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Boosting whole-process CO2 capture via dual-
pathway synergy by spatially hierarchical sites on
carbon-based nanomaterials
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To address the demand for energy-efficient and scalable CO2 capture catalysts, we construct a spatially

hierarchically functional interface on a carbon-based support, comprising –SO3H and SiOx–OH sites. This

design exploits their distinct acid strengths and thermal responses: at low temperatures, Si–OH networks

facilitate CO2 uptake via proton pre-organization and intermediate stabilization; at elevated temperatures,

–SO3H sites drive C–N bond cleavage and rapid CO2 release. The spatial proximity of the two sites

creates a proton-relay channel, enabling sequential activation with progressively reduced energy barriers.

In situ FT-IR and DFT calculations reveal that HCO3
− replaces MEACOO− as the dominant interfacial de-

sorption intermediate, establishing a dual-pathway mechanism that reduces the thermodynamic penalty

of conventional amine regeneration. Under simulated industrial conditions, the optimized catalyst

achieves 36.3% desorption efficiency and 39.6% energy savings versus the blank, with excellent stability

over five cycles. This work provides a theoretical and material foundation for integrating catalytic desorp-

tion into amine-based CO2 capture systems.

1. Introduction

The large-scale deployment of carbon capture technologies is
widely regarded as a key pathway for mitigating anthropogenic
CO2 emissions.1–3 Among the various technical routes, the CO2

capture process based on amine absorption remains the most
mature option owing to its high capture efficiency and good
industrial applicability.4,5 However, this process encounters a
significant energy consumption bottleneck during the solvent
regeneration stage, which mainly originates from the thermal
decomposition of carbamates and the restructuring of the
hydrogen-bond network in the aqueous solution.6,7 It has been
estimated that the energy consumption for regeneration can

account for 60–80% of the total operating cost of the entire
capture process.8,9 Reducing the energy penalty of regeneration
is therefore a central challenge for advancing the industrializ-
ation and large-scale deployment of this technology.10,11

Unlike conventional thermal regeneration methods, solid
acid catalysts accelerate interfacial proton transfer and reduce
the activation energy for carbamate decomposition by introdu-
cing abundant Brønsted (B) and Lewis (L) acid active sites,
thereby achieving efficient CO2 desorption at lower
temperatures.12,13 Extensive studies have confirmed that
rationally designed solid acid systems can reduce the regener-
ation heat duty of amine solvents by 10%–57%.14 Current
research has extensively explored various catalytic material
systems: metal-modified ZSM-5 zeolites construct coupled B/L
acid centers to synergistically promote proton migration and
C–N bond cleavage in carbamates;13 sulfonic acid-functiona-
lized mesoporous MCM-41 effectively reduces the thermal
regeneration load of monoethanolamine (MEA) solvents owing
to its abundant acid sites;15 and sulfonic acid catalysts sup-
ported on covalent organic frameworks (COFs) enhance the
CO2 desorption rate by 733% and reduce regeneration energy
consumption by 28.8% by optimizing interfacial proton trans-
fer behavior.16,17 Furthermore, heteropoly acid-modified silica
nanospheres, NiSO4/NiO solid superacids, and MOF-derived
Fe3O4@C/SiO2 composites have been demonstrated to
enhance the desorption process through unique proton relay
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and proton-coupled electron transfer (PCET) mechanisms,
fully demonstrating the significant potential of solid acid cata-
lysis in energy-efficient carbon capture.18–20

Significant cognitive limitations persist in the design of
existing catalysts. Most studies treat the catalytic surface as a
spatially averaged/bulk-averaged design, using only total
acidity and the Brønsted/Lewis (B/L) acid ratio as optimization
metrics.11 For instance, the B/L acid ratio and mesoporous
surface area (MSA) of SAPO-34 and SO4

2−/TiO2 catalysts have
been identified as key parameters governing CO2 desorption
rate and heat consumption,21 whereas the enhanced perform-
ance of SO4

