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1. Introduction dispersion of active metal species and suppress their sintering

) . o [8,9]. On the other hand, the excellent electrical conductivity
Carbon materials have exhibited distinct advantages over .
) ] ) ) ] and tunable surface chemistry allow carbon supports to act
conventional inorganic supports in heterogeneous catalytic . S
. . ) i . beyond inert supports by participating in electron transport and
reactions [1,2]. From a sustainability perspective aligned with ] ) ) ) )
T ) interfacial regulation during catalysis [10,11].
net-zero emission goals, carbon supports can be derived from ) ) )
] The regulation of metal-support interaction (MSI) on
abundant and renewable resources (e.g., biomass, waste ) ) ) )
conventional reducible metal oxide supports, such as TiO,[12—

14], CeO, [15,16], and Fe,Os; [17,18], has been widely
discussed. Typical strong metal-support interaction (SMSI) is

plastics, and CO,-derived carbon) [3—5], and their synthesis and
processing often require lower energy input compared with

high-temperature calcination of inorganic oxides, contributing ) ] ] )
. . commonly induced by high-temperature reduction with Ha,
to reduced carbon footprint and energy consumption [6,7]. On . .
. i which leads to an overlayer of metal oxide on the metal
the one hand, carbon materials generally possess high surface . .
. . nanoparticle (NP) surface. As a result, the electronic structure
areas and tunable pore structures, which enables high ) o
of metal NPs is changed to tune the product selectivity, and the
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catalyst stability can be enhanced [19,20]. When using carbon
materials as supports, the interaction between metal and
support is relatively weak [21,22]. Various strategies have been
applied to enhance the MSI in carbon materials, for example,
formation of metal-carbon interfaces [23,24] and construction
of anchoring sites by heteroatom (e.g., N and S) doping
[11,25,26]. In addition, small amounts of carbon materials can
serve as promoters, significantly improving catalytic
performance in activity [27,28] and/or stability [29].

Previous studies on carbon-supported catalysts have
largely focused on improving catalytic performance through

structural regulation of active metals, such as tuning metal

dispersion, particle size, and metal-support interactions [30,31].

However, recent studies have revealed that carbon materials
can also play a critical role in regulating the local
microenvironment around active metal sites, for example by
modifying surface wettability, adsorption-desorption behavior,
and interfacial polarity [32,33]. Such microenvironment
modulation provides an alternative pathway to optimize
catalytic activity, selectivity, and stability without necessarily
altering the intrinsic structure of active metals. More
importantly, synergistic regulation of active metal structures
and their local microenvironment enables superior performance
by coupling key steps in the catalytic process [34,35].
Therefore, summarizing recent advances from the perspectives
of active metal structure regulation, microenvironment
modulation, and their synergistic interplay can provide a more
comprehensive understanding of how carbon materials
influence catalytic processes and guide the rational design of

carbon-based catalysts.

2. Development of Carbon-Based Materials in

Thermocatalysis

As one of the earliest carbon materials employed in
heterogeneous catalysis, activated carbon possesses a high
surface area, well-developed pore structures, and good thermal
stability, and is therefore widely used as a catalyst support for
dispersing metal NPs and adsorbing reactant molecules [36]. In
addition to its structural features, oxygen-containing functional
groups (e.g., hydroxyl, carbonyl, and carboxyl groups) can be
introduced onto the surface of activated carbon through
appropriate preparation or post-treatment processes, which
influence the anchoring of metal species and interfacial
interactions to some extent [37]. However, the relatively simple
surface chemistry and limited structural tunability of
conventional activated carbon restrict precise control over
metal-support interactions and the microenvironment of active
sites [38].

With  the

engineering, carbon nanotubes (CNTs) were introduced into

development of carbon nanostructure
thermocatalysis research in the 1990s [39]. Owing to their one-
dimensional tubular structure, high electrical conductivity, and
n-conjugated surface, CNTs are able to effectively stabilize
metal NPs and modulate metal-support interactions through
electronic coupling effects [40,41]. In addition, the curvature of
CNTs induces surface strain and charge redistribution, thereby
influencing the electronic structure of supported metal species
[42]. Their internal hollow structure and mesoporous networks
also provide confined spaces that regulate the adsorption-
desorption behavior of reactants and intermediates,
consequently affecting reaction kinetics and selectivity [43,44].

Entering the early 21st century, the emergence of two-
dimensional graphene and its composite materials further
expanded the structural diversity of carbon-based supports.
Graphene exhibits an ultrahigh specific surface area, high
electron mobility, and tunable surface chemistry through defect
engineering and heteroatom doping (e.g., N, B, and S) [45].
These characteristics enable more precise control over metal
dispersion, electronic structure, and catalytic interfaces. For
example, defect sites and doped heteroatoms can serve as
anchoring sites for metal species, stabilizing single atoms or
ultrasmall clusters while tuning their electronic states [46]. In
addition,  composite  carbon  materials such  as
nanodiamond@graphene combine the structural robustness of
nanodiamonds with the high conductivity of graphene,
providing a unique platform for constructing well-defined
metal-carbon interfaces and facilitating charge transfer [47].

In recent years, advanced carbon architectures, including
hierarchical porous carbons and hollow carbon nanostructures,
have attracted considerable attention owing to their ability to
precisely regulate pore size distribution and spatial
confinement effects [48]. In particular, hollow and porous
structures can construct confined microenvironments, which
not only stabilize encapsulated metal species but also enrich
local reactant concentrations, thereby enabling the synergistic
regulation of active metal structures and their surrounding
microenvironments [49].

