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e Design principles of single-
atom catalysts for low-
temperature VOC oxidation
are summarized.

e Single-atom catalyst oxygen
activation and intermediate

Volatile organic compounds (VOCs) are key precursors of ozone and
secondary organic aerosols and pose serious risks to human health. Consequently,
stringent emission abatement is urgently required under realistic operating
conditions such as low inlet concentrations, high gas hourly space velocities, and
high humidity. Catalytic oxidation is widely regarded as one of the most
competitive end-of-pipe technologies. However, low-temperature operation
remains Kinetically challenging. Oxygen activation is sluggish, reaction
intermediates can bind strongly, and catalysts are prone to deactivation by water,
chlorine/sulfur-containing species, and carbonaceous deposits. Single-atom
catalysts (SACs) provide an atomic-level platform in which isolated metal centers
exhibit unique electronic structures and metal-support interfacial chemistry.
These features can fundamentally reshape oxygen activation and VOC oxidation
pathways. This review summarizes recent advances in SACs for low-temperature
VOC oxidation and discusses how anchoring motifs (M-0Ox, M-Ny, and defect-
localized sites), support redox properties, and microenvironmental factors
(hydroxyls and hydrophilicity) synergistically regulate oxygen delivery (adsorbed
oxygen vs lattice oxygen), intermediate evolution (formate/benzoate/carbonate
species), and conversion stability. Finally, perspectives are provided on future
design and application of single-atom catalysts.
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With the rapid pace of global industrialization and
urbanization, atmospheric pollution has become a major
bottleneck for sustainable societal development. Among
diverse pollutants, volatile organic compounds (VOCs)
are key precursors of ozone (03) and secondary organic
aerosols (SOA); thus, controlling VOC emissions is pivotal
for improving air quality and suppressing photochemical
smog and haze formation [1-3]. Conventional physical
absorption or thermal incineration is often limited by high
energy consumption, potential secondary pollution, or
insufficient removal efficiency. By contrast, catalytic
oxidation—enabling complete conversion of VOCs into
COz and H20 at substantially lower temperatures—is
widely considered one of the most efficient and cost-
effective abatement strategies [2,4,5].

Catalysts are the core component of catalytic oxidation
technology. Owing to their excellent thermal stability,
recyclability, and ease of separation, heterogeneous catalysts
dominate industrial applications [6]. Nevertheless, widely
used noble-metal nanoparticle catalysts (e.g., Pt and Pd) still
face critical challenges. On the one hand, the scarcity and
high cost of noble metals limit large-scale deployment [7-9].
On the other hand, noble-metal atoms buried inside
conventional nanoparticles are inaccessible to reactants.
As a result, atom utilization is intrinsically low (typically
<20%), which not only wastes resources but also caps
catalytic efficiency improvements [10-12]. Since H.S.
Taylor proposed the concept of the fraction of active
centers among exposed surface atoms [13], maximizing
atom efficiency has remained a central objective in
catalysis. The emergence of the single-atom catalyst (SAC)
conceptin 2011 offered a transformative route to address
these challenges [14]. By dispersing the metal component
as isolated atoms on supports, SACs can, in principle,
achieve 100% atom utilization and dramatically reduce
noble-metal usage [12,15]. However, the significance of
SACs extends beyond maximizing atom efficiency.
Reducing the metal size to the atomic limit fundamentally
alters the electronic structure of active sites, which in turn
governs their catalytic behavior. Specifically, the
transition from nanoparticles to isolated atoms converts
the continuous band structure of bulk metals into discrete
energy levels, accompanied by pronounced quantum size
effects. This transformation represents a shift from
collective metallic behavior to localized electronic states
that strongly interact with the support. As a result,
catalytic properties become highly sensitive to the local
coordination environment and to metal-support
electronic coupling. This change directly influences key
processes such as Oz activation, VOC adsorption, and
intermediate  transformation. = Therefore,  atomic
utilization, electronic-structure evolution, and catalytic
performance are intrinsically linked in SAC systems.

Despite these advantages, deploying SACs under
harsh VOC oxidation conditions—high temperature, the
presence of water vapor, and complex feed
compositions—remains challenging. The first issue is
thermodynamic stability. Because surface free energy
increases sharply at the atomic limit, isolated metal atoms
exhibit a strong tendency to aggregate during thermal
catalysis (especially under high-temperature oxidative
atmospheres), readily sintering into nanoclusters or
particles and thereby deactivating the catalyst [4,16,17].
Accordingly, a central design principle for SACs is to
firmly anchor isolated atoms on supports via physical
confinement and chemical bonding. A second challenge is
electronic-state control. To stabilize isolated atoms, SACs
commonly rely on coordination anchoring by surface
heteroatoms (e.g., N, O, and S) or defect sites [16,18-22].
Such strong metal-support interactions (SMSI) are often
accompanied by substantial charge transfer, rendering
the metal center positively charged (oxidized) [23-25].
While higher oxidation states can favor adsorption of
certain nucleophilic species, they may also diminish
metallic character and abnormally increase the barriers of
key elementary steps (e.g, C-H activation or O2
dissociation) [25-27]. Campbell’s concept of electronic
metal-support interaction (EMSI) emphasizes that the
support is not merely a dispersion medium but can
profoundly modulate the chemistry of active sites via
electronic perturbations (e.g., shifts in the d-band
characteristics) [28]. Balancing the metal oxidation state
and coordination environment is therefore a key
challenge in SAC design.

For VOC catalytic oxidation—a complex reaction
network involving multistep electron transfer and
numerous intermediates—the structure-activity
relationships of SACs are far more intricate than those of
idealized model reactions. According to the bond-order
conservation principle, adsorption energies of different
intermediates at the same active site tend to follow linear
scaling relationships (LSRs) [29]. This means that
improving one elementary step may inadvertently
worsen another. For SACs with only a single active center,
it is often difficult to simultaneously optimize O:
activation, VOC adsorption, and desorption of
intermediates (e.g., CO and formate). These coupled
constraints often limit low-temperature activity and
kinetics [30-32]. In addition, existing studies frequently
emphasize synthesis and characterization, whereas
systematic and quantitative summaries linking atomic-
scale structure to macroscopic catalytic performance
remain insufficient.

In this context, this review aims to systematically
summarize recent progress in single-atom catalysts for
low-temperature catalytic oxidation of VOCs. It places
particular emphasis on several key challenges that limit
practical application, including atom instability, sluggish
oxygen activation, deactivation by strongly adsorbed




intermediates, and poor resistance to poisoning under
realistic conditions. Unlike previous reviews that mainly
describe different catalyst systems, this work aims to
build a clearer structure-activity-mechanism framework.
Specifically, it links atomic-scale coordination
environments and electronic structures with key catalytic
functions such as oxygen activation, intermediate
transformation, and resistance to deactivation. More
importantly, recent literature suggests that the activity of
SACs is governed by several strongly coupled factors
rather than by the isolated metal center alone, including
the coordination environment of the metal sites, the redox
properties of the support, the strength of metal-support
interactions, and the local microenvironment under
realistic reaction conditions [33-36]. In this way, the
review seeks to provide a mechanistic basis for
understanding and overcoming these bottlenecks. We
first discuss design principles, focusing on strategies to
stabilize isolated atoms and tailor their electronic
structures through strong metal-support interactions,
coordination-environment and defect
engineering of supports. These factors are closely related
to suppressing atom migration and enhancing stability
under thermal and hydrothermal conditions. We then
analyze structure-activity relationships by combining
operando/in situ characterization with theoretical
calculations to elucidate microscopic mechanisms of
oxygen activation and C-H bond cleavage on single-atom
sites. It also highlights key descriptors and their trade-offs
under linear scaling constraints, which are important for
improving low-temperature Oz activation and reducing
site blocking by strongly adsorbed intermediates. In
addition, particular attention is paid to recent studies
showing that surface hydroxyls, hydrophilicity, and
poisoning species such as Hz20 and sulfur-containing
compounds can critically alter reaction pathways,
intermediate desorption, and long-term catalytic stability
under realistic conditions [36,37]. Finally, we provide
perspectives on key challenges for practical deployment,
including water and sulfur tolerance, scalable synthesis at
higher metal loadings, and multi-component cooperative
catalysis, as well as catalyst performance under realistic
high space velocity and complex feed conditions. This
comprehensive overview is intended to deepen
mechanistic understanding and to guide the rational
development of efficient catalysts.

engineering,

In SACs, the metal component is dispersed to the
atomic limit, which maximizes atom utilization but also
sharply increases surface free energy [5,8,15,32]. Under
high-temperature VOC oxidation conditions, isolated
metal atoms are thermodynamically unstable and tend to
form nanoclusters via Ostwald ripening or particle
migration and coalescence, leading to loss of active sites

[8,38,39]. Therefore, SAC design must address not only
the construction of intrinsically active sites but also the
realization of thermal and chemical stability of single
atoms under harsh reaction environments.

In heterogeneous catalysis, the support has
traditionally been viewed as a passive scaffold for active
components. However, when the supported metal is
reduced to the single-atom regime, the role of the support
changes fundamentally. For SACs, the support is not only
a substrate for dispersing isolated atoms but also a ligand
that dictates their electronic structure, geometric
configuration, and reaction pathways [12,40]. In VOC
catalytic oxidation, the support’s acid-base properties,
redox capability, and electronic coupling with the metal
center directly impact low-temperature activity and
resistance to poisoning. Reducible oxides (ROs) refer to
oxides with multivalent cations and relatively mobile
lattice oxygen, with typical examples including CeOz, TiO2,
MnOx, and Fe203 [9,41-43]. VOC oxidation on such
supports often follows the Mars-van Krevelen (MvK)
mechanism, where lattice oxygen directly participates in
organic oxidation and gaseous oxygen subsequently
replenishes oxygen vacancies. Introducing single-atom
sites can markedly accelerate this redox cycle [29,44,45].

Ce02 is among the most extensively studied supports
for VOC catalytic oxidation. Its unique 4f electronic
structure enables a low barrier for Ce3*/Ce**
interconversion, imparting excellent oxygen storage and
release capacity (Oxygen Storage Capacity, OSC) [46-48].
When noble-metal single atoms (e.g., Pt and Pd) are
supported on CeOz, pronounced electron transfer occurs
across the interface. For instance, Pt/Pd single atoms tend
to donate electrons to CeOz, forming positively charged
Pt3+/Pd%+ species while reducing nearby Ce#* to Ce3+. This
charge transfer not only stabilizes oxidized Pt species
against over-oxidation or over-reduction, but also induces
abundant interfacial oxygen vacancies (Ov) via the
presence of Ce3* at the interface (Figure 1a) [44,49-51].
These interfacial oxygen vacancies are key sites for 02
activation, rapidly converting adsorbed 02 into
superoxide (02-) or peroxide (022-) species to enable low-
temperature VOC oxidation [52-54]. Nie et al. [44]
reported that Pt single atoms preferentially substitute
surface Ce sites, inducing adjacent Ce reduction (Ce** to
Ce3*) and Ov formation; this electronic perturbation
significantly lowers the activation barrier of surface
lattice oxygen, allowing lattice oxygen to participate in
low-temperature CO and VOC oxidation. Duan et al. [25]
dissected the electronic coupling between Ru single
atoms and CeOz, showing that conventional preparation
can produce overly oxidized Ru (Ru™, n > 4) that disfavors
Cl- desorption. By tailoring EMSI through controlled




thermal treatments, partial electron back-donation from
the support to Ru can optimize the Ru electron density,
enhancing chlorobenzene adsorption while promoting
the Deacon process via interfacially activated lattice
oxygen, thereby substantially improving chlorine
tolerance. To  address  Ostwald-ripening-driven
aggregation of single atoms at high temperature, the
Datye group [16] discovered an atom-trapping
mechanism on CeOz: under high-temperature (>800 °C)
oxidative conditions, surface reconstruction generates
step sites that capture PtOz species, forming
thermodynamically stable Pt-0O-Ce bonds. This finding
overturns the conventional view that high temperature
necessarily accelerates sintering by leveraging CeO:
surface reconstruction to suppress Pt agglomeration.
Tang’s group [55] proposed a dual nanospace
confinement strategy using three-dimensionally ordered
macroporous (3DOM) CeO: together with Ce-MOF-
derived CeOz nanocages to precisely anchor Pt single
atoms. Beyond physically blocking Pt migration and
coalescence during high-temperature calcination, this
architecture reconstructs the Pt coordination environment
to create more active Pt-02 bonding motifs, significantly
activating lattice oxygen adjacent to Pt and enhancing the
redox capability. In benzene combustion, the catalyst
delivered outstanding low-temperature performance with
Too = 268 °C, 81 °C lower than that of a conventional
impregnated Pt1/CeOz2 catalyst.

