W 

Fig. 7   a Bader charge of the surface atoms of Mo2C (101) and IrSAMo2C. b PDOS diagram for d orbital of metals in IrSA-Mo2C, Ir(111) 
and IrSAN4C. Reproduced with permission [44], Copyright 2024 Springer Nature. c Differences in charge density over Ru SCs under lat-
tice constraints. d d-band of Ru in different samples. Reproduced with permission [45], Copyright 2024 Elsevier. e Local density of states 
and d-band centers over Pt1FeOx/CN and Pt/CN samples. Reproduced with permission [53], Copyright 2022 Wiley. f Optimized structures of 
Pt1(OH)2Fe2O3(001). g Differential charge density over Pt1(OH)2Fe2O3(001). Reprinted with permission [55], Copyright 2023 Elsevier. h Elec-
tronic structure modulation within SANIs. i Selective enhancement within SANIs
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atoms to form C-Ru bonds as described above. Interestingly, 
this study also investigated the influence of nano-islands size 
on the coordination environment of Pt SACs. Compared to 
Pt1-Fe2O3/CN containing Fe2O3 nanoparticles (15 nm), the 
Pt-O bond length (1.98 Å) and coordination number (4.3) of 
Pt in Pt1-FeOx/CN (1.07 nm) were significantly reduced by 
2.5% and 20.4%, respectively, which further facilitated the 
achievement of optimal intermediates adsorption strength. 
It was worth noting that the axial N coordination mentioned 
in the stability section could also induce a downward shift of 
the d-band center in Pt SAs, reducing the number of occu-
pied electrons in the Pt 5d orbitals and significantly enhanc-
ing the adsorption of intermediates [51].

It is particularly worth noting that orbital interactions 
between active sites and reactants have a decisive influence 
on catalytic performance, with their essence determined by 
precise regulation of the spin state of active sites. Beyond 
the d-band center theory, the combination of nano-islands 
and SACs has pioneered a new paradigm in spin engineer-
ing. Liang et al. revealed that in a “one-island-one-atom” 
configuration, FeOx nano-islands induced charge-directed 
delocalization via Pt-O-Fe bonds (Fig. 7f), stabilizing Pt 
sites in a low-spin state (Fig. 7g) [55]. This electronic 
restructuring significantly enhanced selectivity, as low-
spin Pt preferentially activated the C = O groups of cin-
namaldehyde (CAL) rather than the C = C bond, achieving 
a breakthrough in hydrogenation selectivity.

The electronic structure regulation is achieved through a 
multi-scale synergistic strategy, including interfacial charge 
migration, microenvironment engineering, and spatial con-
straint effects (Fig. 7h), making the nano-islands a powerful 
tool for atomically precise control of electronic structure. 
Meanwhile, this mechanism can also selectively optimize 
specific group reaction pathways (Fig. 7i), providing a new 
dimension for the rational design of highly selective catalysts.

4.2 � Patulous SACs Sites Replenishment

The performance of SACs in complex multi-step reactions 
is often constrained by co-adsorption scaling relationships, 
while the SANIs dual-active-site system overcomes this limi-
tation through synergistic effects. Tandem catalytic systems 
promise to address these limitations by enabling kinetic opti-
mization of successive reaction steps through stepwise relay 

mechanisms [96, 97]. A confined cobalt nano-islands system 
constructed based on the tandem catalytic concept features 
Run sites that preferentially adsorbed and desorbed NH3 via 
multi-site bonding to generate active NH2* species (Fig. 8a, 
-1.49 eV), while Ru1 specialized in H2 desorption to gener-
ate H* (Fig. 8b, -0.84 eV) [46]. This site-specific division of 
labor resolved the competitive adsorption issue between NH3 
and H2, enabling local microdomains to achieve NH2*/H* 
coverage equilibrium (Fig. 8c). Concurrently, the Co nano-
islands subsequently served dual functions: (i) their confined 
structures contributed to the rapid diffusion of the generated 
H* and NH2* intermediates; and (ii) these nanostructures 
mediated the subsequent reaction of the diffused intermediate 
with surface adsorbed imine species, ultimately driving the 
catalytic process. This “island-sea synergistic” configuration 
not only overcame the limitations of traditional SACs but 
also established an efficient tandem reaction pathway through 
spatial and temporal control of intermediate transferred.

Additionally, parallel catalysts broaden reaction pathways 
and enhance stability through the synergistic action of multi-
ple active sites, enabling the production of specific products 
(ethanol) through CO2 hydrogenation [57]. This achievement 
was realized through the synergistic effect of P islands on 
In2O3 nanosheets and Ir SACs precisely deposited on the P 
islands. In the “one-island-one atom” SANIs configuration, 
Ir SACs were primarily responsible for the adsorption and 
activation of CO2 molecules as well as for the C–C coupling 
process. The P islands optimized their electronic structure 
and enhanced their activity through specific coordination. 
Not only that, but they were also responsible for the H2 dis-
sociation process, generating H* and facilitating the C–C 
coupling process. DFT calculations indicated that the intro-
duction of P islands significantly reduced the reaction energy 
barrier from 1.23 eV for Ir1/In2O3 to 0.72 eV for Ir1-Px/In2O3 
in the rate-limiting step (RLS), while the Gibbs free energy 
barrier for the entire reaction pathway decreased from 0.73 
to 0.65 eV (Fig. 8d). This significant reduction in the energy 
barrier stemmed from the multi-component synergistic sys-
tem formed by P islands and Ir SACs, which optimized H* 
transferred and C–C coupling processes through spatially 
precise arrangement of complementary active sites, ulti-
mately achieving an efficient catalytic process. The multi-
component system between SACs and nano-islands (tandem 
or parallel, Fig. 8e) demonstrates how the tailored spatial 
organization of complementary active sites can optimize 
complex reaction networks.
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Overall, the synergistic interaction between SAC sites and 
nano-islands in SANIs is sufficient to regulate the electronic 
structure of the reaction sites (typically in a “one-island-one-
atom” configuration), thereby enhancing intrinsic catalytic 
activity. Integrating two sites tailored for different catalytic 
reactions into the catalyst can generate a cascade catalytic 
effect, improving the efficiency of multi-step electrocata-
lytic reactions (typically in a “one-island-multi-atom” or 
“island-sea synergistic” configuration). Undoubtedly, the 
diverse configurations of SANIs offer an alternative strat-
egy for constructing efficient and ideal catalysts suitable for 
various catalytic reactions.