In addition to structural design, the catalytic performance
of carbon-based materials is also highly dependent on their
synthesis parameters and practical operating conditions [50—
52]. Factors such as precursor selection, pyrolysis temperature,
heating rate, and post-treatment processes can significantly
influence the surface chemistry, defect density, pore structure,
as well as the dispersion and electronic structure of active metal
species [53,54]. For example, high-temperature treatment can

enhance the degree of graphitization and electrical conductivity,
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but may also lead to heteroatom loss and metal NPs sintering,
thereby weakening metal-support interactions [55,56]. In
addition, under realistic reaction conditions (e.g., high
temperature, the presence of steam, and complex reactant
environments), the structure and surface functionalities of
carbon materials can dynamically evolve, which further
influences the actual structure of active sites and the reaction
pathways [57,58].

Over the past decades, the role of carbon-based materials
in thermocatalysis has evolved from inert supports dominated
by physical adsorption to functional materials with tunable
electronic  structures, surface chemistry, and reaction
microenvironments. These advances have provided important
theoretical guidance and new design strategies for developing

highly active and stable carbon-based catalysts.

3. Structural Regulation of Active Metals by Carbon
Materials

Metal species on the supported catalysts determine the
intrinsic activity and selectivity of the reaction, while supports
generally indirectly govern the overall catalytic performance by
modulating the state of the active metals [59]. For carbon
materials, they can regulate metal species through multiple
strategies, including MSI, spatial confinement, and dopant-
induced effects. Such regulation exerts a significant impact on

the catalytic performance.
3.1. Metal Size Modulation

The delocalized m-electrons of carbon materials can
effectively couple with the d orbitals of metals, enabling orbital
hybridization and charge transfer [60,61]. This redistribution of
charge alters the electronic density and Fermi level of the active
metals, thereby modulating their adsorption energy toward
reactant molecules and influencing the reaction pathway [62].
Furthermore, the atomic arrangement, layered structure, and
surface defects of carbon materials can induce the oriented
growth and ordered distribution of metal atoms at the interface,
thus enabling stepwise control over the metal structure from
single atoms (SAs) to clusters and eventually to NPs [62]. This

process is often accompanied by changes in the electronic

structure of the metal species, which affects the adsorption
configuration of chemical molecules during the reaction and
regulates the reaction pathway [62—-64] (Figure 1A). In the
formic acid dehydrogenation reaction, when the Pd NP size on
the carbon support decreases from 4.5 to 2.1 nm, the catalytic
activity increases significantly by approximately 3.6 times,
reaching a turnover frequency (TOF) of 835 h'l. With the
reduction in metal particle size, the Pd dispersion increases,
accompanied by a larger proportion of positively charged Pd
species. The enhanced interaction between these positively
charged Pd species and the negatively charged formate ions (the
key reaction intermediates) significantly promotes the reaction
[65].

Compared with conventional supported metal catalysts,
(SACs) exhibit

enhanced MSI due to the electronic interaction between the

carbon-supported single-atom catalysts
isolated metal atoms and the carbon support [66]. Such
interaction precisely regulates the adsorption-activation
behavior of reactant molecules and the associated reaction
energy barriers, thereby enabling outstanding catalytic
performance in typical thermal catalytic reactions such as
oxidation, hydrocarbon reforming,
hydrogenation/dehydrogenation, and ammonia decomposition
[66—70]. Notably, the intrinsically high surface free energy of
SACs leads to thermodynamic instability, causing metal
species to readily undergo aggregation and sintering during
reactions to reduce the system free energy (Figure 1B) [71]. In
contrast, metal cluster catalysts, with sizes between SAs and
NPs, exhibit superior overall catalytic performance in complex
reaction systems [4,52]. For example, Liu et al. [72] prepared
Ni-based SAs, clusters, and NPs catalysts by controlling the Ni
loading on nanodiamond@graphene for acetylene semi-
hydrogenation. The desorption of ethylene is more favorable on
the Ni cluster catalyst, thereby suppressing the over-
hydrogenation of ethylene to ethane. As a result, full acetylene
conversion with 85% ethylene selectivity at 190 °C was

achieved.
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Figure 1. Size effects on electronic structure and surface energy. (A) Geometric and electronic structures across single atoms,

clusters, and nanoparticles [63]. (B) Schematic showing how surface free energy and per-metal-atom activity depend on particle

size, as well as the stabilizing effect of the support on single atoms [71].

3.2. Spatial Confinement of Metal Species in Carbon Materials

The encapsulation of metals within carbon materials can
induce a pronounced confinement effect [43]. The electronic
transfer and chemical bonding interactions between carbon
support and the encapsulated metal species can shift the d-band
center of the metals, thereby modulating the adsorption and
activation of reactant molecules [73]. Meanwhile, the
nanoscale pores within the carbon matrix provide confined
spaces for the active metals, effectively suppressing their
migration and aggregation, thereby enhancing catalyst stability.
In addition, the well-defined and tunable nanoporous channels
of carbon materials can regulate molecular diffusion and
adsorption configuration, which would accelerate reaction
kinetics and further boost activity.

Carbon nanotubes, featuring a unique one-dimensional
hollow structure with tunable inner diameters, provides an ideal
platform for investigating confinement effects [44] . Bao et al.
performed a series of insightful studies on CNTs-based
confined catalysis. CNTs are formed by the curvature of
graphene layers, which causes the 7-electron density to shift
from the concave inner surface to the convex outer surface,
resulting in a potential difference across the CNT walls [43].
This potential difference can influence the electronic properties