TiO2, a prototypical semiconductor oxide, is well
known in photocatalysis and also performs strongly in
thermal catalysis. In addition to abundant surface
hydroxyls, different TiO: facets (e.g, anatase (101) and
(001)) exhibit markedly different adsorption strengths and
electronic modulation for single atoms. Theoretical
calculations indicate that metal single atoms typically bind
more strongly on high-energy TiOz facets (001) than on the
thermodynamically stable (101) surface [56,57], enabling
facet-dependent tuning of the coordination environment.
Sun et al. [58] reported that a metastable Pt;/TiO2-MS can
undergo a cycle of partial lattice-oxygen removal to
generate vacancies followed by replenishment from
external oxygen, which elongates Ti-O bonds, enhances
oxygen mobility, lowers the H20 dissociation barrier, and
generates *OH in situ; isotope experiments further
confirmed lattice-oxygen participation via an MvK pathway
to promote CeHe oxidation (Teo = 165 °C). Liu et al. [42]
showed that Co single atoms doped into TiO2 nanowires
enable complete formaldehyde (HCHO) oxidation at room
temperature, primarily by strengthening O activation and
generating surface active oxygen, thereby accelerating
steps from adsorbed intermediates to deep oxidation.
Wang et al. [59] found that, compared with TiOz (101),
Pt1/TiO2(001) more readily forms and stabilizes
undercoordinated, low-valent PtS* under reaction
atmospheres, while inducing coupled Ti3*-0v defect motifs
(Pt?*-0v-Ti%*), enhancing interfacial acidity and O:

activation (Figure 1b); consequently, Pt1/Ti02(001)
exhibits much higher reactivity. Pt1/TiO2(001) shows onset
activity at 350 °C and reaches 16.4% CH4 conversion at
500 °C, whereas Pt:1/TiO2(101) is nearly inactive in the
same temperature window.

MnOyx, owing to its structural diversity and excellent
low-temperature redox properties, is regarded as a
promising alternative to noble-metal catalysts and an
attractive support for anchoring single atoms. a-MnO2
possesses a unique (2 x 2) tunnel structure that can
accommodate and stabilize metal cations; for example, in
a-MnOz (OMS-2), the tunnel architecture together with
terminal-O coordination sites provides both geometric
confinement and strong anchoring. Layered 6-MnOz, in
contrast, more readily forms defect sites via interlayer or
cation vacancies [60,61]. Chen et al. [62] dispersed Ag
single atoms on HMO surfaces, strengthening the
involvement of both gaseous O: and lattice oxygen to
facilitate deep oxidation of benzene; the same group
further demonstrated that Na* can also act as an effective
isolated cationic site on MnO2 for low-temperature HCHO
removal, highlighting the structural tolerance and
electronic buffering of MnO: toward isolated cations
(Figure 1c) [63]. Hao et al. [43] anchored Pt single atoms
on OMS-2 and achieved markedly enhanced benzene
oxidation activity, indicating that the a-MnO2 framework
not only supplies anchoring motifs but also, via interfacial
electronic coupling, strengthens single-atom control over
oxygen-species formation and migration. Wang et al. [64]
emphasized synergistic effects between Fe single atoms
and defect-rich MnO: for molecular oxygen activation and
reactive oxygen species (ROS) generation; embedding Cu
single atoms into MnOz2 can form recyclable Cu''/Cu! and
Ov-coupled motifs (Cu'-Ov-Mn), maintaining Oz activation
and 0-0 bond scission capability [65].

Unlike reducible oxides such as CeOz and TiOz,
nonreducible supports including Al203, SiO2, and MgO
generally do not derive their advantages in VOC catalytic
oxidation from reversible lattice oxygen migration.
Instead, their primary value lies in providing more robust
anchoring sites and a tunable hydroxyl governed acid-
base surface environment under high temperature and
high humidity conditions, thereby stabilizing single atom
species or highly dispersed metal entities and regulating
reactant adsorption as well as the removal of key surface
intermediates [66-68]. Because practical flue gas
commonly contains water vapor together with sulfur and
chlorine containing impurities, the chemical inertness
and hydrothermal stability of nonreducible supports have
made them increasingly important in application oriented
VOC abatement studies, where they are particularly
suitable as outer coating layers, inert frameworks, or
isolation layers to achieve an integrated balance among




water tolerance, poisoning resistance, and sintering
resistance [5,69-72].
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Among nonreducible supports, alumina represented
by y-Alz203 is the most extensively investigated, as its
surface enriched hydroxyl species and Lewis acid sites
can provide reliable anchoring environments for metal
species. Existing studies have shown that the alumina
phase and the nature of surface hydroxyls can markedly
influence low temperature activity and operational
stability [73]. Wang et al. [74] systematically compared
HCHO oxidation over Pt supported on y-Al203, 6-Alz03,
and a-Al203, and, by correlating hydroxyl differences with
multiple characterization results, analyzed changes in Pt
dispersion and key surface processes. The results
demonstrate that nonreducible supports can modulate

reaction pathways through regulation of hydroxyl
networks and local coordination environments, thereby
enabling efficient low temperature catalytic oxidation
without relying on support reducibility. SiOz, as a more
chemically inert nonreducible support, exhibits relatively
weak metal support interactions, yet it can serve as an
inert supporting phase to improve dispersion stability
and mitigate the adverse impact of deleterious
components on active sites [67,70,75]. Yang et al. [70]
constructed a core shell catalyst using ordered
mesoporous Pt/SiOz as the core and an ultrathin metal
oxide shell, and by comparing Mg0, ZnO, and MnOj shells,
found that the MnOy coated sample maintained higher




benzene oxidation activity and long term stability in the
presence of SO2. The MnOy shell reduced SOz adsorption
and coverage on metallic Pt active sites via interfacial
electronic effects, while its redispersion behavior under
reaction conditions helped sustain an effective interface
and active oxidation processes, thereby delivering sulfur
resistant and anti-poisoning performance. MgO plays a
more clearly defined role in nonreducible support
systems, mainly through regulation by basic surface sites
and buffering against deactivation [69,73]. On the one
hand, the basic MgO surface can alter the interfacial
behavior of acidic byproducts and chlorine containing
species during chlorinated VOC oxidation, enhancing their
adsorption and migration and thus lowering the
probability of strong interaction and coverage on active
metal sites or reducible phases [76]. On the other hand,
MgO is often used as an outer component or coating layer
in composite supports to introduce a layered architecture
and functional allocation, where the inner component
provides oxygen supply and redox cycling while the outer
layer suppresses poison deposition and improves SO,
tolerance [70]. Pan et al. [69] developed a
MnO,@CeO0:@MgO core shell structure for the synergistic
removal of NOy and chlorobenzene, and the MgO outer
layer contributed to improved sulfur resistance and
helped maintain the supply of active oxygen under
reaction conditions.

The concept of strong metal-support interaction
(SMSI) was first introduced by Tauster et al. in 1978 to
describe the pronounced suppression of H: and CO
adsorption after high-temperature reduction of noble
metals supported on reducible oxides (e.g., TiO2) [77-79].
This adsorption suppression does not arise from sintering
of active sites, but rather from migration of suboxide
species formed under reducing conditions, which
generates an encapsulating overlayer on the metal surface
and is accompanied by interfacial charge redistribution
and altered adsorption properties [80,81]. In nanoparticle
systems, SMSI typically manifests as support species
migrating onto the metal particle surface. When the active
component is reduced to single atoms, such coverage
phenomena can become even more pronounced. Under
high-temperature reductive or oxidative pretreatments,
reducible-oxide lattices can reconstruct; suboxide species
(e.g., TiO2-x and Ce02-x) may migrate to cover metal single
atoms or the single atoms may embed into lattice
interstices [38,82]. This structural rearrangement forms a
physical barrier that effectively limits surface diffusion
and prevents aggregation under high-temperature
reaction conditions [16]. Liu et al. [83] reported that RuO:
aggregates on Fe-containing spinel supports can undergo
reverse Ostwald ripening into Ru single atoms upon high-
temperature treatment; the essence is strong covalent

coupling between Fe sites and RuO: subunits together
with interfacial charge-density reorganization to form
Ru-0-(Fe/M) anchoring structures, which substantially
increase migration barriers and enable thermally stable
dispersion. Yang et al. [84] further showed in Pt1/CoFe204
that Pt single atoms are clamped by the support via Pt-O-
Fe bridges and exhibit charge transfer from Pt to the
support; even after water treatment introduces H* to
weaken charge transfer and tune the Pt electronic state,
the bridged anchoring motif remains intact, thereby
balancing tunable electronics with structural stability. Li
etal. [85] revealed that Rui/CeOz2 single atoms can occupy
near-lattice surface positions to form Ru10s units; strong
Ru-0-Ce bonding, together with Ce**/Ce3* conversion
and defect reconstruction, provides embedded
stabilization that suppresses evolution toward Ru-O-Ru
aggregation pathways. While conventional SMSI is often
associated with reductive atmospheres, recent studies
show that analogous strong interactions can also arise
under oxidative atmospheres, termed oxidative SMSI (O-
SMSI) [80,86]. Under oxygen-rich conditions, metal single
atoms on certain supports (e.g., hydroxyapatite and ZnO)
can form stronger coordination bonds with support
oxygen and may even induce specific peroxide-like
surface species [87]. For example, in Pt/ZnO, high-
temperature oxidation drives Zn migration toward Pt to
form Pt-Zn interfacial alloy motifs; this O-SMSI effect
substantially  enhances selectivity in  propane
dehydrogenation and oxidation [88-90].

The active site of a single-atom catalyst is essentially
the metal center together with its first coordination shell
(M-X»n, X = 0/N/S). This shell defines the metal valence
state, d-orbital occupancy, and local charge distribution,
thereby governing 0Oz/H20 activation modes and VOC
adsorption geometries [18-20,32,91,92]. Recent literature
has further emphasized that the coordination environment
should not be regarded merely as a structural descriptor,
but as a primary factor determining the electronic
structure of SACs and their ability to activate oxygen. In
particular, M-0Ox, M-Ny, and defect-bound configurations
can induce markedly different charge polarization, orbital
hybridization, and adsorption geometries of Oz-derived
intermediates [33,34,36]. When oxide-supported single
atoms adopt an asymmetric first coordination shell, the
metal electron density can be regulated via ligand-field
effects and interfacial charge redistribution, thereby
introducing directional polarization at the active center.
For instance, heteroligand-coordinated environments (e.g.,
M-03X1 where X = S/N/Cl, or M-N30:-like motifs at oxide
interfaces) can alter the preference between end-on and
side-on Oz adsorption configurations and modulate the 0-0
activation barrier. By tuning the stability of *02-/*O0H-type




intermediates, such motifs reinforce the coupled sequence of
adsorption, activation, and desorption steps [18,20,93]. For
VOC oxidation, such polarization effects often manifest as
enhanced Lewis acidity and faster oxygen cycling,
facilitating polarization/activation of aromatic mbonds and
accelerating C-H bond cleavage [45,91,94]. On reducible
oxides, single atoms are commonly anchored as M-Ox or M-
O-support bridges at oxygen vacancies, step sites, or
lattice-substitution sites, where stability arises from high
bonding energies and geometric confinement [16,95-97].
Undercoordinated sites more readily generate high-valent M8+
and lower the Oz activation barrier, but also rely more strongly
on anchoring to suppress metal migration; overcoordinated
motifs improve thermal stability but may restrict neighboring
adsorption of 02/Hz20 and formation of active oxygen. For
example, in Pti1/CeO2, electron transfer from Pt to CeO:
renders Pt positively charged and induces Ce* to Ce3",
creating interfacial Ov that participate in the MvK cycle and
promote formation of 027/0:2- species [16,32,95,98]. This
phenomenon is directly reflected in the oxidation of polar
VOCs such as HCHO at room temperature [32,42]. Embedding
Pt single atoms into lattice-defect sites can markedly
enhance structural stability under reaction atmospheres
while lowering VOC reaction barriers by strengthening
lattice-oxygen mobility [94]. Similar coordination/defect
synergies have also been exploited in Ir1/CeO2, Pt1/MgO,
and Pt1/MnOx for toluene oxidation, consistently yielding
higher rates of active-oxygen generation and faster deep
oxidation [45,99-102].

Beyond isolated oxygen vacancies, defect
engineering in SAC systems has evolved toward
regulating defect identity, spatial distribution, and
concentration [55,103,104]. In VOC oxidation, the most
prevalent motifs are metal-vacancy ensembles (M-O,
pairs) and dopant-induced defect structures, which
extend electronic perturbations beyond the immediate
coordination shell and promote O2 activation and oxygen
transport [55,94]. For instance, defect-confined Pt single
atoms exhibit enhanced low-temperature VOC oxidation
due to the simultaneous stabilization of isolated sites and
promotion of reactive oxygen species generation [94],
while dual-confinement strategies that enrich lattice
oxygen around Pt centers further strengthen oxygen
participation and catalytic efficiency [55]. These findings
highlight that defect functionality arises from its coupling
with the local coordination environment rather than from
isolated vacancy sites alone.

