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Abstract

In the domain of novel catalyst design and application, single-atom catalysts (SACs) have attracted widespread
interest due to their ability to provide high catalytic activity and maximize the utilization of active sites. Various
support materials capable of effectively anchoring single metal atoms have been reported, among which ceramic
materials have received notable attention due to their distinctive versatility. This work primarily aims to elucidate
the unique role of typical ceramic carriers in anchoring, isolating metal atoms, and participating in catalytic
reactions. Here, we will clarify the interaction between metal atoms and ceramic carriers to explain the stabilization
of atomic metal sites and the rational adjustment of individual atomic geometry and electronic structures.
Furthermore, a comprehensive summary of recent research progress in SACs, with particular emphasis on
advancements in preventing the migration or aggregation of isolated metal atoms, has also been stated. Regarding
applications, we review the utilization of ceramic-supported SACs in electrocatalysis, photocatalysis, and other
catalytic reactions. Finally, we discuss the challenges and prospects of ceramic-supported SACs in this field.
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INTRODUCTION

The world is currently facing critical issues of depleting non-renewable energy sources and escalating
environmental pollution, which have become urgent problems requiring immediate attention from human

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.

OCKZ www.oaepublish.com/microstructures


https://creativecommons.org/licenses/by/4.0/
https://www.oaepublish.com/microstructures
https://orcid.org/0000-0001-5729-1361
https://dx.doi.org/10.20517/microstructures.2024.36
https://dx.doi.org/10.20517/microstructures.2024.36
http://crossmark.crossref.org/dialog/?doi=10.20517/microstructures.2024.36&domain=pdf

Page 2 of 30 Jin et al. Microstructures 2024,;4:2024054 | https://dx.doi.org/10.20517/microstructures.2024.36

society!”. Transforming the pollutants generated by fossil energy into valuable commodities, such as
carbon (C) dioxide reduction and nitrogen (N) reduction, offers an ideal solution pathway'**. Additionally,
the pursuit of clean renewable energy sources, such as electrocatalytic or photocatalytic water splitting for
hydrogen production, is of paramount importance'®. These chemical reactions have become focal points of
research. Generally, appropriate catalysts are required in these conversion processes to enhance reaction
rates. However, improving the catalytic performance of catalysts still poses significant challenges.

Critical to the catalytic performance of a catalyst is the consideration of factors such as size, corner
positioning, and edge placement, all of which collectively determine its high specific surface area” . The
size of the catalyst stands out as one of the pivotal factors influencing its overall performance. Catalytic
reactions typically occur predominantly at the catalyst surface, with internal atoms playing a negligible

11-13

role"' ™. From this perspective, reducing nanoparticles to singular atoms proves to be a highly effective
strategy, amplifying surface area and triggering quantum size effects"”. As the size of nanoparticles
diminishes, distinct physicochemical properties emerge, characterized by a notable increase in the count of
exposed surface atoms, alongside alterations in surface atomic and electronic structures, as well as surface
defects. Moreover, due to advantageous geometric and electronic effects, this increase significantly enhances
the density of active sites, correspondingly enhancing intrinsic activity, an essential aspect in achieving
unconventional catalytic performance”*. In this regard, Qiao et al. pioneered the fabrication of the first
successful Pt single-atom catalyst and introduced the concept of single-atom catalysts” (SACs), defined as
supported metal catalysts housing exclusively isolated single metal active sites on the surface.
Consequently, owing to their maximal atomic utilization efficiency, unsaturated active sites, and clear
reaction mechanisms, SACs have emerged as one of the leading catalyst systems to date™. However, despite
the dispersion method of single atoms (SAs) theoretically enabling 100% atomic utilization as nanoparticle
size diminishes, surface energy escalates significantly, leading to metal atom aggregation, as shown in
Figure 1A and B”"*?. Therefore, the judicious selection of suitable support materials to anchor singly
dispersed metal atoms has become indispensable in stabilizing these metal atoms and advancing single-
atom catalysis"*.

Currently, various support materials required for SACs have garnered widespread research interest”. Due
to the high surface-to-volume ratio of single metal atoms, they can strongly interact with oxides®?”,
carbon-based materials®*”, ceramics"", and metal-organic frameworks (MOFs)", facilitating effective
dispersion of metal atoms and preventing agglomeration phenomena. Such intense interactions may lead to
dynamic charge transfer at the interface, thereby influencing the catalytic performance of SACs. Although
porous MOFs with high surface areas are considered promising support materials for anchoring SACs, the
structural instability of the pristine MOFs limits their application in electrochemical applications™.
Compared with other materials, ceramic materials are more attractive in catalytic applications due to their
higher stability at high temperatures™. Ceramic materials also possess specific and variable properties. For
example, the abundant defect sites (steps, vacancies) and -OH groups on the surface can serve as anchor
sites for single metal atoms". Furthermore, through chemical modification, metal-support interactions can
be established, and this synergistic effect greatly affects catalytic performance. The robustness of oxides at
high temperatures is also an important factor in enhancing the mechanical and thermal stability of SACs.
Therefore, among various supported SACs, ceramic-supported SACs are particularly interesting. Ceramic-
supported SACs are particularly intriguing among the numerous supported SACs due to their diverse
properties in various ceramic materials, including high-temperature stability and the presence of abundant
coordinatively unsaturated sites on the surface®>*.
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Figugg 1. (A) Relationship between size and reactivity of nanomaterials™”". (B) Specific activity as a function of metal loading and
size ™.

This paper presents a comprehensive overview of research on SACs supported by ceramics in the field of
energy conversion. The performance of SACs is intricately linked to their geometric and electronic
structures. Therefore, we have selected representative and recent cases, including oxides, perovskites,
spinels, MXenes, and other ceramic-based SACs, and delved deeply into the structure-property
relationships among them. Additionally, we emphasize the analysis of interactions between single metal
atoms and ceramic supports. Furthermore, we discuss several pivotal catalytic reactions (oxygen evolution
(OER), hydrogen evolution (HER), oxygen reduction (ORR), carbon dioxide reduction (CO,RR), nitrogen
reduction (NRR), and carbon dioxide hydrogenation reactions (CO,HR)), alongside pertinent theoretical
investigations and reaction mechanisms, as detailed in Figure 2. We aim to provide valuable insights for
exploring potential ceramics for SACs. The final section provides a concise summary and outlook on the
development of ceramic-supported SACs, elucidating potential challenges and outlining future research
directions.

DIFFERENT TYPES OF CERAMIC-SUPPORTED SACS

In the field of energy conversion catalysts, various types of SACs exhibit unique characteristics. Through
careful selection of supports, we can manipulate the spatial configuration and coordination environment of
single metal atoms in different carriers, thereby enhancing catalytic performance. This section focuses on
the catalytic activity of single metal atoms on various ceramic supports. Firstly, we focus on oxides such as
AlLO,, ZrO,, and CeO,, as they are among the most widely used supports. Subsequently, we investigate
spinel, characterized by exceptional chemical and thermal stability, along with tunable pore structures and
surface active sites, rendering them ideal catalytic carriers capable of facilitating efficient reaction
environments across diverse conditions. Following that, we present perovskites as structurally stable
materials proficient in securely anchoring SACs loaded on their surfaces, thus averting aggregation and
deactivation, consequently augmenting catalyst stability and recyclability. Finally, we discuss the application
prospects of MXene as a novel class of two-dimensional materials. MXene has abundant surface functional
groups and active sites, and by loading SACs on its surface, active metal atoms can be effectively dispersed
and anchored on the carrier, thereby improving the stability and activity of the catalyst. SACs demonstrate
enormous potential in the field of catalysis, being widely applied not only in electrocatalysis”” and

photocatalysis, but also garnering extensive attention in the battery domain®>*".