of active metal species in contact with either surface. For

example, the reduction temperature of Fe,O3 NPs encapsulated
within the nanotube channels is approximately 200 °C lower
than that on the outer surface of CNTs (Figure 2A). Moreover,
as the inner diameter of the CNTs decreases from 8-12 nm to
2-5 nm, the reduction temperature of the encapsulated Fe,O;
further decreases [74]. The electronic interaction between the
CNTs and the metals downshifts the d-band states of the metal
clusters confined within the nanotubes, and the adsorption
strength of molecules (such as CO, N, and O;) on the
encapsulated metal clusters is weakened (Figure 2B).
Consequently, the oxygen species can be more readily removed
by a reducing agent, making the confined metal oxide easier to
reduce [75]. Fischer-Tropsch synthesis (FTS) is an important
reaction for converting syngas (a mixture of CO and H») into
long-chain hydrocarbons, which is highly dependent on the
oxidation state of Fe species [76]. Owning to the confinement
effect, Fe species encapsulated within the inner channels of
CNTs are prone to be reduced and transformed into active iron
carbides under reaction conditions (Figure 2C,D). Such catalyst
(Fe203-in-CNT) shows nearly twice the yield of Cs*
hydrocarbons compared to the Fe,O3-out-CNT catalyst with Fe
species dispersion on the outer surface of CNTs under the same
conditions (Figure 2E) [77].
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Figure 2. The confinement effect of CNTs on metal species. (A) CO evolution during TPR of different Fe,O3/CNT samples. (a)
Fe,03-0ut-CNT(4); (b) Fe203-in-CNT(8); (c) Fe,03-in-CNT(4); (d) Fe,O3-in-CNT(2) [ 74]. Oxygen binding energies £,(O) of Fe, O,
(n=8-11) clusters confined within PCNT(12, 0) (in-PCNT) compared with those located on the outer wall (out-PCNT) [75]. In situ
XRD monitoring of the temperature-programmed reduction in 10% Ha/Ar for (C) Fe,O3-in-CNT and (D) Fe,O3-out-CNT [77]. T1:
FeO emerges; T2: Fe appears; T3: FeO disappears. (E) FTS activity of Fe-in-CNT and Fe-ous-CNT. Filled symbols represented Fe-

in-CNT and open ones represented Fe-ouz-CNT [77].

On the other hand, the confined environment further
hinders the migration of metal species [78]. The carbon layer
can be formed on the surface of Ni NPs (Ni@C) through high-
temperature carbonization [79]. The carbon layer formed
during high-temperature carbonization encapsulates the Ni NPs,
effectively suppressing particle growth and leading to smaller
metal particle sizes than those of directly deposited metal
catalyst (NiO/C). As a result, Ni@C exhibits negligible Ni NPs
sintering and maintains stable catalytic activity during low-
temperature liquid-phase hydrogenation of sodium p-
nitrobenzoyl glutamine for over 550 h. It should be noted that
the encapsulation of metal NPs by carbon layers inevitably
covers part of the active metal surface, leading to reduced
catalytic activity [80]. Recent studies have pointed out that
encapsulation of metal NPs within microporous/mesoporous
materials would result in a larger exposed surface area, which

can provide more accessible active sites for durable catalysis

[81,82]. Zong et al. [83] used a novel honeycomb-structured
graphene (HSG) with uniformly distributed macropores of ~50-
70 nm in diameter to stabilize Fe NPs in the CO; hydrogenation
to light olefins (Figure 3A). The unique three-dimensional
porous architecture of HSG spatially confines the active iron
carbide NPs formed under reaction conditions, effectively
suppressing  their  high-temperature  aggregation and
maintaining stable catalytic activity over 120 h (Figure 3B). Fe
NPs with tunable particle sizes can be encapsulated in
mesoporous carbon using the templating method (Figure 3C),
allowing precise control over olefin and paraffin selectivity in
FTS [84]. Moreover, the mesoporous carbon matrix effectively
suppresses NPs migration during reaction, leading to
outstanding catalytic stability. No discernible performance
degradation is observed after reaction for 100 h, and particle

size growth is negligible (Figure 3D).



Net Zero, 2026

10

1

FTY (mmolg, 9. ' s

140

_ 1201
100+

80

80
FTY

HIHQ—Q'—-—HM 70
o —%ose C;-C.‘ 60

0 =

2

40 2

g

% 3

w
20

Ccr-CP
WH—&—_‘_&M : 10
n w . o
0 20 40 60 80 100 120
Time on stream (h)

Figure 3. The spatial confinement of carbon materials in stabilizing metal species. (A) TEM image of the FeK1.5/HSG catalyst
[83]. (B) Catalytic performance of FeK1.5/HSG in the CO, hydrogenation to light olefins over120 h [83]. (C) Illustration of the
synthesis of the Fe-based nanoparticles incorporated ordered mesoporous carbon (Fe-C-8) [84]. (D) TEM image and average particle

size distributions of used Fe-C-8 catalysts in Fischer-Tropsch synthesis [84].

Bao et al. [85] reported the RhMn NPs encapsulated
within CNTs exhibited no noticeable deactivation after syngas-
to-ethanol reaction for 112 h. The particle size of those
confined inside the nanotube channels was approximately 4-5
nm, whereas the particles located on the outer surface grew to
~8 nm after reaction. In addition, with the similar structure, the
Fe NPs size encapsulated within CNTs remained unchanged (4-
8 nm) during the FTS reaction for 200 h, whereas the Fe NPs
grew to 12-16 nm on the outer-surface of CNTs [77]. These
results demonstrated that the confinement structure of CNTs
effectively suppresses metal migration and sintering, thereby

enhancing the catalyst stability.
3.3. Dopant-Induced Effect

Heteroatoms, such as nitrogen (N) [86,87], phosphorus (P)
[88,89], boron (B) [90,91], and sulfur (S) [92,93], possess
distinct electronegativities and orbital configurations, and their
incorporation into the carbon framework modulates the
electronic state of metal species through heteroatom-induced
charge redistribution. In the case of an N-doped carbon-
supported cobalt catalyst, the hybridization between the Co 3d
orbitals and N 2p orbitals leads to the formation of Co-N bonds,

which enriches the d-electron density of Co. As a result, the

electrons can transfer from the Co 3d orbitals to the n*
antibonding orbitals of N, in the ammonia synthesis, thereby
lowering the activation energy for N, and promoting the
reaction under mild conditions [94]. The B atom, with its
relatively low electronegativity, can also stabilize metal species
in low or zero oxidation states by modulating the metal-support
electronic interactions. This electronic regulation facilitates
hydrogen activation and thereby accelerates reaction kinetics,
ultimately enhancing the efficiency of the semi-hydrogenation
of 1,3-butadiene [95]. Compared with single-element doping,
co-doping with two or more heteroatoms can generate multiple
coordination environments, such as M-NxPy or M-N,S, where
M represents metals [96-98]. Compared with the symmetric
Coi-N4 configuration, heteroatom P incorporation breaks the
electronic symmetry and generates an asymmetric coordination
environment in the single-atom Coi/NPC catalyst. This
modulation upshifts the Co d-band center toward the Fermi
level, enhancing antibonding state occupation between Co and
adsorbed H,, thereby facilitating H, dissociation and endowing
Co1/NPC with markedly enhanced hydrogenation activity [99].