In addition to anionic defects such as oxygen
vacancies, reduced cation centers (e.g.,, Ce3*, Mn3*) and
aliovalent dopants further modulate the electronic
structure of the metal-support interface and the stability
of reaction intermediates [104,105]. From the perspective
of structure-activity relationships, these effects are
closely related to the redox properties of the support,
because the ease of vacancy formation, oxygen migration,
and lattice-oxygen replenishment determines whether

adsorbed oxygen or lattice oxygen dominates the
oxidation cycle. Recent studies on SACs have therefore
increasingly treated support redox chemistry not as a
background property of the carrier, but as a decisive
factor controlling oxygen mobility and the balance
between adsorbed and lattice oxygen participation [35].
Strong metal-support interactions in Pt single-atom
catalysts have been shown to facilitate lattice oxygen
activation and enable complete oxidation of low-
concentration VOCs [105], while vacancy-rich Iri1/Ce0O:
systems demonstrate that defect-induced chemisorbed
oxygen and interfacial redox coupling are critical for both
activity and water resistance [99]. Together, these studies
indicate that cooperative interactions among defect types
lower the formation energy of reactive oxygen species and
accelerate redox cycling.

Catalytic performance is highly sensitive to defect
concentration. Insufficient defect density limits 02/H20
activation, whereas excessive defects may induce
aggregation, structural instability, or nonproductive
adsorption [99,105]. Consequently, an optimal defect
density window is required to balance activity and
stability. Cheng et al. [106] showed that oxygen-vacancy
concentration and catalytic activity do not follow a simple
monotonic relationship, but instead depend on achieving
a suitable balance between vacancy generation, oxygen
mobility, and redox cycling. Accordingly, such control can
be achieved through strategies including aliovalent
doping, defect confinement, and interface engineering,
which enable precise tuning of defect populations and
their interaction with single-atom sites [105,106].

Axial coordination and the second coordination
sphere (hydroxyls, hydrogen bonding, and proton-transfer
channels) can switch the rate-determining step. In a
suitable interfacial microenvironment, water can
dissociate more readily near single-atom sites to generate
*OH and promote efficient cycling between lattice oxygen
(Ontt) and adsorbed oxygen (Oads), thereby enhancing low-
temperature activity [32,58]. For Pt1/TiO2-MS, a vacancy-
formation/oxygen-replenishment cycle elongates Ti-O
bonds, increases oxygen mobility, and lowers the H20
dissociation barrier; the in situ generated *OH markedly
promotes low-temperature benzene oxidation [58]. Single-
atom Co/MnO: has likewise been shown to accelerate
stepwise oxidation of aromatic VOCs by promoting water
dissociation to activate lattice oxygen [107]. When a
second metal atom or aliovalent dopant is introduced,
local charge coupling and oxygen-transport channels can
be reconstructed, making active oxygen more labile and
facilitating desorption/conversion of  reaction
intermediates [95,108]. Facet-dependent studies on TiO2
further indicate that undercoordinated Pt1 on high-energy
TiO2(001) exhibits stronger anchoring and more
pronounced electronic polarization, enabling retention of
isolated-atom character and high C-H activation
capability under reaction conditions [59]. These findings




also  highlight the importance of the local
microenvironment around SAC sites. Surface hydroxyl
groups, hydrophilicity, and hydrogen-bonding networks
can either promote hydroxyl-assisted intermediate
conversion or induce competitive adsorption of H:0,
depending on the local coordination and electronic
structure. Under realistic conditions, such
microenvironmental effects become particularly
important because water and poisoning species may alter
reaction pathways, impede intermediate desorption, and
ultimately determine catalyst durability [36,37].

Beyond the regulation of defect identity and
concentration, recent studies have further highlighted the
dynamic and cooperative nature of defect-coordination
coupling in SAC systems. In particular, it has been shown
that composite defect environments, such as coupled
oxygen vacancies and reduced cation centers, can
dynamically participate in oxygen activation and redox
cycling rather than acting as static anchoring sites. For
example, recent studies demonstrate that interfacial
oxygen vacancies can facilitate the formation and
stabilization of superoxide and peroxide species, thereby
lowering the barrier for Oz activation and accelerating
lattice oxygen replenishment cycles [109,110]. This
further supports the view that the coordination
environment of the metal center and the redox nature of
the support should be considered together when
evaluating SAC activity.

At the same time, defect-mediated electronic
reconstruction at metal-support interfaces has been
identified as a key factor governing catalytic performance
under realistic conditions, especially in the presence of
water and poisoning species. Recent reports show that
optimized defect configurations can not only enhance
oxygen mobility but also suppress competitive adsorption
of H20 and chlorine-containing intermediates, thereby
improving catalyst durability [111,112]. Similarly, sulfur-
containing species may poison the active interface by
blocking oxygen activation sites or perturbing interfacial
charge transfer, underscoring that resistance to poisoning
is intimately associated with both the local electronic
structure and the surrounding microenvironment. These
findings suggest that defect engineering in SACs should be
viewed as a dynamic, multi-parameter regulation strategy
involving defect type, distribution, interfacial coupling,
and microenvironmental regulation, rather than a simple
increase in defect density.

For conventional nanoparticle catalysts, multiple
types of sites (steps, edges, and terraces) coexist on the
surface, so the observed performance reflects a
superposition of contributions from different sites, making
it difficult to establish quantitative correlations between
structural and activity/selectivity. In contrast, SACs

provide a clearer structural motif for resolving reaction
pathways and rate-controlling steps at the atomic scale,
because their active units are approximately single
geometric configurations with isolated metal centers. For
low-temperature VOC oxidation, this advantage is
especially important because catalytic performance is
controlled not by one isolated elementary step alone, but
by the coupled balance among O: activation, VOC
adsorption, intermediate conversion, product desorption,
and active-site regeneration. Unlike the continuous band
structure of bulk or nanometals, single atoms dispersed on
supports and coupled via coordination and charge transfer
exhibit markedly altered valence states, d-orbital
occupancies, and local densities of states, often
approaching discrete energy-level distributions [113-116].
Therefore, systematically clarifying how coordination
number and coordinating-atom identity (geometric
environment) and how metal-support charge transfer and
orbital hybridization (electronic interactions) affect
adsorption geometries, key transition-state barriers, and
product desorption is central to explaining the activity
enhancement and selectivity differences of SACs in low-
temperature VOC oxidation. In Sections 3.1 and 3.2, a
limited number of simpler reactions, such as CO oxidation
or propane dehydrogenation, are discussed only as probe
reactions to isolate general electronic and interfacial
principles that are difficult to resolve directly in complex
VOC reaction networks. They are not reviewed in parallel
with VOC oxidation.

The most intuitive hallmark of SACs is the geometric
isolation of their active centers. This isolation is not
merely physical dispersion; it is accompanied by a
discontinuous transition in physicochemical properties.
This section discusses how energy-level discretization
and local coordination geometry determine catalytic
performance, with emphasis on their relevance to oxygen
activation and intermediate conversion in VOC oxidation.

On bulk metals or nanoparticles, metal-metal
interactions lead to an approximately continuous band
structure, and the distribution of states near the Fermi
level can be described by classical band theory and
concepts such as the d-band center [117]. When the metal
size shrinks to the single-atom limit, M-M bonds are
broken and electron localization is strongly enhanced,
and the originally continuous d-band transforms into
discrete molecular-orbital energy levels, rendering
classical adsorption-activation models based on
continuous bands inapplicable [118,119]. Kraushofer and
Parkinson [118] emphasized that the real electronic
structure of a single-atom site strongly depends on the




anchoring motif and the type of support defect. In the
model system of Au single atoms on TiO2(110), Au
introduces spatially localized metal-induced gap states
(MIGS) near the Fermi level, located below EF, which
directly affect interfacial charge-transfer processes. Di
Liberto et al. [120] noted that computational models for
single-atom systems must explicitly account for local
coordination and electron localization; otherwise, the key
mechanism—coupling between discrete levels and
reactant orbitals—cannot be properly captured. This
discretization is not merely conceptual; it fundamentally
changes adsorption geometries and activation kinetics.
When electronic-structure reconstruction enables
resonant hybridization between reactant frontier orbitals
and specific localized states of the metal center, efficient
charge transfer becomes concentrated through a small
number of levels, leading to higher intrinsic activation
efficiency [23,97,121]. Liu and Huang [122] compared O:
activation on Pt single atoms and Pts clusters supported
on graphene, showing that Pt single atoms can promote Oz
activation via enhanced charge redistribution and
electronic polarization. Such polarization effects are
closely tied to anchoring groups and local charge states;
pyridinic-N doping in graphene causes Pt to accumulate
more positively polarized charge, shifting Pt d-character
closer to the Fermi level and enhancing Oz activation.
Similarly, Tsounis et al. [123] modeled Pt single atoms
anchored at graphene edges and showed that edge states
provide highly localized density of states near EF that can
be coupled with Pt 5d states. When Pt resides at a
graphene step edge, its 5d-local DOS overlaps strongly
with neighboring carbon orbitals, forming Pt-m
hybridization distinct from that on basal-plane
coordination sites (Figure 2a-c). Although these are
probe systems, the implication for VOC oxidation is direct:
isolated sites with localized frontier states can activate Oz
more efficiently than larger metallic ensembles, which is
essential for sustaining low-temperature VOC oxidation.

In the absence of M-M bonds, the thermodynamic
stability of single-atom centers relies entirely on
coordination bonds (M-L bonds) with surface atoms of
the support [14,124,125]. Local coordination geometry—
including ligand identity, coordination number (CN),
bond length, and spatial symmetry—directly dictates
ligand-field splitting and orbital-occupancy patterns of
the metal center, thereby determining d-electron
configuration, spin state, and reactivity [124,126,127].
Coordination number is a primary descriptor of SAC
geometry and of the ‘optimal coordination’ for a given
reaction [125]. Low coordination numbers (CN < 4)
correspond to coordinatively unsaturated sites (CUS).
Geometrically, low-CN sites are more open and impose less
steric hindrance, enabling larger VOC molecules such as

toluene and chlorobenzene to approach the metal center
and adopt favorable adsorption geometries [128,129].
Electronically, low coordination weakens metal-ligand
bonding and reduces ligand-field stabilization energy
(LFSE), often raising frontier-orbital energies toward the
Fermilevel [129,130]. Such high-lying d states more readily
back-donate into antibonding orbitals of reactants,
strengthening substrate activation [131,132]. Liu et al. [133]
showed that coordination regulation of single Co atoms in
Co-N/C catalysts strongly affected room-temperature
HCHO oxidation, and that the more unsaturated Co sites
generated at higher pyrolysis temperature were
associated with markedly enhanced formaldehyde
conversion. Wang et al. [134] demonstrated that lowering
the N coordination number around Co from 4 to 2
enhances intrinsic catalytic activity because the low-
coordination Co-N2 motif provides more unoccupied 3d
orbitals and more readily activates reactants (Figure 2d).
This example is directly relevant to VOC oxidation
because it shows that coordination unsaturation is not
only a structural feature but also a kinetic handle for
promoting Oz activation and intermediate conversion
under low-temperature conditions. Conversely, high
coordination such as square-planar or octahedral
environments, provides stronger thermodynamic
stability and suppresses migration and aggregation under
high-temperature VOC oxidation [124,135]. For example,
Pt1/Fe203 forms an octahedral Pt-Os coordination
environment that sacrifices some intrinsic activity but
confers exceptional anti-sintering stability, while the
deficiency in adsorption-driven activation can be
compensated by lattice-oxygen transport via an MvK
mechanism [14].

Beyond coordination number, the spatial symmetry
of the coordination environment determines the specific
form of d-orbital splitting [126,127]. In canonical M-N-C
catalysts, the metal atom typically occupies a defect site in
the graphene plane to form a planar M-N4 motif [136].
This configuration often drives the d,z_,z orbital to
higher energy due to in-plane head-on repulsion [113,137],
whereas the d,2 orbital extends along the z direction and
is more sensitive to out-of-plane displacement (Az) and axial
perturbations, frequently serving as the key channel for o
coupling and electron exchange with axial ligands [113].
Accordingly, during Oz adsorption and activation,
interactions between the metal d,2 orbital and O:
frontier orbitals are often considered the dominant factor
governing axial ligand binding and activation [138-140]. If
large-radius heteroatoms are introduced or asymmetric
defects are constructed, coordination asymmetry can
induce geometric strain that shifts the metal center from
a purely in-plane motif toward an out-of-plane
configuration with axial-coordination participation,
thereby creating single-atom sites that more readily
activate substrates [20,141]. This effect is illustrated by
Li’s asymmetric Cu-S1N3 motif [20]. Relative to symmetric
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planar M-Ng sites, the asymmetric motif shifts adsorbed
intermediates away from a strict top configuration,
introducing additional T interactions between O p orbitals
and Cu d orbitals, and cooperatively leveraging d,2_,2

orbitals, and tunes binding strength and reactivity

through orbital redistribution (Figure 2e-j).