5 � SACs Partner with Nano‑Island to Open 
New Chapter in Catalysis

SACs herald a transformative era in catalysis through inno-
vative nano-island structures that redefine atomic disper-
sion precision while enabling unprecedented stability and 

reactivity. This nano-island-mediated design paradigm not 
only revolutionizes and breaks the stability-activity trade-
off, but also establishes a powerful framework for optimiz-
ing electronic interactions and maintaining catalytic per-
formance under harsh operating conditions. Consequently, 
this chapter highlights the remarkable advancements of 
SANIs across diverse catalytic applications (Table 3). In 
particular, the fundamental mechanisms governing their 
superior stability, catalytic activity and reaction kinetics 
are used as a bridge as an analytical framework to link 
structural to performance optimization.

5.1 � Batteries

The energy density of commercial lithium-ion (Li-ion) 
batteries using Ni/Co-based cathodes and graphite anodes 
has encountered a bottleneck due to the limited specific 
capacity of the electrode active materials [98–100]. Fuel 
cells with ultra-high energy density are regarded as ideal 

Fig. 8   a Reaction behavior over H2 and NH3 in 5-HMF reduction amination reaction over the sites of Ru1 and Run. b Adsorption and desorp-
tion energy spectra of H2 at the sites of Ru1 and Run. c Adsorption and desorption energy spectra of NH3 to NH2* and H* on Ru1 and Run sites. 
Reprinted with permission [46], Copyright 2024 American Chemical Society. d ΔG of CO2 reduction to CO at the Ir active site, along with 
the corresponding crystal structures of different samples as calculated by the GGA/PBE level. Reprinted with permission [57], Copyright 2025 
Wiley. e Patulous SACs sites replenishment
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candidates for future energy conversion systems. In recent 
years, many remarkable features of SANIs have led to their 
emergence in fuel cells. In this section, the outstanding 
performance of SANIs in different reactions (including 

oxygen reduction reaction (ORR), hydrogen oxidation 
reaction (HOR), and methanol/ethanol oxidation reactions) 
is discussed, with a focus on the synergistic mechanisms 
under different reaction mechanisms.

Table 3   Summary of SANIs performance in various catalytic applications

Catalysts Synthesis Methods Reaction Performance Refs

Ru/WCx One-step HER 1. Activity: Mass activity: 6000 mA mg−1; Turnover fre-
quency: 3.89 H2

−1 at -100 mV vs. RHE. 2. Stability: /
[45]

Ru1+n@Co/MMO Two-step Chemical synthesis 1. Activity: AMF production rate: 295 g gRu
−1 h−1. 2. 

Stability: 5 cycles
[46]

Pt1/SnO2/UiO-66-NH2 One-step HER 1. Activity: Hydrogen evolution rate: 2167 µmol g–1 h–1. 2. 
Stability: 3 cycles

[47]

Ru SACs-SnO2/C One-step HER 1. Activity: Overpotential: 10 mV at 10 mA cm−2; Tafel 
slope: 25 mV dec−1. 2. Stability: 3000 cycles

[48]

PtSA-MoS2/rGO Two-step HER 1. Activity: Overpotential: 11 mV at -10 mA cm−2 in 0.5 M 
H2SO4. 2. Stability: 10,000 cycles

[49]

Pt/CeOx/DMS Two-step CO conversion 1. Activity: T₉₀ of 143 °C for Pt/20 wt% CeOx/DMS, has 
the lowest Eₐ 2. Stability: 90% conversion at 147 ℃

[50]

PtSA@Mo2C@NC Two-step HER 1. Activity: Mass activity: 75.21 A mgPt
−1 in 0.5 M H2SO4. 

2. Stability: 12,000 cycles
[51]

IrSA-Mo2C/C Two-step HER 1. Activity: Specific exchange current density: 
4.1 mA cm−2

ECSA. 2. Stability: 30,000 cycles
[44]

Pt1Mo1/Ni3S2 Two-step HER 1. Activity: Overpotential: 53 mV at 10 mA cm−2; Tafel 
slope: 49.6 mV dec−1. 2. Stability: 60 h

[52]

Pt1FeOx/CN One-step ORR 1. Activity: Peak power density of 45.1 mW cm−2. 2. 
Stability: 120 h

[53]

PtCl2Au(111)/GDY Two-step Methanol and ethanol oxidation 1. Activity: Mass activity: 175.64 A mgPt
−1 (MORs) and 

165.35 A mgPt
−1 (EORs). 2. Stability: 1000 cycles

[54]

Pt/CeOx/SiO2 Two-step CO oxidation 1. Activity: H2 activation increases the CO oxidation rate 
by two orders of magnitude and decreases the apparent 
activation energy. 2. Stability: 4 cycles

[34]

Pt1-FeOx/SBA-15 Two-step Selective hydrogenation 1. Activity: High selectivity to COL (> 95%). 2. Stability: 
3 cycles

[55]

0.5Pt0.3In(yCe) One-step Propane dehydrogenation 1. Activity: 92.2% selectivity toward propylene, specific 
activity of 12.5 min−1, and a stable propane conversion of 
67.1%. 2. Stability: 2 cycles

[56]

Ir1-Px/In2O3 Two-step CO2 Hydrogenation 1. Activity: Ethanol yield: 3.33 mmog−1 h−1; TOF: 
2108 h−1. 2. Stability: 5 cycles

[57]

CoSA/ZnO-ZnO One-step / 1. Activity: K = 98.2 min−1 M−1. 2. Stability: 5 cycles [35]
Pt1@POMs@PC Two-step HER 1. Activity: Overpotential: 3.8–8.3 mV at 10 mA cm−2; 

Tafel slope: 9.76–18.5 mV dec−1; TOF of Pt₁@PW₁₂@
PC at 0.03 V overpotential up to 24.9 s−1. 2. Stability: 
100 h

[58]