Sulfur is widely recognized as a poisoning element for
heterogeneous catalysts [100]; however, recent studies have

revealed that by precisely tuning its coordination environment
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with metal species, S can selectively poison specific metal
facets, modulate the adsorption configurations and reaction
pathways of reactants, and ultimately enhance catalytic activity
and selectivity [101]. In the case of carbon materials, S can
incorporate into carbon-based supports and generate meta-
sulfur (M-S) interfacial sites, which can serve as the dominant
active centers for catalytic hydrogenation by synergistically
regulating the adsorption and activation of substrates (Figure
4A). The intrinsic catalytic activity of the Ir-S interface (~800
mol mol;! min!) in quinoline hydrogenation is nearly 53 times
higher than that on the metallic Ir surface (~15 mol mol;;! min-
!, Figure 4B,C). Mechanistic studies revealed that H,
dissociation occurs on surface Ir atoms, while quinoline
activation is promoted at the Ir-S interfacial sites. Moreover,
the interfacial Ir-S electronic interaction enriches the electron
density of the Ir clusters, which consequently reduces the
desorption barrier of 1,2,3,4-tetrahydroquinoline and mitigated
catalyst deactivation (Figure 4D). Interestingly, similar
interfacial effects were also observed in p-chloronitrobenzene

hydrogenation over the Pt-S interfaces and benzoic acid

hydrogenation over the Ru-S interfaces [102].

The electronic metal-support interaction (EMSI) between
metals and S-doped carbon (S-C) endows the S-C-supported
catalysts with exceptional sintering resistance. For example, the
S-C support stabilizes metal NPs (Pt, Ru, Rh, Os, and Ir) at
metal size around 1 nm even after thermal treatment at 700 °C
for 10 h [103]. Notably, the S content on the support remains
nearly unchanged, indicating that the S-C framework is
thermally stable. In contrast, severe sintering occurred for Pt
NPs supported on S-free carbon (S-free-C) and N-doped carbon
under the same conditions. Density functional theory
calculations (Figure 4E) revealed that the adhesion energy
between Pt and the S-C support was significantly increased due
to Pt species bonding to S. As a result, higher diffusion barrier
and/or migration barrier of Pt species effectively suppressed
the

electron-rich Pt NPs on the S-C support weakened the

metal agglomeration. In propane dehydrogenation,
interaction between Pt and the z-bonded C=C group of
propylene, thereby facilitating product desorption and resulting

in outstanding coke resistance of the catalyst (Figure 4F).
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When carbon materials are used as promoters, they can
also regulate the electronic and geometric structures of metal
species, thereby improving catalytic performance. Cu-based
catalysts are widely investigated for the hydrogenation of
dimethyl oxalate to ethylene glycol. However, their
performances are widely constrained by insufficient H»
activation and the difficulty of stabilizing Cu* species, whereas
harsher reaction conditions further promote Cu sintering [104].
To address these issues, Xie et al. [28] introduced fullerene (Cqo)
into Cu/SiO; catalysts as an electron buffer, stabilizing Cu*
species via reversible electron transfer and markedly enhancing
hydrogen activation. As a result, the catalyst (Cgo-Cu/SiOy)
exhibited
hydrogenation of dimethyl oxalate to ethylene glycol under

stable

exceptionally high activity, enabling the

ambient-pressure  conditions, while maintaining
performance for 1000 h in kilogram-scale reactions. In a
different approach, Xiao et al. [29] loaded chemically inert
carbon species around Cu NPs to create weak-interaction
regions, which substantially increased the free-energy barrier
for surface migration of Cu particles or atomic Cu

intermediates, thereby effectively suppressing Cu sintering.

4. Modulation of the Catalyst Microenvironment by

Carbon Materials

During catalytic reactions, the catalytic performance is
governed not only by the intrinsic structure of active metals but
also by their surrounding microenvironment. Carbon materials
can precisely regulate the microenvironment around the active
metals at nanoscale, thereby influencing key steps such as

reactant enrichment, activation, and product desorption.

4.1. Molecular Sieving and Adsorption Effects in Carbon

Materials

The well-defined nanoporous architecture in carbon
materials can selectively adsorb reactant molecules with
specific sizes or configurations. Such preferential adsorption
and confinement effects alter the local concentration and
orientation of molecules around active metals, thereby
optimizing the catalytic performance by altering the reaction
kinetics [44,105]. The strong adsorption of N-heteroarenes on
metal surfaces often leads to metal poisoning and leaching
[106—-108]. By encapsulating the metal NPs within the porous
carbon with a pore size of ~0.53 nm, the pores allow H, to
access and dissociate on internal Co sites while excluding N-

heteroarenes from direct contact with the Co surface. The

generated active hydrogen species then migrate to the carbon
surface via hydrogen spillover, where N-heteroarenes are
efficiently hydrogenated. This pore-size sieving effect of
carbon suppresses metal poisoning and enhances both catalytic
activity and stability [109]. And the pore-size sieving effect can
also enable effective regulation of reaction pathways in
complex catalytic systems, thereby improving the product
N-(9-

phenanthrenylmethylene) aniline, nitrobenzene preferentially

selectivity. In the synthesis of the imine
diffuses into the interior of PdCu@hollow carbon spheres
(PAdCu@HCS) and is rapidly reduced to aniline, which
subsequently condenses with phenanthrene-9-carboxaldehyde
outside the carbon shell to form the target imine (Figure 5A).
The imine product cannot diffuse through the carbon shell and
is therefore protected from over-hydrogenation, whereas PdCu
NPs exposed on the external surface of PACu/HCS further
hydrogenate the imine to the corresponding amine, resulting in
reduced catalytic selectivity (Figure 5B) [110].