Although this is discussed as a probe example, its
coordination
asymmetry provides a practical route to tune how

relevance to VOC oxidation

(a)

is clear:

(c)
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isolated sites bind and transform oxygen-containing
intermediates, which is directly related to the conversion
of formate-, benzoate-, or carbonate-like species during
low-temperature VOC oxidation. Overall, although some
of the above insights are derived from model systems,
their implications for VOC oxidation are direct, because
similar local electronic effects govern Oz activation, C-H
bond cleavage, and the stabilization or removal of
oxygenated intermediates.
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Figure 2. (a) Schematic illustration of a Pt single atom anchored at graphene edge versus basal-plane sites. (b) Comparison of
free-energy changes (AG) for key reaction intermediates on different Pt configurations. (c) Pt 5d projected density of states (PDOS)
for Pt/edge graphene, Pt/basal graphene, and a Pt(111) surface. Reprinted from Ref. [123]. (d) Schematic of site construction
and coordination-environment evolution, including carbonization/reduction and the transformation between C-H and C-N
fragments. Reprinted with permission from Ref. [134]; Copyright 2018 John Wiley and Sons. (e) Activity volcano plot using
AGo+ as a descriptor, comparing the catalytic performance of various M-Nx sites and Cu-S1N3 (inset: representative asymmetric
Cu coordination structure). (f) Free-energy reaction pathways on Cu sites with different coordination motifs (e.g, Cu-Ns and Cu-
N4-S1). (g) Correlation between AGoon+ and Bader charge, together with representative site structures. (h) Orbital-resolved
density of states of the d orbitals for representative sites. (i) Density-of-states variations associated with orbital redistribution and
bonding interactions upon adsorption. (j) Spatial distributions of molecular orbitals relevant to key adsorbed intermediates. Gray,
blue, orange and yellow balls denote C, N, Cu and S atoms, respectively. Reprinted from Ref. [20].
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At the single-atom scale, the physical boundary
between metal and support becomes blurred:
wavefunction overlap at the quantum-mechanical level
merges the two into an integrated entity with distinct
electronic characteristics. Understanding these electronic
interactions—especially  electronic metal-support
interaction (EMSI)—is essential for elucidating how SACs
break traditional scaling relationships and achieve high
activity at low temperatures in VOC oxidation. This
section analyzes the electronic origin of intrinsic activity
from three angles: charge-transfer mechanisms,
microscopic regulation within the d-band framework, and
the coupling among spin state and orbital hybridization.
Recent studies further indicate that metal-support
interactions not only stabilize isolated atoms against
migration and aggregation, but also regulate the binding
strength of oxygenated intermediates and thus the
balance between activation and turnover. In this sense,
EMSI should be regarded as a central factor linking
coordination environment, support redox behavior, and
catalytic performance [33,35,36]. Where direct VOC
evidence remains scarce, selected probe reactions are
cited only to clarify the underlying electronic principle.

Charge transfer is the most direct manifestation of
EMSI and plays a central role in defining the electronic
state of single-atom sites. On reducible oxides such as
CeO2 and TiO2, metal centers at single-atom sites
commonly exhibit nonzero charge states (M&+/Ms-),
arising from interfacial charge redistribution rather than
the near-zero valence typical of bulk metals or large
particles [118,142-144]. This redistribution is governed
by Fermi-level equilibration, work-function differences,
and the participation of defects or localized electronic
levels, and it can change with local coordination, oxygen-
vacancy concentration, and adsorbates [28,144,145].
Therefore, under gaseous-02 supply conditions relevant to
low-temperature VOC oxidation, the metal Bader charge or
instantaneous oxidation state is a more informative
reaction descriptor, because it can be correlated with 02
adsorption geometries, activation depth, and the formation
or regeneration of reactive oxygen species (027/022-/0%).

Representative studies on Pt/Ce0O2 systems have shown
that interfacial charge redistribution stabilizes cationic Pt
species while simultaneously generating Ce3* and oxygen
vacancies, thereby facilitating Oz adsorption and
activation [143,146,147]. For example, Daelman et al. [143]
demonstrated that coulombic stabilization at the Pt-O-Ce
interface can largely compensate the energetic penalty of
Pt ionization, enabling stable Pté* species. More
specifically, the covalent contribution of the two Pt-O
bonds is -1.93 eV, ionizing Pt to Pt* costs 8.96 eV, and
coulombic stabilization between interfacial Pt3*-0%- and
Ce-0O ion pairs reach 9.73 eV, making the Pt’-to-Pt*
process only slightly endothermic. This result shows that
the oxidation state of a single atom is a dynamic interfacial
property rather than a fixed label. For VOC oxidation, the
implication is direct: descriptors that link charge state to
oxygen-species populations under reaction conditions are
more meaningful than ex situ oxidation-state assignments
alone. The same point is reinforced by the TiO2 example in
Figure 3ab. Hoang et al. [148] reported that Pt atoms
preferentially anchor at defect sites, with vacancy-bound
configurations being ~2.3 eV more stable than regular
lattice substitution. The coexistence of Pt*+/Pt?+ states,
together with coordination flexibility, enables distinct
reaction pathways: alow-barrier Eley-Rideal route (~0.2 eV)
versus a significantly higher-barrier Langmuir-Hinshelwood
pathway (~1.8 eV). Although this is a probe-reaction system,
it is directly relevant to VOC oxidation because defect
anchoring on TiOz-like supports can simultaneously stabilize
isolated Pt atoms and reshape the energetics of O activation
and interfacial oxidation steps.

Charge-transfer control of Oz activation is also evident
in Cu/Ce02z and Au/CeO: systems. Kang et al. [149] showed
that interfacial [Cu(I)Oz]s- sites can form with pronounced
charge redistribution, and that the deep O-0 activation
step proceeds with a barrier of 1.41 eV accompanied by a
large change in adsorbate charge. Wang et al. [31] further
showed that in Au/CeO2 the Au Bader charge can oscillate
from +0.40|e| to —0.56]e| during the reaction cycle, while
02 binds strongly at defect sites and the effective redox
barrier decreases to 0.65 eV. These results indicate that the
interfacial charge state is a key descriptor governing
oxygen activation and redox Kkinetics in single-atom
catalysis. For low-temperature VOC oxidation, this is
crucial because catalytic turnover depends on the
continuous generation and replenishment of reactive
oxygen species under fluctuating reaction environments.
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Figure 3. (a) Comparison of defect-anchoring sites and coordination configurations of Pt on TiO2. (b) Reaction barriers for
the CO oxidation cycle (Model A) on TiO2. Adapted from Ref. [148].

3.2.2. d-Band-Center Theory and the Microscopic
Essence of EMSI

Different from the classical SMSI picture that
emphasizes encapsulation of active sites by suboxide
overlayers, Campbell introduced the EMSI concept to
describe intrinsic electronic interactions at metal-support
interfaces, focusing on electronic perturbations, charge
transfer, and energy-level hybridization upon contact [28].
The physical essence of EMSI is an electron-
reconstruction process driven by equilibration of
interfacial electronic chemical potentials. This includes
not only substantial electron gain or loss between support
and metal, but also redistribution and distortion of
energy-level distributions induced by strong orbital
interactions, ultimately reshaping the effective density of
states near the Fermi level [150-152]. Within the
adsorption-activation paradigm of heterogeneous catalysis,
Ngrskov’s d-band model provides a useful starting point for
correlating d-state energetics with adsorption strength.
However, for SACs, d-states are often highly discrete and
strongly hybridized with the first coordination shell and
support defect states. As a result, EMSI in VOC oxidation
should not be simplified to a single rigid shift of eg; rather,
it should be understood as a coordination- and support-
dependent redistribution of spectral weight near the
frontier orbitals that control Oz activation, hydrocarbon
adsorption, and intermediate removal. This broader view is
especially important because low-temperature VOC
oxidation is limited not by one adsorption event alone but

by the coupled balance among O: activation, VOC
adsorption, and the removal of strongly bound oxygenated
intermediates [128,144,153,154]. Charge redistribution
also establishes interfacial dipoles and strong local electric
fields. Quantitative analyses of vibrational Stark shifts
using operando surface-enhanced infrared spectroscopy
suggest field strengths on the order of 10° V-m-1, which are
sufficient to substantially alter vibrational frequencies and
adsorption geometries of polar adsorbates, providing
spectroscopic evidence and physical mechanisms for
oriented adsorption, bond polarization, and barrier
lowering in polar-VOC reactions [150,155]. In a hemilabile
model of Cu1/Ce02(111), Chen et al. [156] showed that the
site can reversibly switch between open and closed
coordination states, with corresponding changes in catalyst
deformation energy, Cu d-state distribution, CO binding
strength, and the energetics of CO-02 co-adsorption and 02
dissociation (Figure 4). The open state provides stronger
interaction with intermediates and a higher density of
states near the Fermi level, whereas the closed state
weakens product binding and facilitates turnover.
Although Figure 4 is based on a probe-reaction framework,
the mechanistic relevance to VOC oxidation is strong: low-
temperature VOC oxidation also requires sufficiently
strong activation of Oz and the substrate, but sufficiently
weak binding of oxygenated intermediates to prevent site
blocking. In this sense, reversible coordination flexibility
offers a concrete way to understand how SACs may
partially resolve the strong-activation and weak-
desorption trade-off in VOC oxidation.
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Figure 4. (a) Schematic of reversible open and closed coordination at the hemilabile Cui/Ce02(111) site. (b) Reaction
energetics of the CO oxidation pathway and catalyst deformation energy (AEqef). (c) Changes in reaction energy and AEdet
between the open and closed states. (d) Comparison of Cu d-state density of states (d-DOS). (e) Comparison of CO binding
strength between adsorbed-type Cu1/Ce02(111) and substituted-type sites. (f) Energetics of CO-02 co-adsorption and O2
dissociation. Red, gray, and green circles denote O, C, and Cu atoms, respectively. Reprinted from Ref. [156].

From a microscopic electronic-structure perspective,
EMSI in SACs is better described as a density-of-states
reconstruction rather than a simple rigid shift of 4 [157,158].
After hybridization between discrete d orbitals of isolated
metal atoms and the valence band or defect states of
reducible oxides, metal d states can evolve from sharp
atomic-like levels into broadened resonances, accompanied
by coordination-dependent changes in electron distribution
and spin polarization [28,153,159-162].

Within a Newns-Anderson picture, coupling between
adsorbate frontier orbitals, such as 02 * and metal d or defect
states yields bonding and antibonding resonances; m*
occupancy is jointly determined by the population of support
electronic states and symmetry matching [149,157,160-162].
Therefore, charge density and spin density together
determine the 7* filling threshold and the interconversion
among reactive oxygen species (02-/022-/0*) [28,143,163].
Daelman et al. [143] used DFT and BOMD simulations to
show that interfacial lattice distortions can shift oxygen-
derived hybrid states to lower energy and promote charge
transfer from Ce 4f states toward the central Pt site,
highlighting the coupling between lattice dynamics and
interfacial electronic structure.