Typical oxide carriers
Oxide supports emerge as an ideal choice for metal catalysts due to their high surface area and diverse defect
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Figure 2. Typical ceramic supports and their catalytic applications.

types, such as oxygen vacancies (O,), metal vacancies (M,), edges, and steps. These defects are considered
ideal anchoring sites for single-atom metals since they can be tailored through the crystal structure and
synthesis conditions of oxides, thereby influencing the adsorption and stability of single-atom metals'*'**. In
the absence of reducing conditions, according to the Toppolin electron rule, positively charged single-atom
metals can stably adsorb onto surface bonds M-O(H) with a slight negative charge*. Oxides such as CeO,,
TiO,, ALO,, SiO, and ZrO, exhibit advantages in immobilizing individual metal atoms, not only stabilizing
them but also participating in reactions, where surface cations of oxide supports can be replaced by metal
atoms, interacting with adjacent oxygen anions to further enhance stability. These characteristics render
oxide supports highly valuable in supporting SACs, enhancing catalyst stability and activity, thus playing a
pivotal role in the catalysis domain.

CeO,-supported SACs

CeO, stands as a pivotal 4f oxide; thanks to continuous optimization of its manufacturing process, it
increasingly meets the requirements for large-scale production. It has garnered extensive attention and
research across a range of applications including electrocatalysis, biosciences, and electronic ceramics' .

Due to its unique properties, it is widely used as a support material for SACs. Known for its high density of
vacancies and reversible oxygen storage process, CeO, enables the modulation of local coordination
environments and electronic states of metal atomic sites in SACs through redox thermal activation. During
oxidative calcination, the metal nanocrystalline structure on the CeO, support can form covalent M-O
bonds, facilitating the dispersion of metal atoms at the atomic scale!**". Notably, CeO, has also garnered
attention for its strong metal-support interaction (SMSI) with noble metals, enabling the stable existence of
noble metals in highly dispersed forms"”"*?\. Strategies such as low metal loading, high surface area nanoscale
carriers, or a combination of both are commonly employed to prevent the aggregation of active phases in
noble metal SACs. Additionally, nanoscale structures can significantly alter the chemical properties of
CeO,"*. Wang et al. demonstrated an optimized method for CO, electrocatalytic reduction to methane
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(CH,) through atomic design, replacing CeO, with single-atom copper combined with multiple O "
Theoretical calculations predict that single-atom copper substitution can enrich up to three O, on the CeO,
surface, enhancing CO, adsorption and activation, as shown in Figure 3A. Experimental verification
confirmed the effectiveness of this design, revealing the highly dispersed single-atom copper in CeO,
nanorods [Figure 3B], directly correlated with O,. This catalyst design exhibited up to 58% Faradaic
efficiency (FE), indicating its outstanding activity and selectivity in converting CO, to CH,, offering a new
atomic-level solution in this field. These findings not only elucidate the role of CeO, in SACs but also
provide crucial guidance for the design and application of future catalysts. Xu et al. successfully synthesized
highly active and durable Rh SACs using a “wrap-bake-peel” technique, addressing both poor activity and
stability issues, as shown in Figure 3C"". In the synthesis process of the catalyst, the pre-coated SiO, layer
not only protects the CeO, support from sintering but also provides electrons to weaken the Ce-O bonds,
thus promoting the formation of highly loaded Rh SAs on the CeO, support.

TiO,-supported SACs

Within natural environments, TiO, manifests in three principal crystalline forms: rutile, anatase, and
brookite. Rutile stands as the most stable phase, while anatase and brookite may transition to rutile under
thermal treatments. Due to its abundant raw materials and cost-effective production, TiO, has become a
prominent material in various emerging research domains, including energy conversion and storage,
environmental remediation, and optoelectronics™. Notably, TiO, in rutile and anatase phases finds
extensive application as catalyst support due to its indispensable roles in catalytic reactions'”. Throughout
catalysis, the migration of metal atoms facilitates the emergence of O, and Ti* sites on TiO, surfaces,
thereby fostering the development of active metal-TiO, interfaces'®*”. Wan et al. proposed a methodology
to stabilize single-atom sites through the introduction of defects on the support surface, resulting in the
fabrication of nanosheets with exceptional catalytic performance by supporting single-atom Au on defective
TiO, as shown in Figure 4A and B'. These defects serve to diminish energy barriers and mitigate
competitive adsorption among isolated Au atomic sites, thus amplifying catalytic efficiency. And the
elements are evenly distributed [Figure 4C]. Yang et al. introduced a novel strategy to stabilize isolated gold
atoms via ultraviolet (UV) irradiation of titanium dioxide supports, achieving stabilization in ethanol*.
This method facilitates the facile dissociation of water molecules on gold-oxygen-titanium dioxide sites,
ensuring that even nanoscale particles formed at elevated gold loadings do not augment the activity of gold-
bound atoms on titanium dioxide. The integrity of the catalytic activity is upheld by eliminating excess gold
through sodium cyanide leaching, thereby ensuring the steadfast binding of atomically dispersed gold to
titanium dioxide. These investigations underscore the potential of defect engineering in optimizing catalyst
performance, thereby furnishing novel pathways for the design of efficacious catalysts.

AlLO,-supported SACs

AL O, plays a pivotal role in industrial catalysis. Thanks to advanced production technology and abundant
raw materials, it is cost-effective and widely used in refractory and electronic components**, particularly
as a carrier for metal catalysts. Despite the lack of covalent metal-support bonds, ALO, can stabilize
individual metal atoms on its surface through metal-oxygen/hydroxyl interactions””"). This stability allows
the metal species to connect with the porous nanostructure supported by Al,O,, maintaining the dispersion
of metals””. This strategy not only aids in enhancing the activity and stability of catalysts but may also
influence surface properties such as surface charge transfer, changes in metal structure, and regulation of
molecular adsorption, thereby affecting catalyst performance”””?. However, due to the relatively weak
metal-support interaction of AL O, for stabilizing isolated active metal atoms, further modification of the
support cations may be necessary to achieve better performance. Mesoporous alumina presents a feasible
option due to its increased defect sites, which can enhance the interaction between metal and support,
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further improving catalytic performance”®””. Shang et al. successfully prepared atomically dispersed
platinum nanosheets (Pt/dp-ALO,) on mesoporous alumina support using a combination of wetness and

thermal decomposition methods'™

, as shown in Figure 5A. These nanosheets exhibited high-density active
sites, strong anchoring effects and interfacial synergy between the support and platinum atoms. Zhang et al.

also described a highly stable, atomically dispersed Pt catalyst supported on mesoporous ALO,”. The
catalyst was synthesized using an enhanced sol-gel solvent evaporation self-assembly approach, followed by
calcination in air and then reduction with H,, as shown in Figure 5B. Owing to the stability of the
coordinatively unsaturated tetrahedral A" centers, Pt atoms were securely immobilized on the inner surface
of mesoporous AlL,O,. This catalyst retained its catalytic activity and structural integrity throughout a series

of prolonged, rigorous reactions.