The pore-size effect of carbon materials is predominantly
based on the difference in molecular size and geometry;
however, it becomes less effective for distinguishing molecules
with comparable size and geometry. In such cases, chemical
selectivity derived from carbon-molecule interactions,
including van der Waals forces and n-m interactions, becomes
critically important [111]. Bao et al. [112] employed first-
principles calculations combined with Monte Carlo simulations
to investigate the interactions and adsorption distributions of
CO and H; on CNTs (a curved pyrene CjsHjo cluster model)
during syngas conversion (Figure 5C). The binding energies of
both CO and H> on the inner surface of CNTs were found to be
higher than those on the outer surface, indicating that these
molecules are more readily adsorbed within the nanotube
channels. Because of its larger dipole moment, CO forms
stronger polarization interactions with the CNT wall, while the
nonpolar H, molecules interact only weakly through van der
Waals forces. As a result, CO interacts more strongly with the
inner surface of CNTs, leading to its selective enrichment
inside the nanotubes, which is beneficial for enhancing the
reaction rates and tuning product selectivity (Figure 5D). Xiao
et al. [113] demonstrated that m-7 interactions between the
phenyl ring framework of poly(divinylbenzene) (PDVB) and
the aniline product facilitate its rapid desorption from the Pd
NP surface, thereby preventing catalyst poisoning and enabling
highly efficient solvent-free hydrogenation of nitrobenzene to

aniline (Figure 5E,F).
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Figure 5. Reactant enrichment and facilitated product desorption induced by carbon materials. (A) Schematic illustration of the

cascade reductive coupling reaction between nitroarenes and carbonyl compounds [110]. (B) Catalytic performance of the cascade
reaction over PACu@HCS and PdCu/HCS. (C) Simulation model of a (10, 10)-(13, 13) DWNT placed in a box of (66.5 x 66.5 x
24.4 A3). Blue and red spheres represented CO, while light green spheres denoted H, [112]. (D) Variation of the CO/H, ratio inside
CNTs with different diameters as a function of pressure, where the dashed line denoted the CO/H; ratio (0.5) in the gas phase [112].
(E) Schematic illustration of solvent-free nitrobenzene hydrogenation over Pd/PDVB [113]. (F) H-D exchange studies on Pd/PDVB

in the presence and absence of aniline, respectively [113].
4.2. Adjustable Hydrophilicity of Carbon Materials

Introducing oxygen-containing functional groups (-OH, -
COOH, -C=0, etc.) onto the catalyst surface can enhance
interactions with oxygenated reactants (e.g., alcohols, phenols,
and carboxylic acids) through hydrogen bonding and polar
interactions, which promotes reactant adsorption and favors
[114,115].
moderately enhancing the hydrophilicity of catalysts has been

subsequent catalytic conversion Therefore,
proven to be an effective strategy for improving their
performance in biomass conversion processes. Surface oxygen-
containing groups can also modulate the reaction pathway and
thereby alter the reaction selectivity. For example, oxygen

functional groups on CNTs were found to inhibit the

hydrogenation pathway by blocking the adsorption and/or
migration of guaiacol on active sites, while simultaneously
[116]. In

addition, oxygen-containing functional groups on the carbon

promoting the formation of dimethoxymethane

support also exhibit strong Brensted acidity that facilitates the
dehydration process and cooperated with the Lewis acidic
metal centers to synergistically activate the reactant molecules
[117].

Recent studies have also revealed that hydrophobic
catalyst surfaces can regulate the interfacial microenvironment
in gas-liquid-solid reactions, thereby significantly influencing
reactant mass transfer [33,118]. A hydrophobic surface can
effectively prevent active metals from being covered by water

or polar molecules and subsequently oxidized or deactivated at
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high temperature [119,120]. In addition, hydrophobicity
facilitates the enrichment and diffusion of gaseous reactants at
the interface, thereby enhancing the efficiency of gas-liquid
interfacial reactions. By introducing the graphdiyne (GDY)
nanospheres into the mesopores of Pd/mSiO,, the originally
hydrophilic channels are converted into hydrophobic ones [121]
6A). The resulting GDY@Pd/mSiO, with

superhydrophobic surface exhibits remarkable aerophilicity in

(Figure

water, enabling gas enrichment within 60 ms, whereas the
hydrophilic Pd/mSiO, fails to capture the gas even after 10 s
(Figure 6B). During the reaction, the hydrophobic pores of
GDY@Pd/mSiO, allow H, to fill and be stored inside the
mesopores at a concentration much higher than that in the
aqueous phase. In contrast, the unmodified Pd/mSiO; pores are
filled with water, and H, is supplied only in its dissolved form,
resulting in an extremely low H, concentration near Pd NPs
(Figure 6C). Consequently, GDY @Pd/mSiO, enables efficient
hydrogenation of benzaldehyde in water under ambient H,
pressure, achieving a 4.3-fold higher catalytic activity than the
unmodified Pd/mSiO; catalyst (Figure 6D). In contrast to
employing GDY nanospheres as hydrophobic additives,
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directly employing the hydrophobic carbon material PDVB as
the support has also been demonstrated to effectively enrich
reactant molecules [32]. The strong interaction between
pyridine and PDVB promotes catalyst dispersion in water
(Figure 6E), which is beneficial for enhancing catalytic activity.
More importantly, the hydrophobic microenvironment of
PDVB enhances hydrogen mass transfer in the aqueous phase
and local hydrogen availability at Ru NPs, enabling efficient
pyridine hydrogenation under ambient hydrogen pressure.
(Figure 6F,G). These features result in Ru/PDVB with
exceptionally high catalytic activity, far surpassing that of
previously reported catalysts (Figure 6H). In addition, this
interaction weakens the direct contact between Ru NPs and
pyridine, thereby endowing the catalyst with improved stability
(Figure 6I). These works highlight that constructing a
hydrophobic interfacial microenvironment by carbon materials
can significantly enhance local gas availability and facilitate
efficient gas-liquid-solid mass transfer, thereby providing an
effective approach for achieving high-performance three-phase