PtSA-M-CeO2-x /rGO One-step HER 1. Activity: Overpotential: 25 mV at 0.5 M H₂SO₄, 33 mV 
at 1 M KOH, 21 mV at 1 M PBS; Tafel slope: Acidic 
conditions: 22.8 mV dec−1 at 0.5 M H2SO4, 57.9 mV 
dec−1 at 1 M KOH. 2. Stability: 90 h/2000 cycles

[59]

Pt-Cl/CeOx/SiO2 Two-step CO oxidation 1. Activity: The apparent activation energies: 
66.5 ± 1.9 kJ mol−1. 2. Stability: 4 cycles

[60]

Pt1/CeOx/SiO2 Two-step CO oxidation 1. Activity: Achieving 90% COconversion at 96 °C. 2. 
Stability: /

[61]

Pt/CeOx/SiO2 Two-step Ethylene hydrogenation 1. Activity: The TOF of the catalyst is 0.096 ± 0.004 s−1. 2. 
Stability: Maintained stability under harsh conditions in 
flowing H2

[62]
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5.1.1 � Oxygen Reduction Reaction

As a typical example, the “spark” between MOx and Pt was 
investigated to develop efficient catalytic performance for 
ORR catalytic performance using CN as supports and dif-
ferent oxide clusters as nano-islands to disperse Pt atoms 
(Pt1-MOx/CN) [53]. Among the synthesized catalysts, 
Pt1-FeOx/CN tabulated to be the most promising catalyst 
(half-wave potential up to 0.94 V for RHE. (Fig. 9a) and 
outstanding stability (≈ 98% of the initial current density 
after 12 h of testing in alkaline medium (Fig. 9b). This 
breakthrough of simultaneously achieving high activity 
and stability stemmed from the dual functionality of FeOx. 
Structurally, FeOx/CN provided dispersed and independent 
sites that effectively stabilized and prevented the aggrega-
tion of Pt SACs. Electronically, FeOx optimized the d-band 
center of Pt SACs by adjusting the bond energy of the Pt-O 
bond relative to Pt/CN. This electronic structure engineer-
ing optimized the adsorption strength of the OH* inter-
mediates, as evidenced by the strong linear relationship 
between the OH* Bader charge and their corresponding 
free energies of adsorption (ΔGOH*) (Fig. 9c). Such pre-
cise regulation of the intermediate adsorption/desorption 
kinetics successfully circumvented the traditional activ-
ity-stability trade-off compromise in ORR catalysis. The 
unique structural configuration and unprecedented ORR 
performance of Pt₁-FeOx/CN enabled the zinc-air battery 
to operate under extreme conditions (-40 °C), delivering 
a peak power density of 45.1 mW cm–2 and maintaining 
stable cycling performance for 120 h.

5.1.2 � Hydrogen Oxidation Reaction

In addition to the ORR occurring at the cathode, the hydrox-
ide reaction HOR occurring at the anode is also a crucial 
half-reaction whose high efficiency ensures the stable 
operation of the anode [101, 102]. However, since the metal 
microenvironment of M-N4-C atomically dispersed catalysts 
is significantly different from that in pristine metal NPs, it 
may trigger inappropriate adsorption of HOR intermedi-
ates and result in unsatisfactory HOR performance [103, 
104]. The key to the efficient realization of HOR is to regu-
late the microenvironment of the metal sites to meet the 
appropriate intermediate adsorption, and the introduction 

of nano-islands provides a driving force for the above regu-
lation. In the work by Zhuang et al., Ir SACS anchored on 
Mo2C NP -supported carbon (IrSA-Mo2C/C) was engineered 
to straddle the obstruction problem in HOR and alkaline 
membrane fuel cells by skillfully utilizing the Pt-like energy 
band structure of Mo2C [44]. As shown in Fig. 9d, the Ir-5d 
orbitals of the IrSAMo2C exhibited a large degree of delo-
calization contrasted sharply with the delocalized d-orbitals 
of conventional IrN4C catalysts, a consequence of electron 
transfer from Mo to adjacent Ir sites. This electronic modu-
lation on the one hand significantly enhanced its total den-
sity of states (DOS) at the Fermi level, leading to better 
electronic conductivity. On the other hand, the optimized H 
binding energies of Ir SACs was accompanied by a moderate 
increased in the OH binding energies (Fig. 9e), ultimately 
significantly accelerating the HOR reaction kinetics.

5.1.3 � Methanol/ethanol Oxidation Reactions

Obviously, proper adsorption between the catalyst and 
the intermediate is important to enhance its catalytic per-
formance. Excessive adsorption will disrupt the adsorp-
tiondesorption equilibrium, leading to the occupation of 
active sites and reducing the reaction rate. Besides, inter-
mediates (e.g., CO) with strong affinity can form strong 
chemical bonds with the catalyst, leading to poisoning of 
the active site, which has been an insurmountable bot-
tleneck in the methanol oxidation reactions (MORs) and 
ethanol oxidation reactions (EORs) [105–108]. To address 
this bottleneck, Li et al. made a breakthrough by epitaxi-
ally growing Au(111) quantum dots (PtCl2Au(111)/GDY) 
integrated with PtCl4 species on graphdiyne (GDY) [54]. 
The catalysts showed unprecedented electrocatalytic activ-
ity with mass activities of 175.64 and 165.35 A mgPt

–1 for 
MOR and EOR, respectively, and maintained extremely 
high stability even after 110 and 60 h of operation. Such 
outstanding stability was due to the atomically dispersed 
Pt-Cl2 species and the stabilization effect of Au(111)/GDY 
(Fig. 9f). For its fantastic MOR and EOR activities were 
due to the introduction of Cl induced a negative shift of the 
d-band of Pt atoms, which weakened the adsorption affin-
ity of Pt for CO and improved the catalytic performance. 
More importantly, the d-band center position also pos-
sessed an important effect on the activity and selectivity 
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of MOR. Remarkably, PtCl2Au(111)/GDY system with a 
suitable d-band operated predominantly via the MOR path-
way (Fig. 9g), as evidenced by the significant inhibition of 
CO-related intermediates (Fig. 9h). This work established 
a paradigm for the rational design of catalysts by utilizing 
electronic structure modulation to lift the limitations of 
activity and stability in alcohol oxidation systems.