SiO,-supported SACs

SiO, has abundant reserves on Earth and has become an indispensable material in various fields such as
catalysis and biotechnology"*. Similar to ALO,, SiO, is also an irreducible oxide. It has been reported that
various metals such as Pt* can be atomically dispersed on SiO, and utilized in catalytic reactions such as
catalytic cracking, epoxidation, methanol carbonylation, and C-H bond functionalization®*". However,
under reaction conditions, metals initially deposited or grafted onto the SiO, surface often tend to aggregate.
To address this issue, several strategies have been developed, such as incorporating alkali ions (Na*, K*) or
ligands containing nitrogen during synthesis*™*. Zhai et al. found that adding metals to silica surfaces
promoted by alkali ions has a similar effect to adding metals to ceria’; that is, the surface oxygen associated
with metals and alkali ions becomes reducible at low temperatures, and the presence of alkalis during heat
treatment inhibits the growth of metal particles. This indicates that Na-modified silica-supported Pt atoms
remain stable after heat treatment. Nevertheless, a more effective approach is to confine metal species
within the supporting lattice or even immobilize them within porous solid materials. For example, hydrated
metal aluminosilicate compounds, namely zeolites, can form three-dimensional channel structures. Zeolites
greatly enhance the thermal stability of isolated metal atoms, as the framework cavities within zeolites act as
traps preventing further aggregation via the Brownian motion of metal atoms. Transition metals (TMs) can
be easily loaded into zeolites via ion exchange methods, with framework oxygens in the ring pockets
stabilizing the metal atoms. Additionally, depending on the pore size and shape, molecular sieves are
commonly employed for molecular separations. Thus, using zeolites as catalyst supports can be expected to
enhance the activity and/or selectivity of the catalyst®”. Li et al. proposed a novel strategy involving the
grafting of separated and defective CeO, nanoclusters onto high-surface-area SiO,, wherein each
nanocluster hosts an average of one platinum atom®”. This involved the grafting of separated and defective
CeO, nanoclusters onto high-surface-area SiO,, wherein each nanocluster hosts an average of one platinum
atom. They observed that Pt atoms remained dispersed even under high-temperature oxidation and
reduction conditions, resulting in a significant enhancement in the CO oxidation activity of the catalyst.
This approach ensures the mobility of Pt atoms while constraining them within their respective
nanoclusters. The utilization of functional nanoclusters to confine metal atom dispersion and concurrently
enhance reactivity represents a prevalent strategy, thereby bridging the gap between SACs and practical
applications.

ZrO,-supported SACs

ZrO, commonly exists in multiple crystal forms, each exhibiting distinct physical properties®. ZrO,
ceramics are renowned for their excellent thermal and chemical stability and have been widely used in
various fields, such as solid oxide fuel cells, biomedical sectors, and high-temperature structural
ceramics”*”. Notably, in the monoclinic crystal system of ZrO,, there is a higher concentration of hydroxyl
groups, facilitating the binding of individual metal atoms and thus presenting significant advantages in the
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Figure 5. (A) Schematic illustration of the formation of Pt/dp-Al,0,7®.(B) Schematic illustration of the 0.2Pt/m-Al,O,-H, synthesis
process

field of single-atom catalysis"***. The surface of zirconia possesses abundant active sites capable of securely
anchoring individual metal atoms, thereby providing reliable active centers for catalytic reactions"**".
Additionally, the electronic structure of zirconia can be modulated through the control of surface oxidation
states and lattice defects, optimizing the catalytic performance and selectivity of SACs. The zirconia surface
exhibits excellent resistance to poisoning, reducing the risk of catalyst impairment by external impurities
and toxic substances, thus enhancing its long-term stability and catalytic activity!*>'*”. Zirconia SACs have
demonstrated broad application prospects in fields such as redox reactions and hydrocarbon conversion**..
Du et al. successfully immobilized Nb SAs onto a ZrO, substrate (Nb,-ZrO,)"*. Their study revealed that
the formation of Nb,-Zr dual sites on Nb1-ZrO, enhanced the adsorption and activation of NO,, optimized
the adsorption of key ammonia (NH,) intermediates, and decreased the reaction energy barrier, leading to
an improvement in the activity of NO,RR. Choudhary et al. utilized an easy co-precipitation method to
produce Co/ZrO, SACs"™. Their study revealed that cobalt-doped ZrO, acts as a SAC, with each Co* ion
facilitating CO, fixation. Characterization of the Co/ZrO, catalyst through EXAFS and STEM affirmed the
existence of isolated Co*" species on the ZrO, support.

Spinel-based carriers

Spinel is a category of materials possessing a unique crystal structure, with a general chemical formula of
AB,O,, where A and B represent two different metal ions, and X denotes oxygen ions. Spinel exhibits
remarkable activity and high stability owing to its typical crystal structure””, and holds important promise
for applications in cutting-edge domains, especially in battery technology and electromagnetic wave
absorption materials"**""”, In AB,O,, TM cations occupy octahedral sites (TMoct) consisting of six oxygen
anions and tetrahedral sites (TMtd) composed of four oxygen anions, with TMoct typically serving as the
primary active sites for OER, exposed near the surface of AB,0,""*""?. In a typical inverse spinel structure,
all A** cations and half of the B*" cations occupy TMoct, facilitating electron transitions between A** and
B>, achieving higher conductivity, and providing more surface redox-active centers from A** and B** with
different oxidation states, thereby accelerating reaction kinetics'>"'). Due to the typical lattice structure of
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AB,O,, oxygen anions are shared by one TMtd and three TMoct, reducing electron polarization from
oxygen anions to TM cations between neighboring cations, decreasing overlap between metal-d and
oxygen-p orbitals, thereby suppressing the covalency of TM-O bonds"'>"'**.. Therefore, spinel, as a crystal
material with unique structure and properties, holds broad application prospects in energy conversion and
storage applications""”. Its low cost, accessibility, high activity, and stable catalytic properties provide
important support for the design and development of efficient and stable SACs. Shan et al. designed a
catalyst by placing iridium SAs on the cationic sites of cobalt oxide spinel, synthesizing Ir, Co,,,O,, as
shown in Figure 6 A", This catalyst exhibited twice the oxygen evolution performance of cobalt oxide
under acidic conditions. Due to the strong interaction between iridium and the cobalt oxide support, the
corrosion resistance and oxidation potential of Ir, ,Co,,,O, catalyst significantly improved under acidic
conditions. This work eliminates the “close-packing” limitation of noble metals and provides promising
opportunities for creating analogs with diverse catalytic applications requiring specific topological
structures. Wang et al. introduced an innovative approach involving single-atom bismuth (Bi) doping,
resulting in the synthesis of single-atom dual-doped Co.,0O, (Bi-Co,0,) through a combination of
electrodeposition and calcination techniques, as shown in Figure 6B"". Experimental characterization
alongside theoretical computations unveiled that single Bi atoms replaced cobalt ions at the octahedral
positions within the Co,O, structure, thereby facilitating the generation of active hydroxyl groups at nearby
tetrahedral Co sites. This study highlights the promising avenue of employing single-atom doping strategies
to enhance the electrocatalytic performance of spinel oxides.

Perovskite-based carriers

Perovskite oxides have garnered significant attention due to their outstanding high-temperature stability
and pristine ABO, crystal structure”"??, Perovskite materials have attracted great attention due to their
excellent photoelectric properties and impressive conversion rates, particularly in the field of optoelectronic
sector”***l, Firstly, their exceptional lattice and chemical stability ensure reliable surface support, aiding in
the preservation of individual metal atom stability and the formation of stable surface active sites crucial for
catalytic reactions. These sites play a pivotal role in catalysis, effectively facilitating catalytic activity!*.
Secondly, interactions between perovskite and single metal atoms can modulate the mechanisms and
activity of catalytic reactions, influencing reaction selectivity and efficiency by adjusting electronic
structures, and thereby optimizing catalytic performance*". Furthermore, perovskite possesses a diverse
electronic structure capable of charge transfer and interaction, enabling controlled modulation of catalytic
activity to meet the varied demands of different catalytic reactions"””. Its high specific surface area and
abundant active sites provide ample reaction sites for catalysis, while defects in the lattice and surface O,
further enhance catalytic performance"*. Lastly, perovskite not only serves as a carrier for SACs but also,
through structural and compositional adjustments, achieves multifunctional regulation of various catalytic
reactions, exhibiting extensive application prospects*'*". Tian et al. first reported the loading of single
metal atoms onto perovskite oxides, utilizing heterostructure perovskite as a unique nanostructure for SAC
immobilization"*”. The authors provided a generalizable method for manufacturing highly stable Au
monoatomic catalysts with tunable catalytic properties. The resulting Au SAC not only exhibits resistance to
sintering at 700 °C but also demonstrates high catalytic activity under reaction conditions, displaying
significant self-activation activity. This discovery has significantly spurred the exploration of other
perovskite-loaded metal SACs, thereby advancing their catalytic applications. Shin et al. introduced a
versatile method for fabricating SACs on metal, metal oxide, and perovskite nanosheet scaffolds"*. They
achieved an impressive metal loading of up to 3.94 wt% by utilizing nitrogen-doped graphene as a sacrificial
template to confine SAs spatially. Initially, the research team anchored the precursor of the target support
material onto the stable sacrificial template hosting SAs. Subsequent thermal treatment facilitated the
transfer of SAs onto the support material while eliminating the graphene layer, as shown in Figure 7.
Remarkably, Pt SAs on the oxide carrier displayed minimal aggregation during annealing at temperatures
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exceeding 275 °C for over 10,000 min, highlighting their outstanding thermal stability. Therefore,
perovskites exhibit enormous potential in stabilizing SAs at high temperatures.
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MXene-based carriers