2−/ZrTiOx composite oxides has been primarily
ascribed to their high acid site density.22 Research on Al–
FeOOH composite catalysts has also listed mesoporous surface
area and the B/L acid ratio as the primary structure–activity
correlation factors.19 These metrics are all static, bulk charac-
terization parameters. The spatial distribution of acid sites has
received extensive attention. Previous studies have found that
the distribution of acid sites at the single-particle scale is
directly correlated with local catalytic performance.23 This
concept has been extended to CO2 capture: defect-induced
superstrong acid sites in core–shell nanocatalysts reduce the
energy consumption of capture; the spatial synergistic effect of
B/L acid sites in hierarchically structured Hβ-zeolites reduces
the regeneration energy consumption by 44.1%.24,25 However,
the aforementioned designs are each optimized for a single
temperature window. Meanwhile, existing studies generally
conduct catalyst design and evaluation under fixed high-temp-
erature desorption conditions (90–120 °C). For instance, the
evaluation of the Fe-HZSM-5 catalyst at 96 °C demonstrated a
161% increase in the maximum desorption rate compared to
the blank control;13 similarly, the performance of the SnO2/
ATP catalyst was assessed at 88 °C.26 Consequently, the acid
strength and thermal response characteristics of different
acidic functional groups vary significantly, and their catalytic
contributions change dynamically with temperature.27

Previous studies have indicated that acid sites exhibit a
functional dichotomy in amine regeneration: weak acid sites
(such as hydroxyl groups on ZrOxHy) stabilize intermediates
via hydrogen bonding at moderate temperatures,12 whereas
strong acid sites, including sulfonated MOF-derived supera-
cids, redox-tunable Brønsted acids, and nickel single-atom cat-
alysts, facilitate carbamate C–N bond cleavage and CO2 release
through proton supply, PCET, or direct electrochemical
reduction pathways.19,28,29 This temperature and energy-depen-
dent division of labor essentially requires the spatial decou-
pling of functionally complementary but thermally mis-
matched sites to achieve hierarchical activation of energy
across the entire capture process, wherein low-grade thermal
energy drives proton transfer during the absorption stage and
high-grade energy triggers bond cleavage during the desorp-
tion stage; this requirement cannot be met when these sites
are homogeneously distributed on the same surface.30

To address these issues, this study proposes an interfacial
regulation strategy based on spatial partitioning of the carbon-
based catalyst surface, constructing bifunctional catalytic

microdomains that integrate sulfonic acid groups (–SO3H) and
silanol hydrogen-bond networks (SiOx–OH) (Fig. 1a). By lever-
aging the intrinsic differences in acid strength and thermal
response characteristics between these two functional groups,
temperature-adaptive synergistic catalysis is achieved.31 At low
temperatures, Si–OH groups dominate intermediate stabiliz-
ation and proton pre-activation, while at high temperatures,
–SO3H groups release protons to drive C–N bond cleavage. The
proximal spatial distribution of these groups forms a proton
relay channel, enabling segmented reaction activation and
energy cascade matching throughout the absorption–desorp-
tion cycle (Fig. 1b). Combining in situ infrared characterization
with DFT theoretical calculations, this work elucidates a dual-
pathway desorption mechanism involving the coexistence of
interfacial HCO3

− decomposition and direct liquid-phase
MEACOO− decomposition, thereby verifying the existence of a
dual-proton transfer catalytic pathway.32,33 Experimental
results demonstrate that the optimized catalyst significantly
enhances desorption efficiency and reduces regeneration
energy consumption under simulated industrial conditions,
while exhibiting excellent cyclic stability. This study elucidates
the temperature-adaptive synergistic mechanism between
strong and weak acid sites, providing a new theoretical basis
for the design of low-energy-consumption catalytic materials
for carbon capture.

2. Results and discussion
2.1 Design strategy and structural characteristics

Based on conventional amine-based CO2 capture systems
(Fig. S2), this study aims to investigate how cooperative surface
groups on catalysts enhance CO2 capture and explore inter-
facial mechanisms. Thus, the CO2 absorption–desorption reac-
tion process is facilitated by controlling the spatial distribution
of surface functional groups within interfacial micro-regions
of catalysts (Fig. 2a). The catalyst surface structure modulation
strategy, termed the partial coating method, synergistically
modulates both sulfonic acid (–SO3H) and silicon functionality
(SiOx–OH).34 By introducing the SiOx–OH coating as the reac-
tive site, followed by subsequent –SO3H group incorporation,
surface acidity is synergistically enhanced.35,36 Precise control
of tetraethyl orthosilicate (TEOS) concentration enables engin-
eered regulation of SiOx–OH shell thickness and spatial
exposure degree of –SO3H groups.37