While ligand selection is a dominant factor in the design 
of supported metal catalysts, its systematic influence on 
reactivity remains largely underexplored. To address this 
gap, Zhang et al. developed a chlorine ligand modula-
tion strategy, tailoring the coordination environment of 
Pt SACs on SiO2supported CeOx nano-islands (PtCl/
CeOx/SiO2) to unravel the mechanistic impact of ligand 

engineering [60]. The Pt1Cl2O4 configuration formed in 
the PtCl/CeOx/SiO2 system demonstrated exceptional 
kinetic advantages. The energy barrier for adsorbed CO* 
oxidation via reaction with coordinatively unsaturated 
oxygen (0.45 eV) was significantly lower than that on con-
ventional Pt1O6 configuration (0.89 eV). Moreover, the 
unique electronic structure of Pt1Cl2O4 lowered the oxygen 
vacancy formation energy to -0.08 eV, in stark contrast 
to the 1.80 eV required for Pt1O6, ensuring a sustaina-
ble supply of reactive oxygen species for CO oxidation. 
Consequently, the chlorine-modified catalyst achieved a 
CO oxidation turnover frequency (TOF) twice that of the 
chlorine-free counterpart in the 180–230 °C range, high-
lighting the effectiveness of ligand regulation. Given the 

Fig. 9   Applications of SANIs to batteries. a ORR polarization curves. Mechanism study of ORR process on the catalysts. b ORR polarization 
curves over Pt1FeOx/CN before and after the stability testing. c The relationship amongΔGOH* and Bader charge over different samples (Fe/
CN, Pt1FeOx/CN, Pt/CN, and Pt1Fe2O3/CN). Reproduced with permission [53], Copyright 2022 Wiley. d The calculated adsorption Gibbs free 
energy of H and OH. e Gibbs free energy diagrams of HOR on the IrSAMo2C, Ir(111) and IrSAN4C. Reproduced with permission [44], Copyright 
2024 Springer Nature. f The variation of the adsorption energies of Pt-Cl4/Cl2 species in the studied samples with the evolution of individual 
PtCl2. g Volcano plot of PtCl2Au(111)/GDY showing the relationship between the activity and selectivity of MOR and the d band center posi-
tion of Pt SAs (black line: CO poisoning process, red line: MOR process). h Study of the energy pathways of MOR and CO poisoning on 
PtCl2Au(111)/GDY (Reaction conditions: continuous solvent model with dielectric constant = 78.4, with a potential of 0.48 V vs RHE). Repro-
duced with permission [54], Copyright 2022 American Chemical Society. i Specific reaction rates expressed as TOF (per Pt active surface area) 
for Pt/CeOx/SiO2 catalysts. j CO oxidation proceeds on Pt/CeOx/SiO2 catalysts. Reproduced with permission [61], Copyright 2025 American 
Chemical Society
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support crystallinity plays a pivotal role in dictating cata-
lytic performance, this team engineered CeOx clusters on 
high-surface-area SiO2 and precisely modulated their crys-
tallinity through controlled calcination [61]. When evalu-
ated in the temperature range of 120–140 °C, the highly 
crystalline Pt/CeOx/SiO2C exhibited a 15-fold increase in 
specific reaction rate compared to its amorphous Pt/CeOx/
SiO2A (Fig. 9i). This dramatic enhancement was ascribed 
to the superior reactivity of lattice oxygen in crystalline 
CeOx, which not only accelerated CO desorption kinetics 
but also reduced the temperature required for interfacial 
oxygen reduction. Attentionally, the rate-determining step 
for Pt/CeOx/SiO2 involved the reaction between adsorbed 
CO* and adjacent lattice oxygen to form CO2 and oxygen 
vacancies, rather than the dissociation of gaseous O2. The 
lower energy barrier for lattice oxygen participation in the 
initial transition state of Pt/CeOx/SiO2C provided a clear 
rationale for its exceptional activity (Fig. 9j).

5.2 � Hydrogen Evaluation Reduction

Clean energy production plays an irreplaceable and fun-
damental role in the development and progress of human 
civilization [109–111]. Hydrogen, an important support of 
clean energy, has an important position in reducing car-
bon emissions and promoting sustainable energy develop-
ment [59]. The HER mechanism varies in different media 
(acidic and alkaline), yet it follows similar reaction steps. 
In proton-rich acidic media, the reaction proceeds through 
the Volmer step (H+  + e– → H*), the Heyrovsky step 
(H* + H+  + e– → H2), and the Tafel step (2H* → H2). In alka-
line media, where protons originate from the dissociation 
of water molecules, the reaction first undergoes the Volmer 
step (H2O + e– → H* + OH–) and then generates H2 via either 
the Heyrovsky step (H* + H2O + e– → H2 + OH–) or the Tafel 
step, with water dissociation being the key process. Due to 
their outstanding catalytic performance and stability, SANIs 
have been applied to electrocatalytic HER for hydrogen pro-
duction [49, 52]. Yue et al. utilized Pt SAs anchored in Mo2C 
islands and N-axially coordinated in the NC sea for HER 
in acidic and alkaline electrolytes [51]. Due to the EMSI 
of Mo2C nanoclusters to Pt SAs and the axial N coordina-
tion, the migration of electrons from Pt SAs towards NC, 
which contributed to the rapid electron transfer to the sup-
port during HER and optimized the electronic structure of 

the reaction sites (Fig. 10a). According to Gibbs free energy 
calculations, PtSA@Mo2C@NC showed superior H2O dis-
sociation, intermediates adsorption, and H2 desorption capa-
bilities compared to Pt@Mo2C anchored only by Mo2C or 
Pt@NC with Pt–N coordination. Therefore, PtSA@Mo2C@
NC held unprecedented activity in electrocatalysis (Fig. 10b) 
and achieved a high mass activity of 75.21 A mgPt

–1 in 0.5 M 
H2SO4 and a H2 production of 6.3 mmol for 2 h with a 98.4% 
Faraday efficiency. Excitingly, the 3D coordination engineer-
ing, especially the axial coordination N, prevented the dis-
solution and migration of Pt SACs, conferring the long-term 
stability to PtSA@Mo2C@NC even after 12,000 and 25,000 
cycles in 0.5 M H2SO4 and 1.0 M KOH, respectively.