In recent years, researchers have drawn attention to the exceptional capability of two-dimensional materials
to effectively stabilize individual metal atoms"**. The inherent thin-layered structure of these materials
provides a larger surface area and numerous anchoring points, facilitating the synthesis of SACs with high
loadings. Among these materials, MXenes have emerged as a novel and innovative class of two-dimensional
materials characterized by their surface terminal groups"*, offering the potential to serve as support for
anchoring atomic metal species. They have garnered widespread interest across various disciplines due to
their unique surface chemistry, graphene-like morphology, metallic conductivity, high hydrophilicity,
excellent mechanical properties, and redox capabilities, leading to rapid advancements and applications in
fields such as electrochemistry, catalysis, and photothermal conversion"*"*. Notably, MXene sheets
typically exhibit spontaneously formed M, during synthesis, offering advantages for the introduction and
modification of heteroatoms"*!. What sets MXenes apart from other two-dimensional materials is their
exceptional tunability in terms of electronic bandgaps, conductivity, and charge transfer rates. The
monolayer structure of MXenes, characterized by hexagonal symmetry akin to graphene, adopts an
interlayer structure with X as the central layer and M as the edge layer. It is coordinated by six N or C atoms
directly with M and surrounded by a series of surface terminal functional groups and metal coordination.
Some MXenes are more prone to decompose into monolayer structures, which can be achieved by adjusting
the elemental ratios of M and X to tailor the material's structure and properties, or by modifying terminal
functional groups to enhance material characteristics such as hydrophilicity/hydrophobicity, conductivity,
and stability. The controlled formation of defect sites during synthesis renders MXenes an ideal support
material for the fabrication of SACs"**!. Furthermore, through the modulation of the central metal type
and substitution of terminal groups with other functional groups, the electronic bandgap width of MXenes
can be readily adjusted, a feat challenging to achieve with other two-dimensional materials such as
graphene!*>*’. Ramalingam et al. demonstrated the synthesis of isolated ruthenium SAs (Rus,) and Ti,C,T,
MXene supported by N and sulfur (S) heteroatom-doped carriers, as shown in Figure 8A"*. The
stabilization of Rug, on the MXene carrier was facilitated through Ru-N and Ru-S bonds formed with N and
S atoms, respectively. The coordinated species of N and S in Rug,-N-S-Ti,C,T, significantly enhanced the
catalytic activity of HER in acidic solutions. Additionally, Zhang et al. introduced Pt SAs (Pt;,) onto
monolayer Ti,C,T, matrices using a rapid thermal shock strategy under H, atmosphere, exploiting
unconventional methods due to the formation of O, in hydroxylated MXenes during conventional
annealing in H,, as shown in Figure 8B"**. Post-H, annealing of monolayer Ti,C, T, was shown to induce O,
formation under reducing atmospheres. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and density functional theory (DFT) calculations confirmed that O,
formation on monolayer Ti,C,T, could be captured through Pt-Ti bonding to trap Pt,.

CATALYTIC APPLICATION OF CERAMIC-SUPPORTED SINGLE ATOM

SACs have gained widespread application in catalytic fields such as thermal catalysis, electrocatalysis, and
photocatalysis due to their unique structure, which exhibits distinct properties from nanoparticle catalysts.
In this section, we will focus on the applications of SACs in various catalytic reactions, including OER, HER,
ORR, CO,RR, NRR, and CO,HR, as shown in Table 1. We will conduct detailed investigations into the
mechanisms and structure-performance relationships of these reactions from both experimental and
theoretical perspectives.

Electrocatalytic application

With the rapid increase in the production of sustainable and renewable energy sources, there is a growing
emphasis on electrochemical performance!***.. However, limitations still exist in the catalytic performance
required for various electrocatalytic systems. Therefore, efforts are being made to find more rational
approaches, such as controlling the size, shape, composition, and structure of electrocatalysts, to enhance
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Table 1. Catalytic application of ceramic-based SACs

Catalyst Atomic species Carrier type Electrolytes Application Refs.
Pti,-MnJ0, Pt Spinel 1M KOH HER [1547
Ru-Zr0,,/C Ru Oxide 0.5 M H,S0, HER [155]
Ir@Sr-p-TiO, NWs Sr Oxide 0.5MH,SO, OER [162]
Ir,/Ni; ¢Mn, ,0, Ir Spinel 1M KOH OER [163]
Fe@ZrO,/NC Fe Oxide 0.1 M KOH ORR [168]
Fe-N-C/Nb,C;T, Fe MXene 0.1 M KOH ORR [169]
FeopemnpeCeonesreonpe’/NC Fe Oxide 0.1M KOH ORR 11701
Ru-NS-Ti,C,0, Ru MXene - CO,RR [171]

CusSio, Cu Oxide 0.1 M KHCO, CO,RR [72]
Gag,/a-TiO, Ga Oxide 0.1 M Na,S0, NRR (1751

LaFeO-Ru Ru Perovskite 0.1MK,SO, NRR [176]
Ptss/TiO, Pt Oxide 0.1M Na,SO, HER [186]
Cu/TiO, Cu Oxide 25% methanol HER [187]
Co-Ti;C,T, Co Oxide H,O/acetonitrile CO,RR [188]
Co-N-C@BiFeO, Co Perovskite - CO,RR [189]
Au/AlO, Au Oxide H,0 CO,RR [192]
Cu/Zr0, Cu Oxide - CO,HR [196]
Zr0,/Cu Cu Oxide - CO,HR [197]
Cu/Mo,CT, Cu MXene - CO,HR [198]

PN
COSBRRRANNSY , o T
AN == ="

64 t; 5 g E‘Q‘E S Freeze dry

Anneal @ Ar atm
Ve

&

Ti,AIC, MAX Ti,C,T, MXene Rugy-N-S-Ti,C,T,
@T@ci A@0 HON@S DR,

N:zH:PtCle

LiF/HCI Freeze dry
oTi o Al © C 0 Tx O Pt m—

23 8. 3 ps.
_ Ultrasonic ‘.’§§ é‘.’ Rapid ‘.’i s. .
§§§ !gé exfoliation *¥ Yo thermal ¥ .
geo siadfdddac.. Mook 2iaks
. - H2
o il
: RELEH LS

TisAlC: TisCaTx TisC2Tx-Ptsa

i

e odlpe o
o QoelBnalde

Figure 8. (A) Schematic illustration of the Rug,-N-S-Ti,C,T, catalyst. synthetic route™*”’.(B) Schematic illustration of constructing Pt
single atoms on monolayer Ti,C,T M.