As shown in Fig. 2a, the carbon(C)-coated Cu particle cata-
lyst (Cu@C) was synthesized by a one-step hydrothermal
method. The nomenclature follows the core–shell-functionali-
zation order: Cu@C denotes a core–shell structure in which a
copper core is encapsulated by a carbon shell; the terms in par-
entheses denote the grafting order of –SO3H (designated as S)
and SiOx–OH (designated as Si) onto the carbon shell; “T”
denotes total coating using TEOS. The material prepared via
sulfonation followed by thick SiOx coating (Cu@C@(S–TSi))
(105 nm, Fig. S3) exhibits restricted proton transfer efficiency
in internal active groups due to spatial hindrance limiting the
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process. In contrast, the Cu@C catalyst prepared by thick SiOx

coating (102 nm) (Cu@C@(TSi–S)) after sulfonation (Fig. S4)
shows dispersed surface –SO3H groups, while the thick shell

blocks core functions. Notably, the Cu@C catalyst with sulfo-
nation after thin SiOx coating (18 nm) (Cu@C@(Si–S)) achieves
controlled local shell cracking, fully utilizing synergy between

Fig. 2 (a) SEM and mapping images of Cu@C@(Si–S). (b) TEM image of Cu@C@(S–TSi). (c) Elemental compositions from XPS bonding state analysis
across three catalysts. (d) Normalized FT-IR intensity plots for the three catalysts. (e) TGA results for Cu@C@(Si–S), Cu@C@(S–TSi), and Cu@C@(TSi–
S). (f ) Py-IR spectrum of Cu@C@(Si–S).

Fig. 1 (a) Schematic diagram for regulating the organic–inorganic interface effect on the catalyst surface. (b) Surface functional group response to
the temperature gradient during CO2 absorption–desorption.
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surface-dispersed –SO3H groups and core functional groups.
These structural variations systematically reveal correlations
among impregnation sequences, acid site distribution, and
defect engineering, establishing a structure–performance
relationship model for optimizing catalytic CO2 capture.

Scanning electron microscopy (SEM) images (Fig. 2a and
S5) show size-varied microspheres composed of 2.2 μm par-
ticles, with structural details revealed by TEM (Fig. S6). High-
angle annular dark-field (HAADF) elemental mapping per-
formed in STEM (Fig. 2a and S7, S8) reveals a hierarchical
layered structure comprising a Cu@C spherical core and silica-
rich outer layers, directly confirming spatially separated active
components achieved via controlled encapsulation. These hier-
archical modifications, spanning from micrometer-scale mor-
phology to nanoscale functional group distribution, could col-
lectively establish optimized proton transfer pathways. High-
resolution transmission electron microscopy (HRTEM) images
(Fig. 2b) reveal a wide distribution of small crystalline
domains with lattice fringes of 0.203 nm and 0.108 nm, corres-
ponding to Cu (111) and Cu (200) planes. The 43° and 50°
reflections in the X-ray diffraction (XRD) pattern confirm this
assignment (Fig. S9a).

2.2 Characterization of the catalysts

To evaluate the surface chemical composition of distinct cata-
lysts, X-ray photoelectron spectroscopy (XPS) analysis was
employed. Fig. 2c schematically shows bond evolution in the
materials, and the absence of Cu peaks on the Cu@C@(S–TSi)
surface confirms complete SiOx encapsulation. Conversely,
thinner SiOx coatings and surface defects formed after sulfona-
tion result in stronger Cu signals detected in the other two
materials. Verification of modularized surface composition is
achieved through normalized FT-IR spectra (Fig. 2d), where
functional group variations quantified in Fig. S10 reveal dis-
tinct bonding configurations dictated by synthetic methods. In
Cu@C@(Si–S), the thin shell structure exerts a minimal shield-
ing effect on sulfonic acid groups, resulting in the highest
vibration intensity of the SvO bond (1394 cm−1). The relatively
weak signals of the Si–O bond (802 cm−1) and Si–OH bond
(958 cm−1) further confirm the limited coverage of the silicon
layer. In contrast, the thick-shelled Cu@C@(TSi–S) catalyst
exhibits intensified Si–OH/Si–O vibrational signatures.
Conversely, sulfur-related bonds remain undetected due to
complete burial of pre-isolated –SO3H groups beneath the
thick silica layer. Compared with Cu@C@(TSi–S), Cu@C@(S–
TSi) structure further demonstrates that interfacial Si–OH
groups serve as bridges linking the –SO3H groups.