In the HER process, a hindrance is H accumulation 
resulted by slow H migration kinetics, which reduces the 
H escape efficiency. Yan et al. significantly alleviated the 
H migration barrier by constructing an H-buffer chain link-
ing the H escape pathway from Pt to the support [58]. In 
the constructed H-buffered chain, the Keggin-structured 
polyoxometalates (POMs) was first confined to a unimodal 
super-empty porous carbon (PC) with sub-1-nm pores, and 
subsequently individual Pt atoms were stabilized at the 
O4H site of the POMs, where the diverse oxygen and Mo–O 
bonds of POMs together with the Pt1 and PC supports con-
structed the H-buffer chain (Pt → Obr → O3H → Mo/W → 
Oc → PCsub-1-nm) (Fig. 10c). Notably, the confined POMs 
played a crucial role in the H-buffer chain. Compared to 
non-confined POMs (Pt1@POMs/G), Pt1@POM@G had a 
progressively lower ΔGH* from the Pt1 sites to the support 
(Fig. 10d-g). Specifically, H was strongly adsorbed on Pt1 
but weakly adsorbed on POMs, where the binding energies 
of Obr, O3H, M, and Oc to H in the confined POMs were 
almost zero, which facilitated H desorption.

In alkaline environments, excessive adsorption capacity 
may lead to the poisoning of metal active sites by OH inter-
mediates. Ru, as a representative of the Pt group metals, 
shows great potential in the HER. However, the excessively 
high binding energy between its sites and OH groups can 
hinder the proton reduction process, leading to catalyst poi-
soning and activity decline. Fortunately, the poisoning effect 
of the Ru sites can be significantly alleviated by competi-
tive OH-adsorption through the introduction of other sites 
with affinity for OH. Zhang et al. immobilized Ru SAs on 
SnO2 nano-islands and reduced the poisoning of Ru SAs 
using the intense oxophilic property of SnO2 [48]. Based 
on the results of cyclic voltammetry curves, CO oxidation 
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experiments and zeta potential tests, the adsorption capac-
ity of SnO2 for OH was proved to be significantly stronger 
than that of Ru. According to theoretical calculations, the 
binding energy of OH on Ru SAs (1.06 eV) was significantly 
weaker than that of SnO2 (0.36 eV), and thus OH would be 
preferentially adsorbed on Sn sites. Therefore, SnO2 signifi-
cantly facilitated the OHad transfer process and promoted 
the regeneration of Ru SACs, which effectively reduced the 
poisoning effect and enhanced the H2O dissociation ability 
of Ru active sites (Fig. 10h).

5.3 � Chemical Synthesis

Chemical synthesis, serving as the fundamental pillar of 
modern industrialization, exerts multi-dimensional impacts 
spanning: (i) frontier scientific discovery; (ii) industrial man-
ufacturing paradigms; and (iii) sustainable societal evolution 

[112, 113]. The advent of SANIs represents a paradigm-
altering innovation in precision catalysis. These atomi-
cally precise architectures unlock unprecedented avenues 
for manipulating reaction coordinates through quantum-
confined active sites, while enabling sustainable synthesis 
protocols for energy-critical molecules and environmentally 
benign chemical transformations.

Selective hydrogenation is a key process in fine chemi-
cal synthesis, but achieving high yields in the conversion 
of α, β-unsaturated aldehydes (UALs) to α, β-unsaturated 
alcohols (UOLs) is a major challenge due to the need for 
complete reduction of C = O groups while preserving the 
α, β-unsaturated C = C bonds [114, 115]. To address this 
issue, Liang et al. developed an innovative Pt SACs in high 
oxidation state by supporting functional FeOx nanoclusters 
on SBA-15 (Pt1FeOx/SBA15) [55]. This catalyst exhibited 
excellent performance in the selective hydrogenation of 
CAL to cinnamyl alcohol (COL), with up to 95% selectivity 

Fig. 10   Applications of SANIs to HER. a Charge density differences over PtSA@Mo2C@NC, the top figure showing the top view and the bot-
tom figure showing the side view. b Percentage comparison of overpotential (η100), Tafel slope, TOF value, Cdl value, mass activity, and Rct 
value over different samples. Reprinted with permission [51], Copyright 2024 The Royal Society of Chemistry. c Schematic diagram illustrating 
the fabrication processes of Pt1@POMs@PC. Reprinted with permission [58], Copyright 2024 The Royal Society of Chemistry. H adsorption 
free energy maps for HER over d Pt1@PMo12@G and e Pt-PMo12/G (model for non-confined PMo12 systems). 3D contour of ΔGH* on f Pt1@
POMs@G and g Pt1@POMs/G. Reprinted with permission [58], Copyright 2024 The Royal Society of Chemistry. h Intrinsic mechanism of 
improved HER activity over the sample of Ru SACs-SnO2/C. Reprinted with permission [48], Copyright 2022 Wiley
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for C = O bonds hydrogenation, while effectively inhibit-
ing the unwanted C = C bonds reduction, and maintained 
92.5% selectivity even after 48 h of continuous operation, 
demonstrating its excellent stability (Fig. 11a) The excellent 
selectivity was due to the electronic modulation of the Pt 
SACs through neighboring ferrite domains, as evidenced by 
the 1.4 e–1 electron transfer along the PtOxFe interface. This 
electronic interaction produced different adsorption energies, 
with the C = O group binding stronger (Eads = −0.80 eV) 
than the C = C molecule (Eads = −0.68 eV) at the Pt SACs 
(Fig. 11b), which brought about preferential activation of 
C = O. Moving into Fig. 11c, the -OH at the COL terminus 
moved away from the catalyst surface due to the great repul-
sive force (Eads of −0.61 eV) between the coordinated Pt 
species and the -OH groups in COL. Meanwhile, the strong 
adsorption between the aromatic groups and the Pt SACs 
(Eads of 1.37 eV) resulted in that C = C had no chance to get 
close to the Pt SACs, which effectively inhibited their further 
hydrogenation. Efficient olefin hydrogenation reactions can 
be achieved through dynamic and stable active sites. To elu-
cidate the structureactivity relationship of active sites, Chen 
et al. developed well-defined Pt/CeOx/SiO2 by anchoring Pt 
SACs to CeOx nano-islands on SiO2 for the hydrogenation of 
ethylene [62]. The steady-state TOF characterizing Pt/CeOx/
SiO2 at 70 °C was 0.096 ± 0.004 s−1. Under reaction condi-
tions (70 °C, H2/ethylene/helium), the Pt species underwent 
dynamic reduction from initial Pt4+ to coordinatively unsatu-
rated Pt2+ (Fig. 11d), which could serve as the active sites for 
reactants (H2 and C2H4) adsorption and activation. Crucially, 
the persistent absence of Pt–Pt bonding throughout the reac-
tion confirmed the exceptional stability of isolated Pt2+ sites 
without aggregation (Fig. 11e). This unique coordination 
environment enabled heterolytic H2 dissociation, with the 
activated H* species simultaneously stabilizing on both Pt 
and adjacent oxygen sites, thereby dramatically boosting 
hydrogenation efficiency. Most notably, the system main-
tained its structural integrity even under harsh conditions in 
flowing H2, showcasing exceptional potential for industrial 
hydrogenation applications.