Jin et al. Microstructures 2024,4:2024054 | https://dx.doi.org/10.20517/microstructures.2024.36 Page 13 of 30

catalytic efficiency*'**. In particular, research on SACs has sparked emerging interest in electrocatalysis
due to their high catalytic activity, stability, selectivity, and 100% atom utilization. Ceramic-supported SACs
exhibit great potential in electrocatalytic HER, OER, ORR, CO,RR, and NRR, as shown in Table 1.

HER

Hydrogen is considered an ideal clean energy source, and electrocatalytic water splitting is deemed a
sustainable means of production. Presently, Pt-based catalysts are recognized for their superior performance
in the HER. However, the high cost associated with Pt, stemming from its limited natural abundance, poses
a significant barrier to its widespread adoption. Hence, there is a pressing need to minimize Pt usage or
explore alternative materials. SACs have emerged as a promising avenue, offering maximal atomic
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efficiency, and have, therefore, garnered significant research attention*.

In a pioneering study, Wei et al. reported, for the first time, the synthesis of spinel-type Mn,O,-supported
Pt SAC (Ptg,-Mn,0,)!"*. This provides a reference for tuning the electronic structure of spinel oxide to
obtain SAC systems with high alkaline HER activity. They unveiled the synthesis of Pt SACs supported on
spinel Mn,O,, with Pt atoms intricately positioned at octahedral sites. The profound interaction between Pt
and Mn,O, significantly reshapes the electronic structure, thereby optimizing the binding strength of d-
band centers and intermediates. Remarkably, under alkaline conditions, this catalyst exhibits exceptional
performance in HER, showcasing an ultra-low overpotential of 24 mV at 10 mA cm™ and a superior mass
activity of 374 mA mg" [Figure 9A and B], eclipsing both 20 wt% Pt/C and the majority of previously
reported high-performance catalysts. In investigating the adsorption capacity of catalysts for H,O, it was
observed that Pty,-Mn,O, exhibited the highest adsorption capability. Additionally, the study results
indicated that Ptg,-Mn,O, possessed the optimal water dissociation energy barrier. Graphs depict the
hydrogen adsorption free energy (AG,.) values of single Pt atomic sites on Pty,-Mn,O,, which are
comparable to the adsorption AG;,. values on Pt (111) surfaces [Figure 9C and D]. This suggests that
incorporating single Pt atoms into Mn,O, effectively enhances the occupation of d-bands near the Fermi
level of the catalyst, thereby facilitating the adsorption and dissociation processes of H,O and H*,
consequently enhancing the catalytic activity of HER under alkaline conditions.

Kim et al. proposed a novel approach to SACs by tightly integrating stable metal oxide nanoparticles,
resulting in a significant enhancement in the electrochemical activity and stability of catalysts for HER!"*.
In their study, Ru-ZrO,,/C exhibited a remarkable improvement in HER activity, particularly at high
current densities, with the smallest overpotential observed when the current density exceeded 50 mA-cm?,
displaying an overpotential of 19 mV lower than that of Pt/C [Figure 9E]. This enhancement is possibly
attributed to the hydrophilicity of the ZrO, surface**. The formation of Ru-ZrO,-SACs is facilitated by the
generation of O, in tetragonal ZrO,. Additionally, after activity decay test (ADT), the overpotential of Pt/C
and Ru/C increased significantly, attributed to the severe aggregation of metal particles on the carbon
carrier. In contrast, the overpotential increase of Ru-ZrO, , is minimized, owing to the SMSI between Ru
atoms and ZrO,, achieving outstanding durability [Figure 9F]. When the research team sought to identify
the sources of enhanced HER activity, they obtained the hydrogen adsorption energies (AE,;) of the
prepared catalysts through DFT calculations. The research findings indicate that compared to Ru (-0.50 eV)
and Pt (-0.38 eV), Ru SAs on the surface of ZrO, exhibit more favorable AE_, values (-0.15 eV). This
suggests that Ru SACs on the ZrO, surface may be more conducive to promoting hydrogen adsorption and
HER activity [Figure 9G].

OER
The process of water electrolysis encompasses both the HER and OER. The sluggish, multi-step proton-
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coupled electron transfer process of OER markedly diminishes the overall electrolysis rate”'*. Hence,
there is a concerted effort among researchers to explore efficient OER catalysts. IrO,/RuQ, stands as a
relatively advanced catalyst; however, its high cost is a barrier to further advancement"*'*". Consequently,
the quest for low-cost, high-efficiency, and stable OER catalysts has emerged as a focal point of research.

Zhu et al. have demonstrated the remarkable catalytic performance of plasma-treated TiO, nanowires
(Ir@Sr-p-TiO, NWs) in the OER, achieving a substantial reduction in overpotential to 250 mV at a current
density of 10 mA cm™ [Figure 10A]"*. The inset in Figure 10A shows that the mass activity of [r@Sr-p-TiO,
NWs at a potential of 1.53 V is 1364.7 A g, which is much higher than the mass activity of c-IrO,
(24.9 A g."). This heightened activity is predominantly ascribed to the formation of O, induced by plasma
treatment and the adsorption of Sr on the p-TiO, nanomaterial, which reinforces the metal-support
interaction between Ir nanoparticles and p-TiO, nanomaterials, which is beneficial to improve the stability
of the catalyst. After 80 h of prolonged OER testing, these nanostructures maintained their activity without
significant degradation and exhibited excellent stability compared to conventional c-IrO, catalysts
[Figure 10B]. Wen et al. effectively synthesized spinel NiMn, O, solid solutions embedding single-atom
iridium (Ir-SAs) via a sol-gel approach"*. The presence of surface-exposed Ir-SAs in Ir /Ni, Mn, ,0, led to
improved OER performance. Remarkable catalytic activity has been observed at high current densities,
achieving overpotentials of 330 and 350 mV at current densities of 100 and 200 mA cm?, respectively
[Figure 10C]. The research team further investigated the changes in charge distribution and the evolution
pathway of OER in materials modified with single Ir atoms. Their preliminary investigation revealed
alterations in the electronic structure of NiMnO upon Ir modification. Specifically, both d,, and d,, states of
Ir atoms occupied half, indicating the high-spin state of Ir, in Ni, Mn,,O,, thereby enhancing the
conductivity [Figure 10D].

ORR
The ORR occurring at the air cathode plays a critical role in energy conversion and storage technologies,
such as rechargeable zinc-air batteries (ZABs). As a fundamental component of ZABs, the cathodic ORR
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exhibits slow reaction kinetics due to the high-energy barriers associated with O, adsorption, O-O bond
cleavage, and the intricate reaction mechanisms involved"*'*’. Hence, the development of highly efficient
catalysts is imperative. SACs have garnered extensive research interest owing to their ability to significantly
enhance the number of active sites. Notably, their well-defined active centers elucidate the interactions
between individual metal atoms and the supporting materials more clearly"*”..