reactions under mild conditions.
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Figure 6. Carbon materials function as the hydrophobic additive and support to facilitate gas enrichment in three-phase catalytic
reactions. (A) Water contact angles and (B) H gas-bubble contact angles under water of Pd/mSiO, and GDY @Pd/mSiO, [121]. (C)
Schematic illustrations of the reactions taking place on hydrophobic 20GDY @ Pd/mSiO; and hydrophilic Pd/mSiO; catalysts. White

flower-like structures, yellow spheres, and black spheres correspond to mSiO,, Pd NPs, and GDY nanospheres, respectively [121].

(D) The catalytic performance of various catalysts for benzaldehyde conversion [121]. (E) Photographs of the dispersion state of

the Ru/PDVB in water and pyridine aqueous solution [32]. (F) Schemes illustrating the gas enrichment of Ru/PDVB during pyridine

hydrogenation in water [32]. (G) The hydrogen reaction order over Ru/PDVB and Ru/C catalysts, respectively [32]. (H) Average

turnover frequency and (I) stability test of Ru/PDVB in the pyridine hydrogenation in water [32].
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In the FTS process, the production of water had
detrimental effects on catalytic performance [122—-124]. Water
molecules compete with CO and H, for adsorption on active
metals, blocking reactant diffusion and thereby reducing
catalytic activity. In addition, water induces side reactions, for
example, the water-gas shift reaction, leading to the low
selectivity of olefins. More importantly, the active species (e.g.,
Co’ and FesC») can be oxidized under elevated water partial
pressure at high rection temperature, which would cause metal
sintering and catalyst deactivation. Therefore, suppressing the
accumulation of water on the surface of active metals is of great
significance. Through the encapsulation of TiO, with a
hydrophobic carbon layer, a robust Ru/TiO»@Cpa catalyst with
exceptional sintering resistance was constructed [125].
Mechanistic studies revealed that the carbon encapsulation

reduced surface hydroxyl groups, effectively suppressing the

oxidation-reduction pathway and preventing metal aggregation.

Moreover, the absence of Ru-TiO, interfacial sites in
Ru/Ti0>@Cpa promotes *CO adsorption while suppressing *H
adsorption, facilitating carbon-chain growth and ultimately
achieving a high C;5*(soft paraffin) selectivity of 57.3%. Silane
modification and surface functionalization can also enhance the
hydrophobicity of catalysts to improve their performance in
FTS process [126,127]. However, these approaches inevitably
lead to partial coverage of the active metals and reduced the
intrinsic activity of the catalyst.

Simple physical mixing of the catalyst with hydrophobic

carbon materials provides an effective and straightforward

strategy to promptly remove in situ-generated water without
 Bio—

A [ Jpe—

altering the catalyst structure. Xiao et al. [128] proposed a
simple and general strategy by physically mixing PDVB with
the CoMnC catalyst to construct a locally hydrophobic
environment that facilitates water desorption, thereby
promoting CO hydrogenation (Figure 7A). The pristine
CoMnC catalyst exhibited a CO conversion of 32.2% and a Cs-
Cs olefin selectivity of 60.8%, whereas the mixed
CoMnC/PDVB catalyst achieved a markedly higher CO
conversion of 63.5% and an olefin selectivity of 71.4% under
identical (Figure 7B).
CoMnC/PDVB catalyst showed excellent durability with stable
CO conversion of 62.8% and constant light olefins at 70.0%

conditions Furthermore, the

after 120 h of continuous reaction (Figure 7C). CO pulse
experiments (Figure 7D) showed that both CoMnC and
CoMnC/PDVB catalysts adsorbed CO effectively in the
absence of water. When the water was introduced, CO
adsorption on CoMnC catalyst was significantly suppressed
due to the competitive adsorption of water, whereas CO
CoMnC/PDVB
demonstrating that PDVB suppressed the water adsorption on

adsorption  on remained unchanged,
the surface of catalyst. Theoretical simulations (Figure 7E-G)
further revealed that PDVB promoted rapid water desorption,
exposed more active sites for continuous CO conversion and
consequently improved the efficiency of the FTS reaction. A
similar phenomenon was also observed in CO, hydrogenation
to methanol [129], further confirming that the physical
regulation of catalysts with suitable carbon materials holds
great promise for guiding the rational design of efficient

catalysts in the future.
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Figure 7. Promotion of water desorption by the physical mixing of carbon materials with catalysts [128]. (A) Photographs of the

catalyst beds prepared by different mixing methods. (B) Catalytic performance data over different catalysts for FTS conversion. (C)

Stability evaluation of the CoMnC/PDVB catalyst during FTS conversion. (D) Transient response profiles recorded during 10%
CO/He pulse experiments under a He flow at 250 °C over CoMnC and CoMnC/PDVB catalysts. (E and F) Schematic models

illustrating water removal through different regions; region I was hydrophilic, while region III exhibited both hydrophilic and

hydrophobic characteristics. (G) Number of water molecules escaping from region III over time, starting from an initial

configuration containing 100 water molecules adsorbed on region 1.
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5. Synergistic Regulation of Metal Structure and