To assess the thermal stability of surface functional groups
of the materials, thermogravimetric analysis (TGA, Fig. 2e) was
performed to confirm the thermal stability and distribution
features of the surface species. The Cu@C@(Si–S) catalyst exhi-
bits a 3 wt% mass loss below 100 °C, which was attributed to
the removal of physisorbed water, while the other two
materials show a 10 wt% loss due to volatilization of residual
ethoxy groups (–OC2H5) from incomplete TEOS hydrolysis.
Between 200 and 300 °C, all catalysts undergo 5–9 wt% mass

reduction, driven by sulfonic acid group decomposition and
Si–OH condensation into Si–O–Si networks. Carbon pyrolysis
dominates mass loss above 400 °C. Notably, structural stability
persists up to 200 °C, ensuring operational reliability during
CO2 absorption–desorption cycles, which typically operate
below 100 °C in our systems.35,36 To further assess the impact
of –SO3H and Si–OH groups on the catalyst’s surface structure
and functional performance, systematic pyridine-adsorption
infrared spectroscopy (Py-IR) analyses were conducted. These
interfacial bonding strategies integrate –SO3H and Si–OH, as
confirmed by Py-IR (Fig. 2f). The characteristic PyH+ vibration
at 1540 cm−1 indicates Brønsted acidity, while the coordinated
pyridine bands at 1444–1633 cm−1 confirm Lewis acidity. The
thermal treatment at 100–150 °C induces dehydration conden-
sation of surface silanol groups (Si–OH) into a dense Si–O–Si
network, thickening the silica shell and covering a substantial
portion of the exposed Cux+ species (Fig. S9b). This accounts
for the 50% reduction in total acidity. Lewis acid sites, predo-
minantly associated with the surface Cux+, exhibit higher
thermal sensitivity than Brønsted sites, resulting in an
increased B/L ratio from 0.32 to 0.35.

2.3 Catalytic CO2 capture performance

The performance of the prepared catalysts in the integrated
CO2 capture process was evaluated by examining the CO2

absorption capacity, as well as the amount and rate of CO2 de-
sorption in the MEA solution. The CO2 absorption and desorp-
tion analyses were conducted by heating the CO2-rich 30%
MEA aqueous solution to 40 °C and 90 °C, respectively, in the
presence of 0.0375 wt% of the catalyst. Previous studies indi-
cate that complex hydrogen bonding networks in alkaline
amine solutions hinder CO2 desorption kinetics.38,39

Synergistic interaction between Si–OH and –SO3H groups as
acid sites on catalyst surfaces modulates these networks, sig-
nificantly enhancing desorption kinetics.

The interfacial dual-site synergy mechanism increases CO2

desorption capacity by 44.35% compared to the control while
boosting desorption efficiency by 8.62% (Fig. 3b and S11). The
mechanism originates from normalized static FTIR spectra
(Fig. 2d), where balanced surface functional group distribution
facilitates proton-transfer channels and provides accessible
pathways for HCO3

− and H+ adsorption. Crucially, hydroxyl
(–OH) normalization results (Fig. 3b) reveal that Cu@C@(Si–S)
possesses the highest surface –OH group density. These
oxygen atoms form hydrogen bonds with H+, accelerating
proton migration in amine solutions. By optimizing proton-
coupled reaction pathways, Cu@C@(Si–S) achieves 249.32%
faster desorption kinetics than conventional systems (Fig. 3c).
This originates from surface –OH groups anchoring protons
via hydrogen bonds to create directional proton-transfer
chains, significantly reducing migration barriers. Additionally,
Cu@C@(Si–S) reduces energy consumption by 40% during the
critical first 20 min of the desorption process (Fig. 3d).
Durability tests through five consecutive CO2 desorption cycles
(Fig. 3e and f) demonstrate that heat-treated samples maintain
superior cycling stability versus non-treated counterparts.
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As shown in Fig. S13 and S14, all three catalysts exhibited
catalytic effects throughout the CO2 absorption–desorption
cycle in the MDEA system, with Cu@C@(S–TSi) demonstrating
the best overall performance. This phenomenon is primarily
attributed to the difference in chemical environment between
the MEA and MDEA systems. In the strongly alkaline MEA
solution (pH ≈ 11.98), a large fraction of the surface Si–OH
groups are converted to Si–O−, which disrupts the continuity
of the hydrogen-bond network and weakens the proton pre-
organization capability. In contrast, under the milder alkaline
conditions of the MDEA system (pH ≈ 11.03), the Si–OH
groups remain largely intact and can form a continuous hydro-
gen-bond network on the carrier surface, significantly enhan-
cing interfacial CO2 adsorption and accelerating mass transfer,
thereby improving the overall catalytic efficiency.

To distinguish the respective roles of the two functional
groups and to exclude interference from the Cu core, control
experiments were conducted under identical conditions using
the Cu-free catalysts C@Si (bearing only silanol groups) and
C@S (bearing only sulfonic acid groups). As shown in Fig. S14,
during the absorption phase, C@Si exhibited a significantly
higher CO2 uptake than C@S, whereas the trend was reversed
during the desorption phase, where C@S outperformed C@Si.
This pronounced temperature-dependent behavior clearly indi-
cates that Si–OH dominates the absorption phase by stabiliz-
ing intermediates and preorganizing protons through hydro-
gen bonding, whereas –SO3H governs the desorption phase by
releasing protons to drive C–N bond cleavage and CO2 release.
The inferior desorption performance of C@Si confirms the

strong adsorption of HCO3
− on Si–OH sites, and DFT calcu-

lations further demonstrate that the adsorption energy of
−0.48 eV renders the release kinetics unfavorable in the
absence of sulfonic acid sites.