Zhang et al. proposed a ligand-assisted strategy to synthesize single-atom Fe-N-C derived from
Zr-MOFs"*. The resulting SA Fe@ZrO,/nitrogen-doped carbon (NC) catalyst integrates FeN, sites and
adjacent ZrO, into NC, with the in-situ introduced ZrO, significantly enhancing O, adsorption capacity.
With a mesoporous structure, atomically dispersed Fe-N, active sites, and strong interface interactions
between Fe atoms and ZrO, nanoclusters, the catalyst exhibited outstanding ORR activity in an alkaline
solution, with an E,;, of 0.86 V, equivalent to Pt/C (E,, = 0.86 V) [Figure 11A]. DFT calculations further
elucidated that adjacent ZrO, nanoclusters effectively modulated the electronic structure of Fe atoms at
FeN, sites, thereby enhancing the ORR process and activity. When conducting Bader charge analysis on SA
Fe@ZrO,/NC and SA Fe/NC [Figure 11B and C], the results indicate that oxygen molecules adsorbed on SA
Fe@ZrO,/NC acquire more charge compared to those adsorbed on SA Fe/NC. This suggests that the FeN,
sites adjacent to ZrO, nanoclusters facilitate the reduction of oxygen molecules. Such findings elucidate the
beneficial promotional effect of the presence of ZrO, nanoclusters on catalytic activity within this catalyst
system. ul Haq et al. combined electrochemically etched Nb,C,T,-MXene nanosheets with Fe-N-C
SACs". They introduced Fe-N-C SACs into oxygen-terminated Nb,C,T,-MXene through a novel self-
assembly technique. Fe-N-C/Nb,C,T, exhibited exceptional electrocatalytic performance for the ORR in
alkaline conditions (E,,, = 0.911 V) [Figure 11D]. As shown in Figure 11E and F, the catalyst also possesses
excellent stability. This remarkable activity stems from its large specific surface area, gradient porous
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structure, appropriate degree of graphitization, synergistic effects between components, and the presence of
coordination-rich electron-donating metal ions. Xu et al. leveraging DFT in conjunction with machine
learning (ML), conducted an in-depth exploration of the synergistic effects among FeN,OH sites, CeN,OH
motifs, iron nanoparticles, and Fe-CeO, NPs". This holistic effect entails a delicate interplay between
electronic and geometric interactions, leading to a remarkable enhancement in the ORR activity of FeN,OH
active sites, with an E,,, reaching 0.948 V (Vy;, voltage with respect to the reversible hydrogen electrode),
surpassing the performance of commercial Pt/C (E,, = 0.851 Vi) [Figure 11G]. Feg, ., xp,Cesaire.onps/ NC
exhibits exceptional durability, with negligible activity loss even after 50,000 cycles. This results from the
excellent intrinsic activity and stability of the catalyst [Figure 11H and I]. The universality of this synergistic
effect extends to multi-component systems based on Co, Ni, Cu, Cr, and Mn. These findings underscore the
paramount importance of synergistic effects in simultaneously boosting catalytic activity and durability.

CO,RR

To address the issue of global warming caused by CO, emissions from fossil fuel combustion, converting
CO, into valuable chemical products such as carbon monoxide (CO), CH,, and ethanol presents a
promising strategy. The selection of catalysts plays a crucial role in the selectivity of the CO,RR; thus, SACs
with high catalytic activity have attracted significant attention.
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Cao et al. have devised and screened 50 candidate SACs comprising Ti,C,0, coordinated with 25 TMs in N,
S, or N, N configurations (NS/NN-Ti,C,0,) for the CO,RR to produce CO""". Through analysis of the
limiting potential for CO production and competition with the formic acid generation, CO reduction, and
HER, it was found that Ru-NS-Ti,C,0, and Co-NN-Ti,C,0, serve as outstanding catalysts for CO,RR to
generate CO. In actual electrocatalysis, Ru-NS-Ti,C,0, exhibited a remarkable electrochemical response;
E,(CO,) increases from 0.04 to 0.08 eV. The slight increase in E,(CO,) is due to the negative CO, dipole,
which leads to a slight inhibition of CO, adsorption at negative potential. When the electrode potential
increases from 0 to -0.8 V, the reaction energy increases from 0.12 to 0.24 eV [Figure 12A], indicating
significantly low reaction energies surpassing most reported catalysts to date. When we investigate the
relation between binding energy and surface charge density, we can find that E,(CO,), E,(COOH), and
E,(CO) are linear with o [Figure 12B]. This study introduces novel insights into the systematic and
expeditious screening of candidate catalysts. Tan et al. proposed a novel strategy to stabilize copper using
silicon dioxide and successfully synthesized CuSiO, amorphous nanotube catalysts featuring abundant
atomic Cu-O-Si interfacial sites resistant to reconstruction"””. The robust interfacial interaction between
copper and silicon dioxide has endowed the Cu-O-Si interfacial sites with exceptional CO,-to-CH,
selectivity (72.5%) [Figure 12C]. When considering from the perspective of reaction thermodynamics, a
higher value of U, (CO,-*CO)-U,(*H) corresponds to better selectivity towards CO, reduction. According to
the data shown in Figure 12D, CuSiO, exhibits superior CO, reduction selectivity compared to metallic
copper, effectively suppressing the competing HER. It becomes evident that the AG. oy-AG.occon Value for
CusSiO;, is more negative compared to metallic copper. This observation suggests that protonation of *CO is
more favorable at the Cu-O-Si atomic interface than on copper alone, thereby facilitating the generation
process of CH,. This research opens up a promising avenue for designing highly active and stable Cu-based
CO, reduction catalysts. After conducting durability tests on the catalyst at a constant potential for 12 h, the
activity of the catalyst remained basically consistent, mainly due to the SMSI between SiO, and Cu
[Figure 12E].

NRR

Ammonia serves as the fundamental component for the production of the majority of fertilizers; thus, its
production volume is crucial for today's food security"””. However, the current production of NH, relies on
fossil fuel consumption, prompting the search for sustainable production methods. Electrochemical NRR
boasts higher energy efficiency and is poised to enable decentralized NH, production, ultimately potentially
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supporting distributed fertilizer manufacturing"”"..

Zhang et al. have successfully synthesized lotus root-like amorphous TiO, nanofibers"””. In contrast to
previously reported Vacco-engineered TiO, nanocrystals, these fibers exhibit abundant intrinsic O, and
dangling bonds, resulting in significantly enhanced N, activation and electron transport capabilities. To
address selectivity challenges, a confinement effect was achieved through V, leading to the successful
synthesis of relatively isolated SAs and maximizing the availability of Ga-V, reaction sites. DFT calculations
indicated favorable N, adsorption on the catalyst surface by Ga SAs, while V| facilitated N, activation and
reduction. This synergistic activity/selectivity design resulted in high NH, yield (24.47 gh"-mg™) and FE
(48.64%) at remarkably low overpotentials [Figure 13A]. The catalyst was subjected to a long-term
durability test for 24 h, and the time-series current measurement curve was stable, as shown in Figure 13B.
Han et al. utilized a plasma-enhanced chemical vapor deposition technique in this investigation to
immobilize TM elements onto two-dimensional conductive materials"”. Among numerous trials, it was
discovered that Ru SAs and Ru clusters supported on calcium titanate oxide demonstrated remarkable
electrocatalytic capabilities (achieving NH, production rates of up to 137.5 + 5.8 pg h” mg_,,", as depicted in
Figure 13C, surpassing the previous records for Ru-based catalysts. After five consecutive experiments, the



Page 18 of 30 Jin et al. Microstructures 2024,;4:2024054 | https://dx.doi.org/10.20517/microstructures.2024.36

A 0.50 B
Ru-NS-Ti,C,0, -0.10
S 000 I~
) we=-0.20 V vs SHE \ 2020 m Co,
- ‘0-40\/“51"':\ . 0.13 (-0.20 V vs SHI @ COOH
B6-050F — -060vvsSHE" & & Co
5 e - 080 VVSSHE ' — - 3 -0.30
= . A\ 017040 vyssue| S
o — .y == by
S -1o0p \* — )
s ‘\ 0.21 (-0.60 V vs SHE ._E -0.40
o= AR —
S 150t \ .~ £
g , 0.24 (-0.80 V vs SHI AR oso0b
[~ 200k "_ Lo Ru-NS§-Ti,C,0,
0,60 . N N . L
*#C0, €O, COOH* CO* *+CO I R . PO :
-2.50 1 1 1 1 1 1 1 1 1 1 o (yC/cm )
CcC = D
——CH, CusSio,
00
04
> 60+
& ~ 02 - 01
> = 3
b I oo "3
K] 3 § -02
1T
w <
8 .
@ 8415« &
& 20 4 . o y S' s < o4
o -1.0
\ -05 . .
— CuSio, cu Cusio, cu
0- . —
T T L} T T
E -1.2 -1.4 -16 -1.8 -2.0
100 40
) -— %
5 80 ° R .
é 0 » = . ¢ E
o 20 E
k-]
g W — 8
B T it oot e gt o B o] e R N Aty SR
=20 a
3 3
0 . v - T - v o
[ 2 4 [ 8 10 12
Time (h)

Figure 12. (A) Free energy diagram vs.SHE at different potentials on Ru-NS-Ti;C,0,.(B) The binding energy of CO,,COOH, and CO as
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yield of LaFeO-Ru decreased by approximately 9%, from 137.3 pg h™ mgcat™ to 124.7 pg h™', accompanied
by a reduction in its efficiency of about 6.7%, dropping from 59.7% to 55.7% [Figure 13D]. These durability
test results indicate a slight decline in the catalytic performance of LaFeO-Ru over prolonged usage,
although it maintains relatively high catalytic activity and stability. This marginal performance degradation
may be attributed to partial deactivation of the material surface or subtle structural alterations, warranting
further investigation to comprehend its specific mechanisms.