Microenvironment

Although

demonstrated to enhance catalytic performance via the

carbon materials have been widely
independent tuning of active metal structures and their
surrounding microenvironments, these two factors are
inherently interconnected in practical catalytic systems and
collectively regulate reaction pathways and kinetic behaviors.
The encapsulation of metals within porous carbon materials
represents a typical example. On the one hand, meta-carbon
interfacial interactions can modulate the dispersion state and
electronic structure of metal species, while the confinement
effect suppresses metal aggregation, thereby improving catalyst
stability. On the other hand, the porous carbon framework
regulates the mass transport of reactants and/or products
through its tunable pore structure and surface properties.
Wang et al. [130] constructed an efficient hydrogenation
catalyst (RGO@AC/Pd) by encapsulating Pd within double-
shelled hollow carbon nanospheres (RGO@AC). The confined
interface between the carbon framework and metal species
enabled atomically dispersed Pd and suppressed aggregation.
Meanwhile, the unique hollow and nanoporous architecture
facilitated reactants diffusion and mass transport, leading to
local enrichment of substrates around the active sites. The
synergy between structural regulation and microenvironment
modulation endowed the catalyst with outstanding activity and
stability in the reduction of 4-nitrophenol and Suzuki coupling
reactions. Compared with single-atom catalysts, alloy catalysts
offered more diverse active site configurations and stronger
synergistic regulation in heterogeneous thermal catalysis
[131,132]. However, structural evolution during reaction, such
as metal aggregation and phase segregation under harsh
conditions, often limited their practical application [132].
Porous carbon materials, owing to their high thermal stability
and unique confinement effect, were widely regarded as ideal
supports for stabilizing alloy structures. Meanwhile, the
confined microenvironment they provided regulated the
adsorption-desorption behavior of reactants and intermediates,
thereby enabling additional control over reaction pathways
[133,134]. Dong et al. [135] reported that encapsulating PdCu

alloys within a carbon layer significantly enhanced the

performance of acetylene semi-hydrogenation. The
confinement effect of the carbon layer suppressed the growth
of carbon chains into longer oligomers or polymers, thereby
reducing the formation of green oil and improving ethylene
selectivity. Meanwhile, the confinement of metal NPs
effectively inhibited particle sintering, leading to enhanced
structural stability of the catalyst. Owing to the synergy
between structural regulation and microenvironment
modulation, the catalyst maintained stable operation for over
150 h with an acetylene conversion of ~98% and an ethylene
selectivity of ~90%, highlighting the advantages of such
synergistic effects in selective hydrogenation reactions.
Interestingly, in addition to stabilizing the alloy structure, the
unique core-shell structure further enhanced the performance
of the reverse water-gas shift hydrogenation reaction by
promoting spillover processes [136].

With the accumulation of extensive experimental evidence,
it became increasingly clear that the spatial confinement effect
in porous carbon materials (particularly HCSs) did not
originate from a single factor, but rather represented a
synergistic outcome. Lu et al. [137] systematically investigated
HCSs with tunable curvature and carbon shell thickness,
synthesized via a hard-templating method, in the hydrogenation
of levulinic acid to y-valerolactone. Their study elucidated the
coupled roles of metal-support electronic interactions, reactant
enrichment, and mass transport regulation in carbon materials
(Figure 8A).

In HCSs, curvature-induced strain distorted the graphene
layers and induced m-electron redistribution from the inner
concave surface to the outer convex surface, leading to
electron-deficient inner surfaces and electron-enriched outer
surfaces [138,139]. XPS results showed that, with increasing
surface curvature from Ru@HCSs-s to Ru@HCSs-1 (curvature
increased from low to high), the binding energy of Ru’
gradually increased (461.71,462.05, and 462.19 eV; Figure 8B),
indicating that higher curvature promoted stronger electron
transfer and led to a further decrease in the electron density of
Ru NP. This decrease in electron density weakened the
interaction between Ru and levulinic acid, as its electron-
withdrawing carbonyl and carboxyl groups preferentially
interacted with electron-rich metal sites, thereby suppressing its

adsorption and hindering the reaction [140].
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Figure 8. Confinement effect of hollow carbon spheres in enhancing levulinic acid hydrogenation [137]. (A) Schematic illustration

of the confinement effect in hollow carbon spheres. (B) XPS survey spectrum of Ru 3ps» bonding energies for Ru/HCSs-m,
Ru@HCSs-s, Ru@HCSs-m, and Ru@HCSs-1. (C-F) Optimized configurations of H, adsorption on CsoHi4 layers with varying
curvatures (G) Initial diffusion fluxes of levulinic acid over Ru@HCSs-s, Ru@HCSs-m, and Ru@HCSs-1. (H) Proposed mechanism

for the formation of the confinement effect.

Based on a simplified theoretical model of a curved C3oH4
layer for H, adsorption, calculations showed that among three
representative sites (bridge, hollow, and surface), higher
curvature consistently led to stronger H, adsorption regardless
of the adsorption site, while adsorption on the outer surface
exhibited the lowest adsorption energy (Figure 8C-F). These
results indicated that increasing curvature enhanced reactant
enrichment. In contrast, the initial diffusion flux decreased
markedly with increasing curvature, indicating inhibited
diffusion of levulinic acid (Figure 8G). The interplay between
these opposing effects ultimately led to a parabolic relationship
between curvature and the apparent reaction rate (Figure 8H).
This study advanced the understanding of this effect evolved
from an initially ambiguous empirical observation to a
systematic elucidation of its underlying mechanisms, enabling
its rational and controllable design.