Moreover, interfacial charge redistribution establishes
local electric fields that polarize adsorbates [164], which
thereby weakens key bonds (e.g., a-C-H and C-Cl) and thus
enables lower-barrier bond scission. When combined with
hemilability and reversible charge rearrangement, this
coupling determines whether strong adsorption can be
decoupled from catalyst poisoning [155,165-167]. This is
particularly evident in the dynamic single-atom mechanism
on Au/CeOz: AIMD/NEB calculations by Wang et al. [31]
show transient formation of Au*-CO and an increase in work
function W from 4.8 to 5.1 eV; upon CO2z desorption and Au
occupation of oxygen vacancies, the Au Bader charge can
decrease from +0.40 to —0.56, indicating that two electrons
are transferred from CeOz and temporarily stored on the
single atom. Subsequently, gaseous O fills the vacancy with
binding energy up to -1.51 eV to form peroxide 022-, and the
barrier for CO reaction with 022~ decreases to ~0.65 eV—
charge redistribution and local electric fields jointly
compress the oxygen-cycle bottleneck into the kinetics of
single-atom detachment and reinsertion. Zhang et al. [168]
reported that, after steam treatment, Pd:/Ce0O2 achieves
complete HCHO conversion at about 30 °C (r = 100
pumol-gpd~1-s71, Ea = 15.5 k]-mol-1). The underlying origin is
steam-induced cooperative migration of Pd and CeO: to form
a Ce203-Pd reverse interface, and orbital hybridization
between Pd d states and defect/polaron-related states alters
electron transfer. Pd: binding energies on Ce02(111)




terraces/steps are -2.15/-3.77 eV with migration barriers
of 0.14/1.45 eV, while H20 dissociation barriers are only
0.14/0.04 eV, indicating that steam can trigger coordination
opening/closing and defect reconstruction at low energetic
cost (Figure 5). This example directly demonstrates that the
electronic principles discussed above—orbital hybridization,
local-field effects, and dynamic interfacial restructuring—
are not confined to model reactions, but can govern catalytic

performance in practical low-temperature VOC oxidation.
Overall, EMSI should therefore be viewed as a dynamic
electronic coupling process in which charge transfer,
electronic-structure reconstruction, and orbital
hybridization collectively determine oxygen activation,
intermediate conversion, and catalytic turnover in single-
atom VOC oxidation.
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The Sabatier principle states that catalytic rates are
maximized when adsorption and desorption are balanced.
If adsorption of a key intermediate is too weak, reactants
cannot be effectively activated; if adsorption is too strong,
desorption or subsequent conversion of intermediates and
product precursors becomes sluggish and occupies active
sites, thereby reducing the turnover frequency [169-171].
Quantitatively, this concept is often reflected by a volcano-
type dependence of catalytic activity on adsorption free
energy (or adsorption energy) [169]. In studies of VOC
catalytic oxidation, density functional theory (DFT) and
microkinetic modeling commonly treat the adsorption
energies and reaction energetics of oxygenated
intermediates on metal sites (e.g, 0* OH* OOH*) and
carbon-containing adsorbates (e.g, alkoxy/acyl species,
surface formate/acetate) as key thermodynamic parameters.
These quantities are used to link O: activation, C-H/C-C
bond cleavage, and rate-controlling steps along the deep-
oxidation network, thereby rationalizing or predicting
activity trends [42,45,172]. For example, Ding et al. [173]
combined DFT and microkinetics to analyze A-site
regulation of La-Mn perovskites, showing that A-site
tuning shifts the balance point between adsorption
strength and reaction progression and consequently alters
the relative rates of DOM formation, formate accumulation,
and CO:z production. This work exemplifies a typical
strategy that optimizes the adsorption strength of oxygen-

containing species on the same class of surface sites. When
oxygen-supply capability is enhanced to lower barriers
associated with Oz activation, the stability and coverage of
OH-related species often increase simultaneously, which
amplifies kinetic limitations associated with subsequent
surface transformation and desorption. As a result, the
system exhibits a classical Sabatier trade-off rather than a
substantive break from linear scaling constraints. Zhang et
al. [32] further demonstrated for single-atom Pt1/CeO2 that
steam treatment or co-feeding water can establish a
hydroxyl cycle, lower the barrier for formate removal, and
promote the continuous conversion of DOM to formate and
its subsequent deep oxidation, thereby maintaining O:
activation capability while alleviating kinetic limitations
induced by formate coverage. In steam-treated Pdi/CeOz,
cooperative Pd-Ce migration generates a reverse interface,
such that Oz activation and deep-oxidation steps are
distributed across distinct interfacial sites; this weakens
the linear coupling of oxygenated-species binding
strengths that typically holds on a single site and enables
ultra-low-temperature HCHO oxidation [168]. In aromatic
oxidation, oxygen vacancies in single-atom Pt/MgO
enhance 0: activation and increase the formation of
reactive oxygen species; under humid conditions, the
surface more readily generates *OH and radical-type active
oxygen. Consequently, the Kkinetics shift from being
governed solely by the binding strength of oxygenated
intermediates to being jointly influenced by H20
dissociation and hydroxyl regeneration. The resulting rate
enhancement primarily arises because H20 participation




introduces additional pathways for active-oxygen
formation and conversion, reshaping the steady-state
balance. Similarly, for single-atom Fe catalysts, the ability
to sustain low-temperature HCHO removal under humid
feeds is attributed to a hydroxyl cycle that accelerates
downstream conversion of key oxygenated intermediates,
thereby mitigating site-coverage effects associated with
stabilized *OH [174].

Within the framework of linear scaling relations,
when different intermediates bond to transition-metal
surfaces through the same binding atom, their adsorption
energies or adsorption free energies are often
approximately linearly correlated. This correlation can be
rationalized by bond-order conservation arguments and by
the Newns-Anderson picture, in which hybridization
between adsorbate frontier orbitals and metal d states
leads to level renormalization and changes in
bonding/antibonding occupation [175-178]. For VOC
oxidation, a broadly relevant limitation originates from
strong correlations among oxygenated intermediates. Thus,
when alloying or support-induced electronic effects are
used to lower the barrier for O: activation, *OH is
frequently stabilized simultaneously and its site coverage
increases, which in turn amplifies kinetic limitations
associated with intermediate desorption and subsequent
surface transformation [175,179]. For instance, A-site
tuning of La-Mn perovskites adjusts the stability of
oxygenated species on the same class of sites and moves the
system toward an optimal adsorption regime, yet ultimately
remains constrained by *OH-stabilization-induced site
coverage and by limitations in formate removal [173]. In
room-temperature HCHO oxidation over Pt:1/CeO2, the water-
mediated hydroxyl cycle partially weakens the dependence of
formate removal on the binding strength of oxygenated
species; even when OH species are relatively stable, improved
hydroxyl regeneration and interfacial cooperation can reduce
coverage effects and increase the steady-state reaction rate
[32]. Overall, merely shifting key adsorption free energies
toward the volcano optimum through electronic-structure
tuning on a single site is often still limited by strong
correlations among oxygenated intermediates, making
further activity gains difficult [29,180,181]. More sustainable
performance improvements typically rely on functional site
partitioning, interfacial reconstruction, or microenvironment
engineering, such that Oz activation and deep-oxidation steps
occur in different local environments, thereby relaxing the
hard constraints imposed by strong correlations on the
minimum achievable barriers and optimal free-energy
allocation [182-185].

Compared with metal nanoparticles that provide
multiple types of sites (steps, edges, terraces), the
geometric isolation and site uniformity of SACs compress
essentially all elementary steps of a multistep reaction onto

one metal atom, making competitive adsorption and site
blockage more likely [118,186]. In such multistep reactions,
the adsorption energies of key oxygenated intermediates
(e.g., O* *OH, *OOH) are often coupled through near-linear
scaling relations on a given class of sites [177,186,187]. For
low-temperature deep VOC oxidation, activating inert C-H
or 0=0 bonds often require a more electrophilic or Lewis-
acidic metal center to increase the probability of initial
adsorption and activation; however, this simultaneously
favors accumulation of strongly adsorbed oxygenated
intermediates (carbonates, formates, carboxylates) and
produced H20 on the same site, leading to blockage and
low-temperature deactivation [118,172,188].

An effective strategy to mitigate the intrinsic
limitations of a single active site is to introduce a
neighboring second center that can share functions such as
Oz activation, lattice-oxygen supply, and intermediate
conversion [189,190]. Dual-atom catalysts (DACs) refer to
catalysts in which two adjacent isolated metal sites, or two
chemically distinct but neighboring active centers, jointly
participate in the reaction [189,191]. Strictly speaking, they
do not fall within the conventional definition of single-atom
catalysis, because the active center is no longer a single
isolated metal atom [190,191]. Nevertheless, introducing
DAC or dual-site motifs is highly meaningful, because they
represent a systematic extension motivated by the single-
site limitations of SACs [192,193]. In particular, when
catalytic functions are spatially partitioned between two
coupled centers, DACs can, to some extent, relax the linear-
correlation constraints that arise when multiple
intermediates must bind to the same site, and reduce the
risk that strongly adsorbed intermediates block the
catalytic cycle [192,194,195]. Recent DAC studies and
reviews have further emphasized that adjacent dual active
sites can provide synergistic interactions, more flexible
adsorption geometries, and cooperative reaction pathways,
thereby optimizing adsorption/desorption energetics and,
in some cases, partially breaking traditional scaling
relationships. This emerging interest is not limited to one
reaction family, but has been broadly discussed in recent
DAC literature as a general route to lower activation
barriers and improve both activity and selectivity in
complex multistep reactions [196-199].

Taking a Pt-O-Ni bridged center as an example, Xu et
al. [200] constructed a Pt-O-Ni bridged dual site on
Pt1Ni1/TiO2-NW. EXAFS and DFT + U verified the structural
robustness of the bridged motif and showed that this dual
site simultaneously lowers the barrier for benzene C-H
activation while markedly enhancing O: adsorption/
activation on the Ni side, thereby accelerating key steps for
deep oxidation from phenolate toward benzoquinone
(Figure 6). This result illustrates one of the central
advantages of DACs over SACs: 0z activation and
hydrocarbon activation no longer need to be fully
optimized on the same isolated site, but can be distributed
across adjacent, electronically coupled centers. Ma et al. [41]




reported that a Pt-Co cooperative dual site in Pt1Co1/Ce02
strengthens interfacial charge transfer and tunes metal
valence states to promote cooperative Oz activation. As a
result, benzene binds more favorably on the dual site, and
Oz dissociation and sustained generation of active O*
species are facilitated, enabling a more efficient deep-
oxidation pathway. This type of heteronuclear dual-site
configuration is particularly important because it expands
the electronic design space beyond SACs: the two
neighboring atoms need not play identical roles, and
asymmetric charge distribution or orbital hybridization
can be exploited to better match the distinct requirements
of Oz activation, VOC adsorption, and intermediate
conversion. Chu et al. [108] emphasized in Pd:V1/CeO2 that
dual sites can regulate lattice-oxygen mobility and metal
redox properties. By balancing the Pd/V redox character
between overly active and overly inert regimes, the catalyst
achieves optimized Pd/V redox behavior, enabling
simultaneous toluene oxidation and NOx conversion over a
broad temperature range (90% conversion of NOx and
toluene at 238 °C and 230 °C, respectively, with an effective
window >150 °C). This example suggests that DACs may
outperform SACs particularly under conditions where the
reaction requires simultaneous control of several coupled
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processes, such as oxygen activation, redox cycling, and
intermediate removal, which are difficult to optimize on
one isolated center. Under photothermal coupling, Zhang et
al. [201] proposed that Pt-Cu dual-atom pairs can promote
intermediate activation in single-atom-based systems,
making it easier to surmount key barriers during VOC
oxidation under photothermal conditions and thereby
improving turnover efficiency. More generally, DACs are
expected to be especially advantageous over SACs when: (i)
strong adsorption of intermediates causes site blocking on
single isolated centers; (ii) Oz activation and VOC activation
require different local electronic environments; or (iii)
multi-step oxidation pathways benefit from spatially
adjacent but electronically coupled active sites. Under
these conditions, DACs can retain much of the structural
precision of SACs while introducing a level of cooperative
reactivity that is inaccessible to strictly isolated sites. At the
same time, this advantage is not unconditional: if the two
metal centers are too strongly coupled, the system may
evolve toward cluster-like behavior; if they are too far apart,
the cooperative effect is weakened. Therefore, the superior
performance of DACs depends critically on controlled
inter-site distance, electronic coupling strength, and
coordination environment [197,198].
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Guided by the electronic-structure descriptors and
scaling considerations discussed in Chapter 3, this
chapter provides an in-depth mechanistic analysis of
surface reactions. In heterogeneous catalysis, a deep
mechanistic understanding of surface reactions is the
foundation for rational catalyst design. For VOC catalytic
oxidation, the reaction network is intrinsically complex,
involving multielectron transfer, evolution of multiple
intermediates, and coupling across multiphase interfaces.
The emergence of single-atom catalysts, with isolated and
uniform active sites, provides an ideal model system for
interrogating such complexity at the atomic/molecular
scale. Compared with conventional nanoparticle catalysts,
the quantum size effects and metal-support electronic
coupling of SACs profoundly alter adsorption geometries
and activation barriers of reactants—especially 02 and
VOC molecules—thereby giving rise to distinct reaction
pathways.