Notably, the exposed Cu+ species can serve as Lewis acid
sites, as confirmed by XPS Cu 2p spectra and Py-IR analysis.
The intensities of the Cu 2p signals for the three catalysts
differed significantly; Cu@C@(Si–S) exhibited the strongest
signal due to the highest degree of Cu exposure resulting from
local shell cracking induced by thin SiOx coating and sulfona-
tion, whereas Cu@C@(S–TSi) showed the weakest signal owing
to complete encapsulation by thick SiOx. Py-IR spectroscopy
further indicated that thermally induced condensation of Si–
OH groups covered these Cu species, leading to a decrease in
Lewis acidity, thereby confirming that the Lewis acid sites ori-
ginated from the exposed Cu species. Consequently, the Cu
core primarily provides Lewis acid sites, which act synergisti-
cally with the Brønsted acid sites of –SO3H groups and Si–OH
to constitute a L/B acid cooperative catalytic system that facili-
tates CO2 desorption. Furthermore, the cycling desorption
stability of Cu@C@S without SiOx–OH protection was evalu-
ated over four cycles (Fig. S14). The results showed that the de-
sorption performance declined significantly after the first
cycle and subsequently stabilized at a lower level. This attenu-
ation is attributed to the gradual loss of surface –SO3H groups
during cycling, with the exposed Cu@C surface becoming the
dominant active component in subsequent cycles. In contrast,
in the Cu@C@(Si–S) catalyst, the Si–OH network serves as an
anchoring bridge, effectively preventing the detachment of

Fig. 3 (a) CO2 desorption capacity and efficiency of the blank and catalytic systems. (b) Comparative hydroxyl (–OH) group variations among cata-
lysts derived from normalized FT-IR analysis. (c) Desorption rate profiles, showing a 249.32% enhancement in peak rate (at 2 min) for catalysts versus
the blank. (d) Relative thermal energy consumption during 20 min desorption cycles for blank and catalytic systems. The energy consumption was
calculated from electricity meter readings, which involves heat losses and thus only the relative reduction compared to the blank run is reported. (e)
Cyclic desorption performance of Cu@C@(Si–S) over 5 cycles (average capacity: 3.35; rate: 3.02). (f ) Desorption stability of Cu@C@(Si–S) after
300 °C thermal treatment in an Ar–H2 atmosphere over 5 cycles (average capacity: 3.244; rate: 3.374).
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–SO3H groups and maintaining stable catalytic activity over
multiple cycles. This stabilizing effect is further supported by
DFT calculations, which reveal a strong binding affinity
between –SO3H and the SiOx–OH network, confirming the role
of Si–OH as both a structural and functional bridge that
immobilizes sulfonic acid sites and sustains long-term cata-
lytic performance.

In the CO2 absorption–desorption testing, in order to reveal
the influence mechanism of the catalytic system on CO2 mass
transfer and reaction kinetics, this study analyzes the enhance-
ment factor (Ei) in the absorption process and the activation
energy (Ea) in the desorption process. The enhancement factor
(Ei) represents the ratio of the mass transfer coefficient with
chemical reaction to that with pure physical absorption.40 It
demonstrates the enhancement of mass transfer by reaction
kinetics in chemical absorption processes. In the MEA-CO2

absorption system, the reaction rate constant (kreaction)
increases significantly with temperature, leading to higher Ei
(Fig. 4a). However, according to Henry’s law, elevated tempera-
ture reduces CO2 physical solubility. Thus, considering practi-
cal operation requirements, 40 °C was selected as the optimal
absorption temperature in this study. To further examine the
effect of desorption temperature on the catalytic process, the
reaction activation energy (Ea) was calculated from Arrhenius
plots by varying desorption temperatures in both blank and
catalytic systems.41 The catalytic process exhibited a signifi-

cantly lower Ea value (35.07 kJ mol−1) compared to the blank
system (79.24 kJ mol−1; Fig. 4b and S12), as derived from the
Arrhenius equation. This reduced activation energy can
directly facilitate carbamate decomposition and CO2 desorp-
tion, highlighting the catalyst’s role in lowering energy barriers
for solvent regeneration.