Building on the above mechanistic understanding,
constructing carbon materials with tunable confinement
structures became an effective strategy to enhance catalytic
performance. Among various approaches, metal-organic
frameworks (MOFs), composed of metal ions or clusters
periodically coordinated with organic ligands to form three-
dimensional porous architectures, were demonstrated to be
ideal sacrificial templates for deriving carbon materials via

pyrolysis [141,142]. The ordered arrangement of metal nodes

and ligands effectively suppressed metal aggregation during
pyrolysis, enabling the formation of highly dispersed, even
atomically dispersed metal species [143]. Moreover, the
tunable ligands and framework topology allowed precise
control over pore structure (micro/mesopores), surface area,
and morphology, facilitating the construction of well-defined
confined spaces [144,145]. Meanwhile, the MOF-derived
process enabled heteroatom doping (e.g., N, O) and promoted
the formation of metal-carbon interfaces, thereby tuning the
electronic  structure and strengthening metal-support
interactions [146]. Consequently, MOF-derived carbons
offered superior structural controllability compared to
conventional precursors and were more conducive to the
synergistic regulation of active metal structures and catalytic
microenvironments, leading to enhanced catalytic performance.
Li et al. [147] constructed multi-core-shell Co@C-N catalysts
via direct pyrolysis of hollow Zn/Co-ZIF precursors. The
porous C-N shells facilitated mass transport, while the C-N
nanosheets stabilized small Co NPs and modulated their
electronic structure. The synergy between structural features
and electronic effects led to excellent catalytic performance in
aerobic oxidation of alcohols. Moreover, the pyrolysis
temperature played a crucial role in regulating the catalyst
structure. At low temperatures, the MOF precursor was

insufficiently carbonized, resulting in weak interactions
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between Co species and C-N nanosheets. In contrast,
excessively high temperatures (e.g., above 900 °C) led to
severe Co aggregation (particle sizes exceeding 100 nm), with
some NPs migrating to the outer shell, accompanied by a
decrease in total nitrogen content. Therefore, precise control of
the pyrolysis temperature was essential for achieving the
synergistic optimization of metal dispersion, interfacial
interactions, and microenvironment structure. Similarly, Luo et
al. [148] constructed nanocage structures by pyrolyzing ZIF-
8@ZIF-67 at 920 °C, achieving an ultrahigh Co loading (>30
wt%) while maintaining excellent dispersion and a narrow
particle size distribution. The porous channels and hollow
architecture facilitated the diffusion of reactants and
hydrocarbon products, thereby enhancing Cs* selectivity and
CO conversion.

Overall, MOF-derived carbon materials could effectively
achieve the synergistic optimization of metal dispersion,
electronic  structure, and catalytic —microenvironment,
exhibiting superior performance compared to conventional
carbon precursors in various reactions. However, compared
with traditional carbon materials, MOF-derived systems still
faced several practical challenges [149,150]: their structures
strongly depended on the precursor and pyrolysis conditions,
leading to limited reproducibility and controllability; high-
temperature treatment often induced metal aggregation and the
loss of heteroatoms (e.g., N), thereby weakening interfacial
interactions; moreover, the relatively high cost and complex
synthesis of MOF precursors hindered large-scale application.
Despite these limitations, MOF-derived carbons retained
unique advantages in structural tunability and multifunctional
integration, providing an important platform for the synergistic
regulation of structure and microenvironments of active sites,

and thus held considerable potential for future development.
6. Conclusion and Outlook

Carbon-based materials, featuring high structural
tunability, enable multilevel regulation in thermocatalysis.
They allow precise tuning of active metal structures through
meta-support interactions, heteroatom doping, and spatial
confinement, while their pore and layered architectures
facilitate controlled mass transport and adsorption. Moreover,
modulation of surface wettability and interfacial polarity
enables the  construction of  favorable reaction
microenvironments, leading to enhanced activity, selectivity,
and stability. Importantly, the synergistic regulation of active
metal structures and the surrounding microenvironment can

further optimize catalytic performance.

Despite these advances, several key challenges currently

limit the development of carbon-based materials in

thermocatalysis:

(1) Carbon-based materials, despite their high thermal and
chemical stability, diverse surface chemistry, and
favorable mass transport properties, often face a trade-off
between catalytic activity and stability under practical
thermocatalytic conditions.

(2) The

evolving surfaces of carbon supports hinder precise

intrinsically  heterogeneous and dynamically
structural control and unambiguous identification of
active sites, while current characterization techniques
remain insufficient to fully resolve structure-activity
relationships under reaction conditions.

(3) Theoretical descriptions of metal-carbon interfaces often
oversimplify carbon supports as idealized surfaces,
neglecting defects, dopants, edge structures, and sp*/sp?
heterogeneity, which leads to discrepancies between
theoretical predictions and experimental observations.

To address the above challenges, several research
directions should be explored in future studies:

(1) To achieve the integration of high activity and stability,
the design of carbon-based catalysts should emphasize the
synergy
optimization, and microenvironment engineering. On the

among structural regulation, interfacial
one hand, the structure and coordination environment of
active metal sites can be precisely tuned via defect
and confinement

engineering, heteroatom doping,

strategies, thereby increasing site exposure and
modulating electronic properties to enhance the activation
of key intermediates. On the other hand, tailoring the
surrounding microenvironment (e.g., surface wettability,
local polarity, and pore architecture) can optimize
reactant enrichment, mass transport, and intermediate
adsorption/desorption, lowering energy barriers and
suppressing side reactions, thereby stabilizing highly
active sites and achieving a synergy between catalytic
activity and long-term stability.

(2) Future research should focus on developing synthetic
strategies for well-defined carbon structures, such as
controllable defect engineering, heteroatom configuration
regulation, and atomically dispersed metal-carbon

coordination environments. Meanwhile, advanced in

situ/operando characterization techniques (e.g., operando

XAS, DRIFTS,

situ/operando TEM) combined with kinetic analysis are

Raman spectroscopy, and in

essential to track the dynamic evolution of catalytic sites
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and establish reliable structure-activity relationships
under realistic reaction conditions.

(3) To bridge the gap between theoretical predictions and
experiments, future theoretical studies should adopt more
realistic models of carbon materials, incorporating defects,
heteroatom dopants, edge structures, and sp*/sp’

heterogeneity. Integrating multiscale modeling with

machine-learning-assisted simulations may further
improve the predictive capability for metal-carbon

interfaces.
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