The MvK mechanism describes oxidation as a redox

cycle in which support lattice oxygen participates directly:

after interfacial activation, reactants consume lattice
oxygen to generate oxygen vacancies, and gaseous O2
subsequently reoxidizes the defect sites to refill vacancies
and restore the lattice [202]. On reducible oxides such as
Ce0z2, MnOx, and Fez03, low-temperature activity is often
governed by interfacial lattice-oxygen mobility and the
reoxidation rate of oxygen vacancies under reaction
conditions, rather than solely by adsorbed oxygen
coverage or total oxygen content [145,203,204]. From the
perspectives of defect thermodynamics and diffusion
kinetics, the oxygen-vacancy formation energy and
oxygen-migration barrier jointly determine the kinetics of
lattice-oxygen extraction and replenishment; thus,
lowering the vacancy formation energy and/or enhancing
oxygen mobility generally corresponds to faster oxygen
cycling and lower reaction temperatures [204-206].
Single-atom motifs on reducible oxides (M1-O-support) can
modify local charge distribution and bond strength, thereby
influencing both the barrier for lattice-oxygen participation
and the kinetics of defect reoxidation [49,207,208]. Using
atom-trapped Pdi/CeOz2 as an example, Zhang et al. [168]
showed that the untreated sample is nearly inactive for
HCHO oxidation at 30 °C, whereas steam treatment
enables 100% conversion at 30 °C with a much lower
apparent activation energy (15.5 k] mol-1). The O:
reaction order reflects differences in O: activation;
Pd/Ce02-AT is unable to effectively activate gaseous
oxygen at low temperature and thus exhibits MvK
behavior, where lattice oxygen serves as the active oxygen
for HCHO oxidation and is subsequently replenished

slowly by gaseous oxygen. Free-energy calculations based
on a Ce203-Pd interfacial model indicate an Oz adsorption
free energy as low as -1.57 eV, and free-energy barriers
of 0.57 and 0.76 eV for key H-transfer and final-state
formation steps along the HCHO oxidation pathway. In
Pt1/Ce02, Wen et al. [209] combined 170 solid-state NMR
with DFT to identify a square-planar Ptic configuration
embedded in the CeO2(111) surface formed via steam
dispersion, using a high-coordination Ptuc motif as
reference. CO oxidation on Pt/CeO: typically follows an
MvK route: adsorbed CO reacts with a neighboring
bridged lattice oxygen to produce CO: and create an
oxygen vacancy. DFT shows that Ptic has a CO adsorption
energy of -2.09 eV and a barrier of only 0.10 eV for
reaction with a neighboring bridged lattice oxygen,
whereas Ptuc binds CO more strongly (-2.75 eV) and
requires a barrier of 1.10 eV to react with lattice oxygen.

When lattice oxygen cannot migrate rapidly within
the relevant temperature window—such as on inert
supports (Alz03, SiO2) or under low-temperature/high-
GHSV conditions where vacancy refilling lags behind
oxygen consumption—the Langmuir-Hinshelwood (L-H)
mechanism typically dominates: both the organic
substrate and gaseous Oz (and its derivatives) participate
as adsorbed species and undergo surface-coupled
reactions en route to stepwise oxidation [210-212]. For
SACs, the effectiveness of the L-H pathway often does not
require complete Oz dissociation on the metal site; rather,
it hinges on stabilizing electrophilic molecular oxygen
species (e.g, *027, *022-, *OOH) within an isolated
coordination environment, and ensuring that these
species are consumed and regenerated promptly after
attacking C-H/C=C bonds or aromatic rings to avoid long-
term site occupation [213-215]. Because geometric
isolation limits bridging adsorption configurations and
fast 0-0 scission pathways common on nanometal
surfaces, SACs more often form terminal M-0-0 motifs
that retain the 0-0 bond, imparting higher electrophilic
selectivity and helping lower the barrier for initial VOC
conversion at low temperature [55,213].

Under L-H conditions, the rate limitation on SACs often
arises from competitive adsorption and site saturation. For
VOCs—especially aromatics and oxygenated VOCs—the
substrate and Oz must coadsorb and be activated at the same
metal center, which can markedly reduce the surface
coverage of Oz (8,,) [212,214,216]. Meanwhile, strongly
adsorbed species generated during reaction, such as
carbonates, carboxylates, and water, can accumulate on a
single metal site and hinder rapid regeneration. In
industrial hydrocarbon VOC oxidation systems
exemplified by PdO/Al:03, such behavior has been
systematically attributed to H20-induced accumulation of




surface hydroxyls and interfacial deactivation, requiring
reduction/reoxidation protocols to restore the active
phase [212,216]. Wang et al. [217] studied atomically
dispersed Pt anchored on Ti-doped mesoporous silica
SBA-15 for oxidation of benzene-series VOCs. By tracking
intermediate evolution with in situ DRIFTS, they showed
that aromatic substrates and gaseous O: (and derived
adsorbed active oxygen species) co-participate in surface
reactions consistent with an overall L-H pathway, and
proposed sequential deep-oxidation routes for benzene
and p-xylene (benzene — phenol — benzoquinone -
maleic anhydride/acetic acid - COz + H20; p-xylene — p-
xylyl alcohol — p-xylyl aldehyde — terephthalic acid —
maleic anhydride — COz + H20), highlighting that
adsorbed oxygen species, rather than rapid lattice-oxygen
migration, drive surface coupling and consecutive
oxidation. DFT yielded adsorption energies of E

-0.060 eV, Eu4.,,, = —0.066 eV, and Eqq.0,, =
-0.073 eV on Pt/Ti-SBA-15, indicating weak adsorption
dominated by van der Waals interactions, with slightly
stronger binding upon increasing methyl substitution.
Zhang et al. [218] used in situ DRIFTS to determine that
deep toluene oxidation on a confined PdAg@S-1 alloy site
follows the L-H mechanism and emphasized that gaseous
02, once adsorbed/activated on the alloy, directly
participates as active oxygen species in surface oxidation
(Too = 179 °C and complete conversion <180 °C). XPS
further indicated electron transfer from Ag to Pd to form
electron-enriched Pd sites, which is beneficial for
coupling C-H activation with adsorption/activation of
gaseous Oxz.

adsceHe

In addition to the MvK and L-H mechanisms, the Eley-
Rideal (E-R) mechanism may also be involved in VOC
oxidation over single-atom catalysts under some reaction
conditions [219]. Unlike the L-H mechanism, which
requires both reactants to be adsorbed on the surface, the
E-R mechanism involves direct reaction between a gas-
phase molecule and an adsorbed surface species [42]. This
pathway may become relevant when co-adsorption is
difficult because the number of available sites is limited,
surface sites are occupied by Hz20 or intermediates, or the
lifetime of adsorbed species is short [41,55].

In SAC-catalyzed VOC oxidation, the reaction
pathway is often affected by the balance between surface
oxygen species and adsorbed VOC species [42,55]. When
oxygen activation is slow, especially at low temperature,
gas-phase 0z may react directly with adsorbed
intermediates on the surface [219]. In contrast, when
reactive oxygen species are already present on the surface
but VOC adsorption is weakened by water or by the
isolated nature of the active sites, gas-phase VOC
molecules may react directly with these pre-adsorbed

oxygen species [55]. Under such conditions, E-R-type steps
may exist together with L-H steps [55,220]. Zhang et al.
reported that Co single-atom catalysts showed excellent
activity for room-temperature formaldehyde oxidation, and
they linked this performance to efficient Oz activation and
fast conversion of surface intermediates [219]. Liu et al. [42]
also found that Co single atoms on TiO2 nanowires
promoted the formation of superoxide species and lowered
the barrier for intermediate conversion in HCHO oxidation.
Chen et al. [220] showed by DFT that oxygen vacancies and
surface hydroxyls on Pti/ZrO: can strengthen the co-
adsorption and activation of HCHO and Oz, which further
indicates that the local surface environment strongly
affects how the oxidation pathway proceeds.

For aromatic VOCs, Ma et al. [221] reported that
silica-assisted Pti/CeOz improved benzene oxidation
under humid conditions by promoting H.0 and O:
activation and by easing competitive adsorption of water
on Pt sites. Han et al. [55] further showed that Pt single
atoms with abundant lattice oxygen gave efficient VOC
oxidation, again emphasizing the importance of rapid
oxygen supply and oxygen transfer on the catalyst surface.
Ma et al. [41] also prepared a PtiCo1/CeO2 bimetallic
single-atom catalyst for benzene oxidation and found that
the interaction between isolated Pt and Co sites improved
both activity and stability. Likewise, Xu et al. [200]
reported that a Pt1-Ni1/TiO2 dual-single-atom catalyst
showed enhanced benzene oxidation because the
neighboring isolated metal atoms worked together to
promote oxidation steps that are difficult on a single
isolated site alone.

A similar view has also been suggested in toluene
and chlorinated VOC oxidation. Wang et al. [99] reported
that Ir1/CeO2 showed high activity, good stability, and
strong water resistance for toluene oxidation, indicating
that isolated metal sites on reducible oxides can maintain
oxygen activation even when the surface environment is
disturbed by reactants and water. Duan et al. [25] found
that regulating the electronic metal-support interaction in
Ru single-atom catalysts improved chlorobenzene
oxidation by strengthening chlorobenzene and lattice-
oxygen activation. Wu et al. [222] further showed that Ru
single atoms supported on Sn-doped Silicalite-1 improved
the removal of mixed VOCs by combining redox sites with
acidic sites, which is important in feeds where adsorption
competition is strong and the surface state changes
continuously during reaction.

At present, however, direct experimental proof of
the E-R mechanism in VOC oxidation over SACs is still
limited [55,200]. Most available studies provide indirect
support only, such as sustained activity under conditions
that are not favorable for stable co-adsorption, rapid
turnover of surface oxygen species or intermediates, and
weaker dependence on VOC adsorption alone than
expected for a pure L-H route [25,41]. Therefore, in this
review, the E-R mechanism is better considered as a




possible supplementary pathway under specific
conditions, rather than a generally dominant mechanism
in all SAC-catalyzed VOC oxidation systems [99,220,222].

VOCs encompass alkanes, alkenes, aromatics,
oxygenated derivatives (OVOCs), and chlorinated VOCs
(CVOCs). Because functional groups differ, adsorption
motifs, bond-cleavage sequences, and intermediate
evolution on SAC surfaces also vary. This section focuses
on four representative molecules—formaldehyde, light
alkanes, benzene-series compounds, and chlorinated
VOCs—to illustrate distinct mechanistic regimes in SAC-
catalyzed oxidation.

This selection is based on their complementary
molecular features and catalytic challenges: formaldehyde, as

a typical oxygenated VOC, highlights the critical role of surface
hydroxyls and low-temperature reaction pathways; light
alkanes represent saturated hydrocarbons with strong C-H
bonds, emphasizing the difficulty of initial bond activation;
benzene-series compounds exemplify m-conjugated systems
with high thermodynamic stability, requiring effective
adsorption and ring activation; and chlorinated VOCs
introduce halogen-related effects, including catalyst poisoning
and Cl-mediated reaction pathways.

Together, these model systems span key bond types
(C=0, C-H, C=C, and C-Cl) and mechanistic constraints,
enabling a unified analysis of how single-atom catalysts
regulate oxygen activation, intermediate evolution, and
resistance to deactivation across different VOC classes.
Table 1 provides a comparative summary of
representative SACs reported for VOC oxidation.

Table 1. Comparative summary of reported single-atom catalysts for VOC oxidation.

VOCs Catalysts Coordmatlon Reaction Condition Repr_esentatlve Activity Ref.
Environment Metric
50 ppm HCHO + 20% Oz + complete conversion at
HCHO Co1/N-C Co-Nx N3, total flow rate of 25 °C; HCHO conversion > [219]
100 mL min-%; RH= 25% 90% within 120 h
2+_()— . 2+ _
Fnttergcfzﬁ’;t)tif:):?ilt{h 400 ppm HCHO + 20 vol% Complete removal at 288
HCHO Pt1/Ce02-S lattice hvdroxvls 02 + No, total flow rate of K; 55% conversion over 60 [32]
[1ce YEroxy 100 mL-min-! hat RH = 25%
adjacent to Pt
Complete conversion at
B . 400 ppm HCHO + 20 vol% . N .
HCHO  Pd/CeOz-AT-S Ce:0s-Pddomain 1, N, total flow rate of -0 < 720% conversionat ) o)
interface . 0 °C; 92% conversion
50 mL-min-? -
maintained for 7 h
1% C3Hs + 20% 02 + N2, Teo = 140 °C
C3Hs Pt;-Nb1/ATO Pt;-0-Nb total flow rate of 0= [223]
L Too =192 °C
20 mL-min?
1% CHa + 20 vol% Oz + Nz, 16.4% conversion at
CHa Pt1/Ti02(001) Pt5+-0,-Ti3* total flow rate of 7 [59]
. 500 °C
20 mL-min-!
1% CH4 with air balance,
CH4 Pdi04Cez/Ce02 Pd-0s-Ce: total flow rate of Tso =439 °C [224]
20 mL-min-!
2000 ppm CsHs with air Tso = 186 °C
CeHe 0.5 wt% Pt1@CeO: Pt-0-Ce balance, total flow rate of ,>° _ o [94]
. Too=212°C
200 mL-min-!
. 2000 ppm CeHe with air
0, - = o
CeHe 0.3 Wt% Pt1/Ce0:@Si0: Pt-0-Si balance, total flow rate of Ts0 =160 OC [221]
4 . Too =190 °C
200 mL-min~?
fr;ctle;z?s_t’;lljl(:snTiO with 1000 ppm C¢He + 20 vol%
CeHe Pt1/Ti02-MS z 02 + N2z space velocity (SV) Too =175 °C [58]
metastable lattice
of 30,000 mL/(g-h)
oxygen
Rui—0s sites on 1000 ppm CB + 5 vol%H20 rate 0.83 mmol-g--h-1,
CB Rui/Ce02 1 + air, total flow rate of TOF 8.07 h-1; no Cl2 [225]
Ce02(111) o :
100 mL-min-! formation
500 ppm CB, total flow Tso =185 °C
B 4 RuCe0-AA Ru-0-Ce rate of 25 mL-min-! Too =215 °C [226]
100 -DCB+10% O
0-DCB 0.5 Ru1/MnOx Ru-0-Mn + sztl())rtrellloflow r;te of0 " Tso=1429°C [227]
) ’ Too=175.6 °C

60 cm—3-min-!