Subsequent screening experiments involving modifications
of four functional groups (Fig. 4c) were designed to evaluate
their CO2 desorption capacity and rate at 90 °C. Among the
four functional group-modified catalysts, the SiOx–OH and
–SO3H modified Cu@C catalyst exhibited the highest desorp-
tion efficiency and rate retention. Finally, a radar chart analysis
(Fig. 4d) comprehensively compared the proposed catalyst with
state-of-the-art materials MOFs, ionic liquids, and bimetallic
composites across five critical metrics of technical maturity,
cost, desorption rate, capture efficiency, and energy savings
(Table S5). Table S5 lists the raw data for each indicator. For
positive indicators (capture efficiency, desorption rate), higher
values correspond to higher radar scores; for negative indi-
cators (cost, energy consumption), lower values correspond to
higher scores. All indicators are normalized to the 0–1 range
by Min–Max normalization. Unlike the scalability constraints
of MOFs, the mass transfer limitations in ionic liquids, and
the cost inefficiencies of bimetallic materials, our carbon-
based catalyst achieves industrial viability through simplified
synthesis and superior desorption kinetics. Overall, the

Fig. 4 (a) CO2 absorption enhancement factors at various temperatures. (b) Comparison of desorption activation energies between blank and cata-
lytic systems. (c) Performance comparison of surface-adsorbed functional groups screened on identical substrates. (d) Comparative analysis of cost
efficiency, technological maturity, capture efficacy, energy savings, and desorption rate enhancement between reported catalysts and the proposed
system.
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biomass-derived catalyst dominates in desorption rate, energy
efficiency, and technical feasibility while maintaining competi-
tive capture efficiency and cost-effectiveness.

2.4 In situ FT-IR analysis of catalytic CO2 desorption

Traditional amine-based CO2 desorption studies primarily
focus on liquid-phase, thermally driven MEACOO− decompo-
sition kinetics while overlooking interfacial species transport
dynamics at catalyst surfaces. In the liquid bulk phase,
MEACOO− undergoes thermal decomposition via a homo-
geneous pathway, whereas HCO3

− at the interface is catalyti-
cally decomposed via a heterogeneous pathway on Si–OH and
–SO3H sites. This spatial separation of the two pathways con-
stitutes the dual-pathway mechanism proposed in this work,
wherein their synergy lowers the energy barrier for CO2

desorption.
To elucidate liquid-phase catalytic mechanisms, the

dynamic behavior of the Cu@C@(Si–S) catalyst during CO2

adsorption–desorption processes was investigated using
Raman spectroscopy. Raman spectra of MEA solutions with
and without the catalyst were compared at 30 minutes during
CO2 absorption and desorption. Three distinct peaks were
observed at 1021, 1068, and 1157 cm−1, assigned to the C–OH
stretching of HCO3

−, symmetric C–O stretching of CO3
2−, and

C–N stretching, respectively (Fig. 5a and b). Notably, the peak
intensities of HCO3

−, CO3
2−, and MEACOO− exhibited signifi-

cant enhancement during catalytic CO2 absorption but dimin-

ished during desorption. The incorporation of the catalyst sim-
ultaneously accelerates the formation and decomposition of
HCO3

−, CO3
2−, and MEACOO−, with predominant enhance-

ment of MEACOO− decomposition in amine solutions. These
findings indicate that the liquid-phase environment is domi-
nated by the decomposition pathway of MEACOO−, whereas
HCO3

− mainly functions as a proton transfer medium and
dynamic buffer.

Compared to liquid-phase reactions, this study used in situ
infrared spectroscopy to confirm the existence of two catalytic
desorption pathways at the interface (experimental details in
S4). Spectral results revealed that HCO3

− (∼1635 cm−1) exhibi-
ted the most significant dynamic changes, while MEACOO−

(∼1442/1428 cm−1) and MEAH+ (∼1103/1162 cm−1) showed
weaker responses (Fig. 5c and e). This is because large-sized
MEACOO− and MEAH+ are less likely to exist in the confined
interfacial regions, whereas small-sized HCO3

− can be efficien-
tly adsorbed and accumulate at the interface. Fig. 5c and d
indicate that in the blank system below 80 °C, the concen-
tration of HCO3

− increased steadily due to the reverse reaction
occurring as HCO3

− was not saturated. The rise in the CO2

peak might be attributed to the partial release of physically
dissolved CO2 during heating. When the temperature was
raised above 80 °C, the forward reaction of HCO3

− decompo-
sition increased, leading to an increase in CO2 production and
a decrease in the peak intensity of HCO3