Reductive amination of aldehydes/ketones to produce 
primary amines represents a transformative advancement 
in chemical synthesis, typically involving co-adsorption of 
H2 and NH3 [116, 117]. The “sticking point” is the cover-
age imbalance caused by competitive H2/NH3 adsorption, 
which makes the conversion of the key intermediate Schiff 

bases to the more desired primary amines exponentially 
more difficult, replacing it with two parallel side reactions 
[118, 119]. The advent of SANIs has certainly significantly 
advanced this catalytic process. Wu et al. confined the Ru1 
and Run sites (Fig. 11f) within encapsulated Co nano-island 
(Ru1+n@Co/MMO) to achieve exceptional 5-aminomethyl-
2-furanyl alcohol (AMF) selectivity (97%) and an impressive 
AMF production (295 g gRu

–1 h–1) [46]. The core of this 
exceptional performance lied in the precise site replenish-
ment design. Specifically, the Ru1 sites were dedicated to H2 
decomposition to generate H* species, while the Run sites 
specifically catalyzed NH3 decomposition to generate NH2* 
intermediates. The Run sites, as replenishment sites, funda-
mentally resolved the competitive adsorption issue between 
H2 and NH3, optimizing the coverage balance between H* 
and NH2*. More importantly, the confined Co nano-islands 
further enhanced selectivity. On one hand, it forced the Ru1 
and Run sites to be closely spaced, ensuring efficient dif-
fusion of H* and NH2* species. On the other hand, the Co 
nano-islands provided a unique di-σC,N adsorption configu-
ration (Fig. 11g), offering specific adsorption sites for Schiff 
base intermediates, ensuring smooth progression of subse-
quent ammonia decomposition and hydrogen decomposition 
steps, and efficiently guiding the formation of primary amine 
products (Fig. 11h).

More recently, SANIs have shown tremendous promise 
in propane dehydrogenation. Wang and co-workers devel-
oped SiO2-supported InCeOx nano-island system that con-
fined isolated Ptδ+ sites (denoted as 0.5Pt0.3In(2.0Ce)/
SiO2) to break the constraints of the activity-selectivity-
stability-constraints in the dehydrogenation of propane 
[56]. The performance of 0.5Pt0.3In(2.0Ce)/SiO2 was 
excellent, with propane conversion of 67.1%, propylene 
selectivity of 92.2%, and deactivation constants as low as 
0.010 h–1 (Fig. 11i, j). The enhanced stability and activity 
stemmed from the strategic integration of InCeOx nano-
islands inhibiting the agglomeration and carbon deposi-
tion of Ptδ+. In addition, the addition of Ce modulated 
the electronic interactions between the Pt and InCeOx 
substrates, thereby optimizing the adsorptiondesorption 
behavior of propane on the 0.5Pt0.3In(2.0Ce)/SiO2 sur-
face. This electronic tailoring reduced the carbon deposi-
tions caused by the excessive adsorption of intermediates, 
thus effectively inhibiting coking.
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5.4 � Carbon Dioxide Reduction Reaction

In the face of the urgent challenge of combating global 
warming, the carbon dioxide reduction reaction (CO2RR), 
as a cutting-edge technology, is gradually unveiling the 
green revolution of turning greenhouse gases into valuable 
resources. In a novel Ir1/Pₓ/In2O3 catalyst [57], phosphorus 
cluster islands (P islands) integrated with IrSACs on In2O3 
nanosheets achieved an ethanol yield of 3.33 mmol g–1 h–1 
and a TOF of 914  h–1. Ir1/Pₓ/In2O3 exhibited nearly 8 
times higher performance compared to unmodified Ir1/Pₓ/
In2O3, attributed to the dual role of P islands in the con-
structed system: (i) electronic regulation. Ir SACs served 
as the primary active sites in the systems, responsible for 

CO2 adsorption, activation, and C–C coupling processes 
(Fig. 12a). In RLS (*OCHO → *OCH2O, P islands modu-
lated the electronic structure of Ir SACs through specific 
coordination, significantly reducing the energy barrier and 
thereby significantly promoting the reaction process; and 
(ii) sites complementation. P islands were highly efficient 
hydrogen activators, with their P/POH sites exhibiting 
the lowest hydrogen activation energy barriers (Fig. 12b). 
These complementation sites compensated for the limited 
hydrogenation capacity of Ir SACs by supplying H* to 
adsorbed CO2 intermediates. Ir SACs and P islands exhib-
ited clear division of labor and perfect synergy, achieving 
efficient CO2RR performance.