Room-temperature formaldehyde oxidation differs
in nature from high-temperature combustion of most
VOCs: the steady-state rate is governed more strongly by
the supply and regeneration of surface hydroxyls than by
rapid oxygen incorporation driven by high-coverage
atomic oxygen [32]. In SAC systems, geometric isolation
diminishes the probability of multi-metal-site cooperative
oxygen activation, making hydroxyl motifs near the single
atom, defect-associated hydroxyls, and their coupling
with lattice oxygen key determinants of light-off
temperature and long-term stability [32]. Recent studies
repeatedly show that low-temperature activity does not
correlate  simply with  higher oxygen-vacancy
concentration; instead, it correlates more consistently
with structural features that maintain a high steady-state
hydroxyl coverage and enable rapid replenishment under
reaction conditions [228,229].

At the molecular level, effective activation at room
temperature often manifests as a coupled process of
carbonyl polarization and nucleophilic addition: the metal
single-atom site provides polarized adsorption of the HCHO
carbonyl, while support hydroxyls or defect-associated
hydroxyls supply a nucleophilic attack pathway toward the
carbonyl carbon [32,230]. Zhang et al. [219] reported
Co1/N-C that achieves complete HCHO oxidation at 25 °C,
with a pseudo-first-order rate constant k = 0.102 s-1 and
stable operation for ~120 h, demonstrating sustained
turnover without noble metals. Isotope experiments and
DFT identified formate decomposition as the rate-
determining step (0.75 eV), attributing performance to
electronic back-donation modulation of formate at Co—Nx
sites and accelerated oxidative decomposition kinetics.
Regarding construction and participation of hydroxyl
motifs, Zhang et al. [32] created lattice hydroxyl sites
(OnattH) near Pt2+ via steam treatment; complete HCHO
removal was achieved at 288 K with an apparent
activation energy of ~14 + 2 k]-mol-1, indicating that the
low-temperature barrier is controlled by hydroxyl-
involved elementary steps rather than by adsorption
alone. More importantly, operando spectra at 303 K
showed that, for untreated samples under Oz, the bands of
DOM and formate change little over time, whereas after
steam treatment, DOM formation and subsequent formate
oxidation exhibit clearer dynamic coupling, evidencing
that Own«H participates in a continuous sequence from
HCHO to formate and onward to deep oxidation. This
work also showed that higher relative humidity improves
steady-state conversion and long-term stability,
maintaining 55% conversion over 60 h at RH = 100%.
Steam-triggered dynamic restructuring can likewise
create new low-temperature active motifs in other SAC

systems; for atom-trapped Pdi1/CeO2z, Zhang et al. [168]
found that steam treatment induces cooperative
metal/support migration to form a Ce203-Pd nanodomain
interface, enabling complete conversion at 30 °C (r = 100
pumol-gea~1-s71) and ~50% conversion even at 0 °C. DFT
indicated a Pd1 migration barrier of 1.45 eV on step sites;
after H20 dissociation to form OH, the migration barrier
drops to 0.51 eV, and H:0 dissociation barriers on CeO:
terraces and steps are as low as 0.14 eV and 0.04 eV,
respectively. The authors emphasized that the reverse
interface formed under steam provides an interfacial
structure more favorable for O: activation and deep
oxidation of intermediates, delivering appreciable
stability under humid conditions (92% conversion
maintained for 7 h in 10% H20). Beyond steam treatment,
directed regulation of alkali metals or support hydroxyls
has also been used to simultaneously address single-atom
anchoring and hydroxyl steady-state coverage. In Pt-
Na/nano-Al203, Zhang et al. [230] achieved complete
room-temperature HCHO oxidation at an ultralow Pt
loading (0.05 wt%) and showed that Na converts terminal
hydroxyls on nano-Al20s into Na-Al doubly bridged
hydroxyls, which serve as anchoring sites for atomically
dispersed Pt. Anchored Pt can activate Oz and H20 to
regenerate bridged hydroxyls and promote rapid reaction
between formate and surface hydroxyls to produce CO:
and H:0, mitigating low-temperature deactivation from
formate coverage. In the non-noble-metal direction, site
geometry and coordination can directly tune the barrier
of formate removal. Liu et al. [42] proposed that Co single
atoms doped into TiO2 nanowires promote Oz to 022~
conversion and lower the barrier from DOM to formate,
yielding an overall activity 13.3 higher than TiO: P25
(Figure 7ab). For Fesa-Ns-C, humidity can markedly
enhance low-temperature removal efficiency, reaching
85.8% at 25 °C and 75% RH and delivering 1.6x activity
enhancement under 10% humid conditions [231].
Promoter modulation can also accelerate formate
removal and improve low-temperature activity by
altering electron donation and oxygen migration. In Pd-
Ba/TiOz, Chen et al. [232] identified Ba as an electron
donor that increases electron density at Pd and its
interface, strengthening O2 activation and increasing the
migration rate of chemisorbed oxygen. This electronic
effect fundamentally shifts the pathway from formate
accumulation toward efficient formate conversion. On
Pd/TiOz without promoter, oxidative dehydrogenation of
HCOO* faces a relatively high barrier (0.65 eV), whereas
Ba lowers it to 0.42 eV by optimizing the interfacial redox
potential, accelerating direct oxidation of HCOO* to CO2
and Hz0 and preventing low-temperature accumulation
(blockage), thereby accounting for the excellent room-
temperature HCHO oxidation activity and long-term
stability of Pd-Ba/TiOz.
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Figure 7. (a) Time-dependent HCHO conversion efficiency over different TiOz-based catalysts. (b) DFT results for HCHO
oxidation on different TiO2-based catalysts. Reprinted with permission from Ref. [42]; Copyright 2024 Elsevier. (c) Catalytic

activity of Pt1-TiO2. (d) Synergistic Lewis acid-base pairs of Pt+-0,-Ti3* for enhanced methane oxidation. Reprinted with

permission from Ref. [59]; Copyright 2025 American Chemical Society.

Short-chain alkanes (CH4-C3Hs) possess nonpolar o
bonds, weak adsorption on oxide surfaces, and high sp3 C-
H bond strengths. Their overall polarizability is low, and
they lack lone pairs or 1 systems that could form strong,
directional interactions with surfaces; as a result, they
typically exhibit weak adsorption and difficult activation
in the low-temperature regime [233]. Accordingly, both
apparent kinetics and theoretical calculations widely
identify the first C-H bond cleavage as the primary rate-
controlling step [234-236]. This imposes two constraints
on single-atom catalysts (SACs): on the one hand, the
active center must effectively lower the barrier for the
initial C-H scission; on the other hand, it must sustain a
rapid catalytic cycle spanning oxygen activation, active-
site regeneration, and intermediate desorption, so as to
avoid competitive adsorption by stable surface species
such as -OH, carbonates, and bicarbonates that can
increase site coverage and induce low-temperature
deactivation [212,235,237,238].

For SACs, the initial C-H scission can generally be
classified into two limiting pathways: (i) interfacial heterolytic
activation enabled by acid-base cooperativity, and (ii) radical-
mediated homolytic activation [233,239-241]. In the
heterolytic pathway, the isolated metal center acts as a
Lewis-acid site, while adjacent support O2-/OH- species

or defect oxygen serve as Lewis/Brgnsted-base sites.
Together they form an interfacial acid-base pair that
strongly polarizes the adsorbed C-H bond under
geometric constraints, leading to separation of a proton
and an alkyl fragment. In this process, H* migrates to the
basic oxygen site, whereas the alkyl moiety is stabilized at
the metal center. This heterolytic route is often associated
with reducible oxides, strongly polar M-O bonds, or
interfacial structures exhibiting Lewis-acid /base-pair (or
FLP-like) behavior on solid surfaces. Its advantage is that
it can reduce the barrier of the first step at milder
temperatures, thereby suppressing radical-chain side
reactions [240,242,243]. In the homolytic pathway,
radical-type interfacial oxygen species (e.g., 02¢=/0e-, «OH,
metal-oxygen radicals, or high-valent M=0 species)
abstract He via hydrogen-atom transfer (HAT), cleaving
the C-H bond to form an alkyl radical that subsequently
undergoes consecutive oxidation [241,244]. This radical-
mediated route is more likely to dominate at higher
temperatures or on surfaces enriched with reactive
oxygen species such as 027/022- and capable of fast redox
cycling, and it is closely linked to a sustained supply of
mobile lattice oxygen or highly reactive surface oxygen
species [233,244]. Fang et al. [223] reported a current-
assisted adjacent dual-atom Pti-Nbi/ATO site for low-
temperature propane combustion, achieving Too = 192 °C
under current assistance (TOF@220 °C=27.67 x 10-3s71,
Ea = 41.2 kJ-mol-1). By deconvoluting thermal and non-




thermal contributions, they obtained an ECC of 74% and
noted that noble-metal usage could be reduced by >80%.
Wang et al. [59] found that the TiO2(001) facet can
stabilize undercoordinated Pt5* species coupled with
Ti3*-0v motifs (Pt3*-0v-Ti3*) under reaction conditions,
whereas TiO2(101) tends to stabilize saturated Pt-O
coordination  with limited activity. Such an
undercoordinated, vacancy-coupled interfacial
microenvironment can simultaneously promote C-H
activation and oxygen cycling, leading to measurable CH4
conversion and demonstrating that facet selection and
defect coupling can shift the kinetic boundary of the first
C-H step for the most inert alkane (Figure 7c,d). Tao et al.
[224] reported a coordination-unsaturated single-atom
Pd catalyst, Pdi104+Cez/Ce02, constructed on CeO: via
precursor pre-coordination, with the more saturated
Pdi04Ces/Ce02 as a reference. In thermocatalytic
complete oxidation of CHs4, Pdi104Cez/CeO2 exhibits
markedly enhanced low-temperature activity, with Tso
lowered by 118 °C and an approximately eightfold
increase in TOF at 400 °C. DFT and operando/in situ
characterizations collectively indicate that the advantage
originates from the coordination-unsaturated Pd single-
atom site, which is more favorable for the first C-H
scission of CH4 and for reactive-oxygen supply, thereby
accelerating the deep-oxidation process.

Benzene, a prototypical aromatic hydrocarbon,
possesses a highly stabilized m-conjugated system; thus,
the initial activation step is not merely C-H cleavage but
rather disruption of aromatic m-electron delocalization
followed by ring opening [245-247]. On conventional
metal nanoparticle surfaces (e.g., Pt(111) or Pd(111)),
benzene readily adopts a flat-lying, multi-point -
coordinated adsorption geometry. Although this can
facilitate electron transfer and initial oxidation, it also
increases surface coverage and polymerization
probability, promoting formation of polycyclic
aromatics/coke and causing site deactivation [248-250].
The geometric isolation and coordination constraints of
SACs weaken such multi-point 7 adsorption; benzene is
more likely to interact with the metal center via tilted
n'/m? configurations or a single-carbon end-on motif,
reducing surface residence time and suppressing
condensation—an important structural origin for the
frequently observed improved coking resistance of SACs
in aromatic oxidation [247,251-254].