−. Meanwhile, the
peak intensities of MEACOO− and MEAH+ slightly decreased,

Fig. 5 (a and b) Time-resolved Raman spectra monitoring interfacial species evolution during catalytic (a) CO2 absorption and (b) desorption pro-
cesses. In situ FT-IR spectra (with subtraction of the time-0 spectrum) recorded during CO2 desorption from a 30% CO2-loaded MEA aqueous solu-
tion, with (c) the blank and (e) the catalyst, at temperatures ranging from 40 to 90 °C. (d and f) The normalized intensity of the FTIR peaks of the
reaction-involved species with/without the Cu@C@(Si–S) catalyst.
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suggesting a dual desorption mechanism dominated by HCO3
−

decomposition with minor contributions from MEACOO−

decomposition. Additionally, the vibration at ∼2927 cm−1 was
attributed to the C–H stretching of MEA during regeneration,
while the broad peak in the 3000–3700 cm−1 range could be
deconvoluted into peaks at ∼3417 and 3183 cm−1, corres-
ponding to the –OH groups of MEA and H2O, respectively. The
peak at 3600 cm−1 exhibited a blue shift, which was attributed
to changes in environmental polarity or intermolecular inter-
actions. In the presence of the catalyst, the broad peak in the
3000–3700 cm−1 range was ascribed to the –OH groups of either
H2O or MEA, and the peak at 3739 cm−1 was related to the v3
vibrational mode of CO2.

2.5 Proton transfer in MEA regeneration

This study highlights how regulating reaction pathways at the
catalyst interface drives a dual-mechanism decomposition
dominated by HCO3

− with MEACOO− assistance (Fig. 6a).
Under reaction conditions, the Si–OH species facilitates the
stabilization of intermediates by forming a hydrogen-bonding
network in the aqueous environment, thereby promoting the
electrostatic adsorption of HCO3

− and MEACOO− ions onto
the active interface. Concurrently, surface –SO3H groups
directly donate protons to the hydroxyl oxygen in HCO3

− and
the carboxylate oxygen in MEACOO−, cleaving the C–OH and
C–N bonds to liberate CO2. Partial Si

3+–OH polarizes adjacent
water molecules, splitting O–H bonds to generate active H+

and OH−.42 The dissociation-generated H+ and OH− form a
localized charge difference at the interface region, facilitating
proton migration and subsequent reactions. This interfacial
–OH enrichment enhances proton mobility in organic solvents
while –SO3

− continuously replenishes the proton storage.
Concurrently, the Brønsted base –SO3

− extracts protons from
H2O and MEAH+, reverting to acidic sites (–SO3H) to sustain
proton supply for desorption and regenerate MEA. Significant
differences exist in the reaction pathways between the liquid
bulk phase and the catalyst interface. In the liquid bulk phase,
the thermal decomposition of MEACOO− is the dominant
pathway, following conventional high-temperature decompo-
sition routes. At the solid–liquid interface of the catalyst,
HCO3

− preferentially adsorbs onto Si–OH sites and decom-
poses at lower temperatures via a surface-mediated pathway.
Due to the absence of microscopic enrichment zones in the
solution, carbamate decomposes rapidly in the bulk phase.
These results indicate that interface engineering plays a critical
role in directing the CO2 capture mechanism toward low-
energy-consumption pathways, confirming that the dual-
pathway mechanism originates from the spatial separation of
bulk and interfacial reactions.

To further elucidate the desorption reaction pathway on the
catalyst interface, DFT calculations were employed to evaluate
the adsorption energies of key species at different functional
sites.43 As shown in Fig. 6b, the dual-acid surface exhibits
strong adsorption affinity for HCO3

− (−4.48 eV) but consider-

Fig. 6 Schematic illustration of the mechanism by which bifunctional groups promote CO2 desorption in the liquid phase and at catalytic interfaces.
(a) Reaction pathway schematic; (b) DFT adsorption energies at Si–O–SO3H sites.
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ably weaker adsorption for MEACOO−, indicating that HCO3
−

preferentially accumulates at the catalytic interface and partici-
pates in surface-mediated decomposition reactions, while
MEACOO− mainly remains in the liquid phase and follows the
conventional thermal decomposition pathway. In addition, the
surface shows a moderate adsorption energy for MEAH+ (−1.74
eV), suggesting that it can serve as a proton donor supplying
protons to –SO3

− sites, thereby sustaining the proton cycle
required for amine regeneration. Notably (Fig. S15), the iso-
lated Si–OH site exhibits a stronger binding energy for HCO3