Photocatalytic application

Single-atom photocatalysts have shown tremendous potential in the production of value-added chemicals
and/or fuels, sparking considerable interest among researchers'”*””. SAC photocatalysts refer to
semiconductor substrates decorated with atomic-level metal particles. These metal atoms play the role of
auxiliary catalysts on the semiconductor surface, increasing the number of active sites while receiving
electrons from the process of light harvesting. Additionally, SAC photocatalysts can effectively reduce the
usage of precious metals. This design offers higher catalytic efficiency and selectivity while lowering costs.
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Figure 13. (A) NH; yields and FEs of Ga SA/a-TiO, nanofibers at different potentials for 2 h. (B) Chronoamperometry curve of
Ga SA/a-TiO, nanofibers at -0.1V vs.RHE for 24 hi7>1 (C) NH, yield rates for LaFeO-Ru, LaFeO-PL, and LaFeO in the NRR. (D) FE and
NH, yield rates for LaFeO-Ru at the potential of -0.7 V versus RHE after five consecutive experimentst’®,

As a result, SAC photocatalysts have become one of the focal points of current research, with broad
prospects for applications in fields such as energy conversion and environmental remediation"*"*. In the
field of photocatalysis research, photocatalytic hydrogen production is a focal point of investigation*'*. As
one of the most promising photocatalysts, TiO, has the advantages of innocuity, abundant availability and
good stability"*). Kerketta et al. have confirmed that Gritzel-type mesoporous TiO, layers serve as ideal
carriers for Pt SAs, facilitating efficient photocatalytic H, generation"*”. By optimizing the geometric
structure and Pt SA loading layer, the research team achieved a high photocatalytic H, production rate of
approximately 2,900 mL h™' (under conditions of wavelength A = 365 nm and light intensity I = 65 mW cm™)
[Figure 14A]. The influence of TiO, layer thickness was also investigated. As can be seen from Figure 14B,
the H, generation rate increases significantly with layer thickness, and reaches saturation at a thickness of 8
to 14 um. This performance surpasses that of previous Pt,,/TiO, structures based on TiO, nanotubes,
nanosheets, or MOFs. Moreover, this SA/substrate combination exhibited highly stable H, production
performance over some time. Lee ef al. reported the design and synthesis of a highly active single-copper-
atom Cu/TiO, photocatalyst, demonstrating reversible and synergistic photonic activation processes"*”. The
research findings indicate that these reversible and synergistic activation processes occur at the single-atom
level, enabling control over macroscopic photoelectric properties and subsequent enhancement of catalytic
activity. Compared to pure TiO,, Cu/TiO, exhibited a 34.0-fold increase in photocatalytic activity. The
highest hydrogen production rate was achieved when the mass fraction of Cu/TiO, was 0.75 wt%, reaching
16.6 mmol g h™* [Figure 14CJ; hydrogen generation remained stable over four consecutive cycles, with no
noticeable decline in photocatalytic activity. During four consecutive experimental cycles, stable generation
of H, was observed, as depicted in Figure 14D, where no significant decline in photocatalytic activity was
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Figure 14. (A) The annealing temperature (using 14 um layer thickness and 0.05 mM H,PtCl, concentration in each case). (B) TiO,
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generation of M/TiO, (0.75 wt%) for each type of co-catalyst. (D) Cyclic measurements of photocatalytic H, generation of Cu/TiO,
(0.75 wt%), showing the stable activity™"".

observed over this period. This outcome suggests that under the experimental conditions employed, the
activity of the photocatalytic reaction remained stable throughout successive experimental cycles without
any pronounced diminishing trend.

Converting carbon dioxide into valuable products via photocatalysis offers an eco-friendly solution to
mitigate the greenhouse effect. Chen et al. reported an efficient photocatalytic system using two-
dimensional Ti,C,T,-MXene nanosheets as carriers, where individual cobalt atoms are anchored as active
sites for CO, reduction under visible light"*". In this system, Ti,C,T, nanosheets serve as bridges connecting
the visible light absorber with cobalt active sites. Cobalt atoms form strong metal-oxygen/carbon bonds
with Ti,C,T,, resulting in the formation of the Co-Ti,C,T, integrated structure. The results show a CO
production rate of up to 6.06 mmol h"' g”, indicating significantly enhanced CO, photocatalytic
performance compared to previous MXene-based catalysts. Theoretical calculations suggest that the
synergistic interaction between isolated cobalt atoms and Ti,C,T, effectively promotes CO generation.
Xu et al. have devised a novel heterogeneous photocatalyst by integrating Co-N-C with BiFeO, (BFO)"*!.
Among these, the Co-N-C@BFO (1:7) catalyst demonstrated impressive yields in the reduction of CO, to
CO and CH,, reaching 1,373.41 and 169.32 pmol g, respectively. In this study, the authors amalgamated
displacement current, band theory, piezoelectric effect, and in-situ diffuse reflectance infrared Fourier
transform spectroscopy to elucidate the mechanism. The amalgamation of the piezoelectric field and visible
light facilitated charge separation, enhancing catalytic activity. In piezoelectric photocatalysis, the
generation of displacement current resulted in a time-varying electrostatic potential, transferring electrons
to the active sites of Co-N-C, thereby promoting CO,RR. Additionally, the band alignment of BFO met the
requisite criteria, further facilitating electron transfer to the active sites of Co-N-C for CO,RR participation.
The synergistic effect of the piezoelectric field and visible light promoted charge separation, thereby
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augmenting catalytic activity. The introduction of noble metals into photocatalysts has been widely reported

st Li et al. successfully synthesized amorphous

to effectively promote the activation of CO, molecule
Al O, containing pentacoordinate aluminum (Al") using a solvothermal method and anchored gold (Au)
SAs onto Al" through a self-reduction strategy"*>"*”. The introduction of the amorphous component
weakened the Al-O bond energy, facilitating the release of oxygen atoms and leading to the transformation
of the Al coordination environment to Al" species"*”. Electron transfer between Al' and Au stabilized the
Au SAs. The introduction of Au SAs anchored on Al" enhanced the chemical absorption capacity of CO,,
reduced the energy barrier for CO generation, and improved charge separation efficiency. Compared to
pristine ALO,,the CO generation rate significantly increased with Au SAs anchored, reaching
approximately sixfold enhancement, with a CO selectivity of 98%. This work presents a straightforward
synthetic method for Al" species for the first time, elucidating the anchoring mechanism of Au SAs and
providing important insights for the design of unsaturated coordination defects and anchoring SAs in
photocatalysts.

Other catalytic applications

Presently, the conversion of carbon dioxide into liquid fuels stands as a viable strategy to combat
contemporary energy and environmental issues. Recent years have witnessed significant advancements in
carbon dioxide hydrogenation catalysts, particularly in the realm of SACs supported by oxides. Among
these catalysts, the Fischer-Tropsch synthesis serves as a pivotal reaction process, directly impacting the
coupling degree between carbon and the desired products"™*.