Mechanistically, benzene is first converted into
aromatic oxygenated intermediates such as phenolate
and benzoquinone under the action of reactive oxygen
species (electrophilic lattice oxygen O-, superoxide Oz-,
hydroxyl-related oxygen, etc.). Subsequent C-C bond
cleavage yields smaller oxygenated fragments

(maleate/acetate/alkoxide species), which are ultimately
oxidized to COz and Hz0. The most difficult requirement is
to continuously supply sufficiently electrophilic oxygen
species while preventing long-term coverage by strongly
adsorbed carbonate/carboxylate species [245,255-257].
To address these challenges, several mechanistically
guided routes have emerged in the past two years. The
first route employs defect engineering on reducible
oxides to confine and modify single atoms. Dong et al. [94]
reported Pti@CeO: prepared by pyrolyzing an MOF
precursor to precisely confine Pt single atoms at CeO:
lattice defect sites. This catalyst exhibits outstanding low-
temperature activity for deep benzene oxidation (Too =
212 °C), far outperforming conventional impregnated
nanocluster catalysts. In situ DRIFTS confirmed that
benzene first chemisorbs at Pt:-0-Ce interfacial sites and
rapidly evolves into oxygenated intermediates such as
phenol and benzoquinone; these species are then oxidized
by lattice oxygen (Oitt), generating oxygen vacancies.
Bands of carboxylates and maleates show clearly
reversible growth/decay with temperature and upon O2
introduction. Lattice defect sites not only anchor Pt in a
high-oxidation-state form (Pt3*) via strong electronic
interactions, but also markedly reduce the formation
energy and migration barrier of neighboring oxygen
atoms. Relative to pristine CeOq, introduction of Pt single
atoms strengthens Oz adsorption (Eadss = =3.50 eV) and
significantly lowers the activation energy of the first C-H
activation step, thereby alleviating the kinetic barrier for
aromatic oxidation and ring opening. A second route uses
dual-site division of labor to decouple adsorption
energies and mitigate competitive adsorption. Hou et al.
[258] reported PdiCo1/Al203, where Co1 preferentially
governs formation and conversion of reactive oxygen
species, whereas benzene preferentially adsorbs on Pds,
thereby reducing benzene-oxygen competition at a single
metal center and avoiding single-site congestion. Notably,
this catalyst remains active under sulfur-containing
conditions, indicating that functional separation between
oxygen-activation sites and aromatic-adsorption sites
weakens sulfur poisoning. In PtiCo1/Ce0O2, Ma et al. [41]
further showed that coexisting Pt and Co single atoms
lower the benzene combustion temperature and improve
water resistance: Pt promotes aromatic-ring activation
and intermediate formation, while Co enhances reactive
oxygen species and accelerates lattice-oxygen cycling,
reducing the steady-state coverage and accumulation of
carbonates and carboxylates. Water vapor can also play a
critical role in benzene combustion. On the one hand,
water competes for adsorption and increases hydroxyl
coverage, weakening Oz activation and aromatic
adsorption; on the other hand, an appropriate amount of
water can facilitate formation of -OH at defect sites and
promote proton transfer, improving conversion of certain
intermediates. Ma et al. [221] reported SiO:-assisted
encapsulated Pti1/CeOz (Pt1/Ce02@Si02-4) designed to




regulate interfacial H20 behavior. Under 10 vol% H2O0, this
catalyst still achieves Too # 190 °C with long-term stability,
substantially  outperforming Pti/CeO:.  Structural
characterization showed that the SiO: shell does not
disrupt Pt single-atom dispersion: HAADF-STEM and
EXAFS before and after reaction confirm the single-atom
state, and CO-DRIFTS verify that Pt remains in a high
oxidation state and is stably anchored on CeO:. The key is
that the Pt-0-Si interface reconstructs water-involved
pathways: the SiO2 layer weakens direct strong
adsorption of H20 at Pt sites without impeding O2
diffusion to the interface. Water cooperatively promotes
formation of *OOH-related active oxygen species, and
*OOH acts as a new active intermediate that continuously
drives low-temperature benzene oxidation.

In studies of noble metal single atom catalysts for the
catalytic oxidation of chlorinated volatile organic
compounds CVOCs, atomically isolated metal centers
enable an unambiguous molecular level correlation
between structural variables and catalytic response,
allowing halogen tolerance to be elevated from
phenomenological observations to mechanistically
testable structure-activity relationships [247,259].
Existing evidence indicates that the key structural
determinants governing CVOC oxidation performance
include the composition and dynamic reversibility of the
first coordination shell around the metal center, the
geometric constraint imposed by the anchoring site
together with the resulting local electronic structure, and
the spatial cooperativity between the single atom site and
the oxygen supply function and acidity of the support
[247]. These factors jointly regulate the adsorption
strength and apparent residence time of chlorinated
species and HCl in the vicinity of the active center, thereby
affecting active site regeneration, the interfacial
propensity for HCl oxidation to Clz and the associated side
reactions, which ultimately manifest in light off behavior,
CO2z selectivity, the distribution of polychlorinated by
products, and long-term stability [259,260].

From the perspective of single atom coordination, the
coordination environment of a single atom site can
modulate competitive adsorption of chlorinated
components on the metal center, thereby influencing the
fraction of available active sites and the steady state
turnover efficiency. Bi et al. [261] reported a chlorine
coordinated Pd single atom catalyst PdA@ZrOz. Operando
DRIFTS showed that formation of Pdi-Cl species
suppresses the preferential adsorption of dichloromethane
on Pd sites, allowing more sites to participate in adsorption
activation and deep oxidation of toluene and its
intermediates, while maintaining good stability and water
tolerance in the presence of dichloromethane and water

vapor. This work indicates that reversible Cl coordination
in the first coordination shell does not necessarily lead to
irreversible deactivation. Instead, by decreasing the
apparent occupancy of chlorinated species at the active
center and accelerating site regeneration, it can enhance
resistance to chlorinated co feeds (Figure 8).

In terms of anchoring site effects, the geometric
constraint and local electronic structure of the anchoring site
can simultaneously regulate substrate activation and the
desorption form of chlorinated species, thereby affecting the
interfacial route for HCI oxidation to Clz and determining the
formation of polychlorinated by products [247,260]. Wang
et al. [225] reported a Ru1/Ce0: single atom catalyst for
chlorobenzene oxidation. Under 1000 ppm
chlorobenzene in air containing 5 vol% water vapor, the
reaction rate reached 0.83 mmol g-! h-1 and the TOF was
8.07 h-1at 200 °C, with high mineralization selectivity and
negligible Clz formation. In this system, Ru single atoms
preferentially anchor at the O3 hollow site on CeO2(111)
and are more stable at an intermediate oxygen vacancy
concentration. Their stability is higher than that at the O
top site, as reflected by a decrease of formation energy
from 5.78 eV to 3.83 eV. In this anchoring configuration,
the CI related steps exhibit higher dissociation energy,
which lowers the probability of further HCl oxidation to
Clz and concurrently suppresses the stepwise
accumulation of polychlorinated by products.

With respect to metal support redox coupling, the
coupling between single atom sites and oxygen supplying
supports determines how the oxygen supply function
responds to changes in the extent of surface chlorine
accumulation under chlorinated conditions, thereby
influencing the synergy between activity and long-term
stability under strongly chlorinating environments. Sun et
al. [227] reported an atomically dispersed Rui/MnOx
catalyst for low temperature o dichlorobenzene oxidation.
At a WHSV of 36,000 cm3 g-1 h-1, it achieved Tso of 157 °C
and Too of 180.5 °C, and maintained close to 90%
conversion during continuous operation at 240 °C for 700
min. These results suggest that the synergy between the
single atom activation center and the continuous flux of
reactive oxygen species supplied by the support helps
sustain an effective redox cycle during progressive surface
chlorine accumulation, thereby mitigating the rapid
deactivation commonly observed in chlorinated systems.

Under multicomponent conditions, spatial
cooperativity between a single atom oxidation center and
acidic sites can enhance the formation and desorption of
HCI after dechlorination and reduce the probability of
chlorinated by product formation [259]. Wu et al. [222]
constructed a Sn doped Silicalite-1 confined Ru single
atom catalyst. By creating tightly coupled redox and acidic
sites, it achieved To9o of 287 °C for toluene oxidation and
Too of 361 °C for dichloromethane oxidation, while
remaining stable for 100 h at 380 °C and effectively
suppressing toxic chlorinated by products. Acidic sites




promote C-Cl bond cleavage and facilitate HCI formation
and desorption, whereas adjacent single atom oxidation
centers accelerate deep oxidation of dechlorinated
intermediates, thereby reducing chlorine accumulation
on the surface.

In addition, defect engineering combined with a high

density of single atom sites can increase the number of active
centers and strengthen oxygen supply, but the practical
benefit depends on whether defects can maintain a
reversible oxygen cycle under chlorinated conditions rather
than being preferentially chlorinated [259]. Wang et al. [226]
used ascorbic acid to induce surface defects on CeOs,

801

enabling high loading of atomically dispersed Ru for
chlorobenzene catalytic combustion. The Ru loading
reached 2.4 wt%, achieving 90% chlorobenzene
conversion at about 210 °C and showing no obvious
deactivation over 20 h. This study indicates that defects
play dual roles as anchoring sites for single atoms and as
sources of oxygen vacancies. Only when the defect type
and distribution balance anchoring stability with
reversible oxygen supply under chlorinated atmospheres
can a high density of single atom sites translate into
steady state performance advantages.
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Single-atom catalysts (SACs) provide a powerful

platform for low-temperature VOC oxidation by coupling
atomic dispersion with tunable electronic structures.
Beyond maximizing atom utilization, the defining feature
of SACs lies in their ability to reconstruct oxygen
activation pathways and reaction microenvironments
through metal-support interfacial interactions.

From the collective studies reviewed here, several

key take-home messages can be distilled:

(1) Atomic dispersion alone is not sufficient; the catalytic

(2)

(3)

performance of SACs is governed by interfacial
electronic structure rather than simply isolated active
sites. Coordination environment, charge state, and
support coupling collectively determine O activation
and VOC conversion pathways.

There exists an intrinsic trade-off between stability
and reactivity. Strong metal-support interactions and
defect anchoring stabilize single atoms and promote
oxygen cycling, but excessive charge transfer or over-
coordination may suppress key elementary steps such
as C-H activation and O2 dissociation.
Low-temperature VOC oxidation is fundamentally
constrained by coupled scaling relationships. The
adsorption energies of 02, VOC molecules, and
intermediates cannot be independently optimized on

a single site, leading to a kinetic bottleneck where
oxygen activation and intermediate removal compete.

(4) The reaction microenvironment plays a decisive role
under realistic conditions. Surface hydroxyls, water
adsorption, and support redox properties jointly
regulate oxygen supply pathways (adsorbed vs lattice
oxygen) and intermediate evolution, particularly
under humid and low-temperature conditions.

Based on the above mechanistic understanding,
several general design principles can be established:

(1) Interfacial electronic structure engineering: tailoring
metal-support charge transfer and orbital hybridization
to balance Oz activation and C-H bond activation.

(2) Coordination environment optimization: regulating
first-shell (M-0,, M-N,) and second-shell interactions
(hydrogen bonding, hydroxyl networks) to modulate
adsorption strength and reaction barriers.

(3) Defect and oxygen-vacancy engineering:
constructing supports with tunable oxygen mobility
to sustain continuous oxygen supply while
maintaining structural stability.

(4) Microenvironment regulation (hydroxyl and
hydrophilicity): designing catalysts that enable
efficient OH generation and utilization, particularly
under low-humidity or high-humidity conditions.

(5) Beyond isolated sites: cooperative or multi-site
design: introducing dual-site or proximity effects to




partially overcome linear scaling limitations and
decouple key reaction steps.

Despite significant progress, several critical
challenges remain for translating SACs into practical VOC
abatement technologies:

(1) Scalable synthesis and high metal loading: developing
synthetic strategies that enable high-density single-
atom dispersion without aggregation, while

maintaining structural uniformity and reproducibility.

(2) Stability under realistic conditions (humidity and
poisons): designing catalysts that maintain activity
under high humidity, sulfur/chlorine-containing
species, and long-term operation, where dynamic
restructuring and deactivation pathways must be
understood and controlled.

(3) Advanced in situ/operando characterization:
establishing techniques capable of probing dynamic
coordination structures, oxidation states, and oxygen
species under reaction conditions, to bridge the gap

between static characterization and working catalysts.

(4) Mechanism-driven descriptor development: moving
beyond qualitative descriptions toward quantitative
descriptors (e.g., AGo, AGon, electronic-state metrics)
tailored to VOC oxidation systems, enabling
predictive catalyst design.

(5) Industrial translation and reactor-level integration:
evaluating SACs under realistic flow conditions (high
GHSV, low concentrations, multicomponent feeds)
and integrating catalyst design with reactor
engineering to achieve practical deployment.

Overall, the future of SACs in VOC oxidation lies not
only in achieving higher intrinsic activity, but in integrating
atomic-scale design with reaction engineering and real-
world operating conditions, thereby bridging the gap
between fundamental catalysis and industrial application.
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