−

(−4.82 eV), confirming that it stabilizes bicarbonate species
through hydrogen bonding and weak proton-donor inter-
actions, thus facilitating CO2 absorption. More importantly,
the adsorption energy between Si–OH and –SO3H is −4.78 eV,
indicating that Si–OH can serve as an anchoring bridge to
stabilize surface –SO3H groups. Once this bridging structure is
formed, the adsorption energy of the Si–O–SO3H assembly
toward HCO3

− decreases to −4.48 eV, which is more favorable
for the subsequent desorption of HCO3

− compared with that
of isolated Si–OH sites (−4.82 eV), thereby optimizing the de-
sorption kinetics without sacrificing CO2 capture capacity. The
attenuation of the adsorption energy by 0.34 eV (from −4.82
eV for pure Si–OH to −4.48 eV for the Si–O–SO3H dual-site con-
figuration) holds significant mechanistic implications. This
reduction precisely balances the conflicting requirements for
low-temperature adsorption and high-temperature desorption:
sufficient affinity is required to stabilize the HCO3

− intermedi-
ate during low-temperature adsorption, whereas excessively
strong adsorption would increase the desorption energy
barrier and hinder CO2 release during high-temperature de-
sorption. Consequently, the Si–O–SO3H dual-site configuration
achieves a moderate adsorption strength that is neither too
strong (which would cause product inhibition) nor too weak
(which would fail to stabilize the intermediate), thereby provid-
ing atomic-scale guidelines for the rational design of bifunc-
tional catalytic sites for CO2 desorption. In summary, the
Brønsted acidity of Si–OH modulates the activation of inter-
facial species through hydrogen bonding and weak proton
transfer, whereas the strong proton-donating ability of –SO3H
critically promotes the decomposition of carbamate and bicar-
bonate intermediates. The synergistic effect of these two func-
tional groups, together with the structural stabilization pro-
vided by Si–OH bridging, effectively lowers the overall energy
barrier for CO2 desorption and significantly enhances the
regeneration efficiency of amine-based capture systems.

2.6 Perspectives

Although the stability over five cycles and the thermal treat-
ment data at 300 °C indicate that Cu@C@(Si–S) exhibits
robustness under laboratory conditions, several practical
issues must be addressed for real-world applications. (1)
During long-term operation, thermally stable salts (such as sul-
fates and oxalates) and amine degradation byproducts may
deposit on the catalyst surface, blocking –SO3H and SiOx–OH
sites. The catalyst’s activity is expected to be restored through
simple regeneration procedures, such as water washing or

dilute acid washing. (2) The leaching of sulfonic acid groups
under hydrothermal conditions is a known issue for this class
of materials. Employing stronger anchoring strategies, for
example, using aryl sulfonic acids with multiple attachment
points or introducing cross-linked siloxane networks, can
enhance the durability of the functional shell. (3) Actual flue
gas contains SO2, NOx, and particulate matter, which may
cause corrosion or irreversible poisoning of the catalyst.
Upstream desulfurization and denitrification can mitigate this
issue, while a protective porous coating (e.g., silica or polymer)
that permits CO2 permeation but blocks larger acidic mole-
cules can provide additional protection. Addressing these chal-
lenges is critical for advancing this catalytic system from lab-
oratory studies to practical applications.

3. Conclusion

In summary, we have developed a carbon-based catalyst with a
spatially hierarchical structure, in which surface-modified
–SO3H and SiOx–OH sites enable temperature-adaptive proton
transfer for efficient CO2 capture. This hierarchical design
operates throughout the entire process: during the low-temp-
erature absorption stage, Si–OH groups play a dominant role
by stabilizing intermediates and pre-organizing protons via a
hydrogen-bonding network; during the high-temperature de-
sorption stage, –SO3H groups take over to release protons and
drive C–N bond cleavage for CO2 release. This division of labor
is particularly pronounced in the weakly alkaline MDEA
environment, where Si–OH groups remain intact. The spatial
proximity of these two types of sites creates a proton relay
channel that bridges the absorption and desorption stages,
achieving energy-level hierarchical activation matched to the
temperature profile of the entire process. Mechanistically, the
interfacial pathway preferentially proceeds via HCO3

−

decomposition rather than direct MEACOO− cleavage, estab-
lishing a dual-pathway mechanism that lowers the overall de-
sorption energy barrier. The strategy of sulfonation after thin-
layer SiOx coating anchors –SO3H groups onto the silanol
network, ensuring long-term stability. In summary, this work
demonstrates that spatially hierarchical site engineering on
carbon-based nanomaterials provides a rational design prin-
ciple spanning the entire CO2 absorption–desorption process
for energy-efficient amine regeneration.
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