Fig. 11   Leveraging SANIs in chemical synthesis. a Catalytic results for CAL hydrogenation over 1%Pt1-FeOx/SBA-15 at various reaction time. 
(Reaction conditions: 0.02  g catalyst; 25  mmol CAL; 3.0  MPa initial H2 pressure; 5  mL i-PrOH; 600  rpm and room temperature). b CAL 
adsorption over Pt1(OH)2Fe2O3(001) surface via C = O and C = C bonds. c COL adsorption over Pt1(OH)2Fe2O3(001) surface via C–OH bonds 
and Ph. Reprinted with permission [55], Copyright 2023 Elsevier. d XANES data of Pt/CeOx/SiO2. e EXAFS data of Pt/CeOx/SiO2. Reprinted 
with permission [62], Copyright 2025 Springer Nature. f COIR spectra of different samples. g In situ FTIR spectra revealed the conversion pro-
cess of Schiff bases on the Ru1+n@Co/MMO. h Schematic diagram of the catalytic mechanism of the reduction amination reaction over Ru1+n@
Co/MMO system. Reprinted with permission [46], Copyright 2024 American Chemical Society. i Propane conversion. j propylene selectivity. k 
specific activity. Reprinted with permission [56], Copyright 2023 American Chemical Society
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5.5 � Advanced Oxidation Processes

PMS-AOPs, with its characteristics of high efficiency, flex-
ibility, and environmental friendliness, demonstrates sig-
nificant advantages in the removal of refractory pollutants, 
offering innovative solutions for water pollution control 
and ecological restoration. Recent breakthroughs in nano-
island architecture design have revolutionized heterogene-
ous catalyst development for PMSAOPs. Yu et al. creatively 

loaded Co SACs onto islands with ZnO NPs acting as sea 
and island (CoSA/Zn.OZnO), achieving superior catalytic 
efficiency and remarkable operational stability, which suc-
cessfully solved the activity-stability challenge in SACs 
(Fig. 12c) [35]. The excellent performance stemmed from 
structural modifications at the atomic level, i.e., Co substi-
tution at the Zn site induced an asymmetric charge redistri-
bution, which triggered a significant spin polarization and 
an elevated position of the center of the Co d-band. These 

Fig. 12   Employing SANIs in other catalysis. a In situ DRIFTS spectra over Ir1-Px/In2O3 exposed to CO2 for 30 min at 180 °C. b Energy dia-
gram for the process H2 → H* + H* occurring at Ir/P sites (red), P/P-OH sites (blue), P/P sites (purple), and Ir sites (yellow) on Ir1-Px/In2O3. 
Reprinted with permission [57], Copyright 2025 Wiley. c Reaction mechanisms in the CoSA/Zn.O-ZnO/PMS system. d In situ Raman spectra of 
different reaction systems. e Gibbs free energy of PMS activation CoSA/Zn.O-ZnO. f Schematic diagram of continuous flow reactor. Reprinted 
with permission [35], Copyright 2025 Springer Nature
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electronic modifications enhanced the adsorption capacity 
of PMS and promoted the efficient cleavage of O–O bonds 
(Fig. 12d), while preferentially generating highly-oxidative 
SO4

•− (Fig. 12e). This superb stability was attributed to the 
fact that ZnO nano-islands could firmly anchor dispersed Co 
SACs, which resisted detachment during PMS activation. 
Meanwhile, the ZnO supports (“sea”) regulated the reaction 
pH and maintained a neutral microenvironment. Notably, the 
system demonstrated substantial industrialization potential, 
maintaining a high degradation rate of 95% for SMX and 
complete degradation of rhodamine B (RhB) within 12 h 
using a continuousflow reactor (Fig. 12f). Concurrently, 
it exhibited significant treatment efficacy for real coking 
wastewater. These achievements marked a substantial break-
through for the catalytic system in the fields of long-term 
pollutant degradation and wastewater treatment applications.

6 � Concluding Remarks and Perspectives

This study provides a comprehensive exploration of SANIs 
as innovative catalytic structures, focusing on their precise 
synthesis, “moving but not aggregation” dynamic behavior, 
inter-system interactions, and their transformative potential 
for multidisciplinary applications. By combining atomic-
scale dispersion with nano-island-mediated stabilization, 

SANIs go beyond the classical activity-stability trade-off 
of conventional SACs and provide a versatile and efficient 
catalytic platform for various catalytic fields. The effect of 
stabilization and sintering on the sites was overcome. At the 
same time, the nano-islands optimize the physicochemical, 
geometrical and electronic structures of the SACs sites to 
achieve dynamic adaptability under harsh conditions, show-
ing excellent performance. Notably, the synergy between 
atomic precision and nanoscale confinement expands the 
reaction versatility and selectivity, unleashing unprecedented 
catalytic versatility.

Although great progress has been made in the use of 
SANIS as catalysts, the following challenges still need to 
be addressed in this field for future research and interdisci-
plinary (Fig. 13).

6.1 � Broader and More Efficient Synthetic Methods 
for SANIs

The development of broader and more efficient synthesis 
strategies for SANIs is conducive to their broader appli-
cations. Electric pulse and microwave-assisted methods 
address the limitations of pyrolysis methods [120–122], 
but also face stringent support selection. Future work 

Fig. 13   Summary of the perspectives for SANIs
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should focus on hybrid support design, such as con-
structing conductive-polar hybrid composite supports or 
designing defect-rich substrates to improve compatibility. 
Notably, emerging photochemical reduction and strong 
electrostatic adsorption technologies offer new insights 
for the precise construction of SANIs. For example, the 
semiconductor nano-islands can enable light-induced SAs 
deposition, while regulating the isoelectric point differ-
ence between nano-islands and the supports can achieve 
selective adsorption and localization of metalprecursors. 
Meanwhile, atomic layer deposition (ALD) and chemi-
cal vapor deposition (CVD) should be further explored 
to optimize the uniform nucleation and growth of SACs 
on nano-islands. It is also critical to advance scalable 
and energy-efficient synthesis processes. This includes 
designing continuousflow electric pulse or microwave 
reaction systems and improving energy parameters (e.g., 
pulse duration and microwave power) to minimize energy 
consumption, thereby addressing the cost gap issue when 
scaling up from laboratory to industrial applications. It is 
particularly important to note that during scaling, chal-
lenges related to maintaining active sites stability, supports 
durability, and selectivity must be addressed simultane-
ously to ensure that the performance of industrial-scale 
SANIs electrocatalysts does not degrade. Another key 
challenge lies in the issue of experimental reproducibil-
ity, that is, inconsistent results may emerge in material 
characterization and performance evaluation across dif-
ferent studies, which could constrain the large-scale appli-
cation of SANIs. Therefore, it is necessary to establish a 
standardized synthesis protocol for SANIs, clearly defining 
critical parameters and their tolerance ranges. Addition-
ally, it is essential to develop a modular synthesis platform 
and promote the use of commercial substrate materials 
(e.g., standard carbon paper and metal foils) to reduce the 
variability introduced by substrate pretreatment.