Zhao et al. have presented an intriguing study unveiling a novel copper-based catalyst characterized by
distinctive isolated active copper sites, exhibiting exceptional performance in CO hydrogenation"*. With
the CAZ™ catalyst, only methanol was discerned, devoid of any accompanying byproducts. Notably, this
catalyst showcased remarkable selectivity, prioritizing methanol production with an impressive TOF, value
reaching 1.37 h™'. Their investigation reveals that the single-atom Cu-Zr catalyst predominantly facilitates
methanol synthesis at 180 °C, whereas small copper clusters or nanoparticles with Cu-Cu structural motifs
induce CO byproduct formation. Moreover, during the catalytic process, copper undergoes a transition
from Cu-Cu structures to Cu,-O, units, forming a catalyst surface with a quasi-planar structure, thereby
expediting the hydrogenation of carbon dioxide. This seminal discovery not only underscores the pivotal
roles of high activity, independent copper sites, and discernible structural motifs in the thermal catalytic
hydrogenation of CO, but also presents novel conceptual frameworks for the application of SACs in energy
conversion. Wu et al. synthesized adjustable ratio ZrO,/Cu inverse catalysts using the oxalic acid
co-precipitation method and discovered their remarkable performance in methanol production via CO,
hydrogenation"””. Under optimized conditions, the methanol mass yield of this catalyst reached
524 .on K8 ' b, surpassing that of traditional Cu/ZrO, catalysts by 3.3 times. Through in-depth
investigation of its in-situ structure, they uncovered that the inverse ZrO,/Cu catalyst adopted a unique
island-like configuration with partially reduced amorphous ZrO, islands supported on Cu particles, where
these ZrO, islands exhibited remarkable activity for CO, activation. Moreover, they observed the adsorption
of formate intermediates on Cu, and under the inverse configuration, the activation of CO, and
hydrogenation of surface oxygen intermediates were notably accelerated, providing insights into its
exceptional methanol production activity. Zhou et al. observed significant differences when investigating
Cu/Mo,CT, catalysts loaded on silicon dioxide compared to Cu/SiO, catalysts with similar copper
loading". Specifically, the intrinsic methanol production rate per unit mass of copper was significantly
higher for Cu/Mo,CT,/SiO,-2 h, with a rate over three times greater (1.51 vs. 0.41 gh” g., "), while the
methanol selectivity was slightly higher (54% compared to 45%). This finding is primarily attributed to the
higher affinity of copper on partially reduced MXene surfaces and its greater mobility under high-
temperature conditions. Furthermore, with prolonged reduction time, the Lewis acidity at the Cu/Mo,CT,
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interface became stronger, further promoting the rate of CO, hydrogenation to methanol. This research
highlights the potential advantages of Cu/Mo,CT, catalysts in CO, reduction reactions, providing valuable
insights for the development of efficient CO, conversion catalysts.

CONCLUSIONS

This work provides a comprehensive review of the latest advancements in ceramic-supported SACs for
catalysis. By thoroughly examining representative cases spanning oxides, perovskites, spinel, MXene, and
other ceramic-based SACs, it reveals the intricate relationship between geometric and electronic structures
of SACs and their corresponding performance. Oxides provide robust support for SACs due to their high
thermal stability, chemical inertness, and high specific surface area, effectively stabilizing SA active centers.
However, their poor conductivity and lack of redox activity limit their application. Spinel has various
combinations and structures and excellent thermal stability, but its complex synthesis and high cost pose
challenges to its widespread application. Perovskite exhibits structural flexibility, good oxygen migration,
and conductivity. However, it is often prone to aggregation at high temperatures, and its high cost further
limits its actual development. In contrast, MXene, as a novel 2D material, has high conductivity and
abundant surface functional groups, although its complex synthesis process and long-term stability still
require further investigation. Overall, ceramic supports play a crucial role in anchoring and isolating metal
atoms while actively participating in catalytic reactions. By elucidating the complex interactions between
metal atoms and ceramic carriers, insights are gained into the stability of atomic metal sites and the rational
manipulation of individual atomic geometries and electronic structures. Additionally, this work
systematically summarizes recent research progress in SACs, with a particular focus on advancements
aimed at mitigating the migration or aggregation of isolated metal atoms. The review explores the
applications of SACs in several pivotal catalytic reactions. Through detailed analysis of relevant theoretical
research and reaction mechanisms, robust theoretical support is provided for the practical deployment of
SACs in catalysis. Furthermore, this work highlights the advantages of SACs in the field of catalysis,
including their exceptional catalytic performance, robust stability, and tunable electronic structure.

The research on SACs in the realm of catalysis continues to hold significant promise. As our understanding
deepens, we anticipate the emergence of more innovative combinations of ceramic supports and metal
atoms, thereby augmenting the catalytic performance and stability of SACs. The following points should be
considered in future research.

(1) Research on the stability of metal atoms represents a critical avenue of investigation, with a central focus
on preventing the migration or aggregation of isolated metal atoms. While several methods exist to achieve
this objective, challenges persist. Consequently, future research will concentrate on developing more
effective and stable anchoring strategies. These strategies will emphasize investigating the adsorption energy
of metal atoms on various ceramic carriers, controlling the environment, and chemical states. Additionally,
new synthesis strategies such as atomic layer deposition and self-assembly techniques will be developed to
achieve uniform dispersion and stable anchoring of metal atoms. Through these efforts, we can gain a better
understanding and control of the behavior of metal atoms in catalysis and other applications, laying the
groundwork for designing more efficient materials and catalysts in the future.

(2) In-depth theoretical and experimental investigation of the catalytic mechanisms of SACs is crucial for
driving advancements in this field. With the progress of computational simulation and theoretical studies,
the development of ML-based catalyst design methods to predict optimal metal-carrier combinations has
become a trend. By employing first-principles calculations to simulate the electronic structure, reaction
intermediates, and energy conversion processes of SACs, and integrating experimental data such as X-ray
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absorption spectroscopy and infrared spectroscopy, theoretical models and reaction pathways are validated.
High-throughput computational screening is utilized to rapidly identify SACs with outstanding
performance. It is anticipated that a substantial body of literature will emerge in the future, elucidating the
catalytic mechanisms and reaction kinetics of SACs, and providing robust guidance for designing more
efficient and stable SACs.

(3) One of the key tasks for future research is to develop low-cost, simple, and cost-effective methods for
preparing SACs and exploring their broad applications in energy conversion, environmental protection, and
other fields. Despite some reported methods for SACs preparation, they often suffer from issues such as
high cost and complexity. Therefore, there is a need to seek simpler and more economically feasible
preparation techniques to facilitate the practical application of SACs. This will help transition SACs from
laboratory research to industrial applications and provide new solutions for addressing challenges in the
fields of energy and environment.

(4) By innovatively designing ceramic supports, it is possible to achieve features with special electronic
properties and surface activity, including aspects such as doping, heterostructures, and nanostructures.
These designs are crucial in investigating the physicochemical properties of supports, as they directly
influence the catalytic activity and selectivity of SACs. Further research will focus on exploring the
performance optimization of SACs by adjusting the electronic structure and surface properties of the
supports. Additionally, advanced preparation techniques such as sol-gel synthesis and deposition-
precipitation methods can be considered to precisely control the morphology and structure of the supports.
This aspect holds promise for providing new ideas and approaches for developing efficient and selective
SACs, while also contributing to a deeper understanding of support-metal interactions, thereby laying the
foundation for designing catalysts with enhanced activity and stability.

In conclusion, this work offers a comprehensive perspective and profound analysis of ceramic-based SACs
in catalysis, delineating clear directions for future research. With the relentless progress of scientific inquiry
and technological innovation, we believe SACs will increasingly shape the landscape of catalysis in the
coming years.
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