6.2 � Innovative Characterization Techniques Applied 
to SANIs

Advances in characterization techniques have been crucial 
in unraveling the structural and functional complexity of 
SANIs. Although existing techniques have partially eluci-
dated their properties, they still face significant limitations. 

The signal ambiguity at the interface between SACs and 
nano-islands often leads to false-positive results, and static 
characterization struggles to capture the dynamic evolution 
of active sites. Especially for electron-beam-sensitive mate-
rials, high-dose or prolonged exposure in situ TEM charac-
terization may cause structural damage and distort the true 
structure–property relationship. The limitations of charac-
terization techniques may also lead to a limited resolution 
in analyzing the local coordination environment, result-
ing in a distorted understanding of the structure of SANIs 
and thereby further undermining experimental reproduc-
ibility. Future research must priorities the development of 
atomically precise, low-disturbance methods, such as using 
aberration-corrected HAADF-STEM combined with artifi-
cial intelligence (AI) image analysis to reliably distinguish 
active sites. Concurrently, low-dose, time-resolved TEM 
techniques should be developed to resolve the dynamic evo-
lution of active sites while minimizing irradiation damage. 
Integration of operational spectroscopy (e.g., in situ XAS, 
Raman) and time-resolved microscopy will elucidate real-
time structural dynamics and reaction mechanisms. These 
innovations will bridge the gap between synthetic design 
and performance optimization in complex catalytic systems.

6.3 � Exploration of Deeper Bright Spark Interactions 
in SANIs

Despite the progress made in the catalytic mechanism of 
SANIs, key uncertainties remain. A key challenge lies 
in deciphering how the atomic-level coordination envi-
ronments (e.g., bond lengths and lattice strain) and elec-
tronic states (e.g., charge transfer and d-band centers) at 
the nano-island/SACs interfaces dynamically evolve under 
operating conditions. In addition, synergistic interactions 
between nano-islands and SACs, such as electron redis-
tribution through interfacial “spillover” effects or strain-
induced activation, remain under-explored. The size effect 
of nano-island supports is also worthy of investigation 
regarding the modulation of SA electronic states. Vari-
ations in the support size can adjust the electron interac-
tion and spin state between SAs and nano-islands, altering 
the occupation states and chemical properties of SAs. In 
the future, it is essential to integrate experimental char-
acterization with theoretical calculations to establish 
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a quantitative relationship model between nano-island 
size and SACs electronic states. Additionally, apart from 
nano-island size, the rational design of their crystallinity 
and defects can modulate the MSIs, thereby enhancing 
the cyclic stability of SANIs. It is important to note that 
elucidating the unique synergistic mechanisms of differ-
ent SANIs models is a key pathway to breaking through 
performance boundaries, as their configurational effects 
directly determine the scale of electron transfer and atomic 
motion freedom. Therefore, future research should also 
focus more on the potential mechanisms underlying the 
synergistic catalytic activity of SACs and nano-islands in 
different types of SANIs. In particular, in situ or opera-
tional condition experiments should be conducted to 
uncover the regulatory patterns of nano-island structural 
features (such as size, crystallinity, and defects) on SACs 
reactivity, thereby guiding the rational design of layered 
structures, enhancing MSIs, and ultimately achieving a 
comprehensive improvement in catalytic activity, selectiv-
ity, and stability. Notably, recent studies have confirmed 
that the synergistic interaction between atomic clusters 
and nano-islands can significantly enhance catalytic per-
formance. Future research can extend SANIs to atomic 
clusters and nano-islands to promote broader applications 
in this field.

6.4 � The Combination of Theoretical Computing 
and Machine Learning (ML) Drives SANIs

Although DFT plays an important role in deciphering 
atomic-scale interactions and guiding catalyst design. How-
ever, its limitations (e.g., parameter sensitivity, high com-
putational cost, and static approximations) prevent accurate 
modeling of the dynamic behavior of SANIs under realis-
tic conditions. To address these challenges, future research 
should prioritize multi-scale computational frameworks 
that synergize DFT with ML-driven surrogate models. For 
example, ML algorithms trained on high-throughput datasets 
(e.g., nano-island sizes, defect densities, and metalligand 
environments) and dynamic Monte Carlo simulation can rap-
idly predict optimal SANIs configurations, while graph neu-
ral networks (GNNs) can decode complex structure–activity 
relationships across hierarchical interfaces, thereby breaking 
through the ultrastable design of supported nano-catalysts 

[123]. In addition, embedded operational simulations (e.g., 
atomic molecular dynamics under electric/thermal field con-
ditions) and interpretable artificial intelligence (AI) tools 
will bridge the gap between static predictions and dynamic 
catalytic reality. Importantly, it is also necessary to promptly 
carry out detailed experimental characterizations and per-
formance tests to further validate the prediction results of 
ML models and continuously optimize the models based 
on experimental feedback. The closed-loop research system 
of “ML prediction-high-throughput screening-experimental 
validation-model optimization” will accelerate the rational 
design of SANIs with customized nano-island architectures 
and atomic-level precision, ultimately enabling unprec-
edented catalytic efficiency and stability.

6.5 � Breakthroughs in the Field of Sanis Collaboration

The future development of SANIs must fully leverage their 
atomic-level precision, tunable coordination environments, 
and interfacial synergies to expand application scope from 
traditional thermal-/photo-/electrocatalysis to emerging 
directions such as piezoelectric catalysis and plasma-assisted 
catalysis. Innovations should target interdisciplinary fron-
tiers such as quantum technology and biomedicine, where 
isolated atomic spins on nano-island enable scalable arrays 
of quantum bits. In biomedicine, enzyme-mimicking nano-
island can drive targeted therapies or ultra-sensitive biosens-
ing. In energy storage, SACs enclosed in nano-islands could 
revolutionize high-capacity battery electrodes or oxygen 
catalysis. Achieving these goals requires interdisciplinary 
convergence, integrating atomic-scale materials design, AI-
accelerated simulation, and modular reactor engineering to 
address core challenges in scalable fabrication, operational 
stability, and multifunctional integration. By coordinating 
these advances, SANIs will transition from a lab-scale curi-
osity to an industrial pillar in clean energy, smart electron-
ics, and more, ultimately bridging the gap between atomic 
innovation and the needs of global sustainability.
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