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Carbon capture is essential for mitigating climate change, yet most sorbents
struggle to combine high capacity with chemical stability. Here we report core-
shell-shell (CSS) nanocomposites that integrate adsorption efficiency with
exceptional robustness. The design couples a metal-organic framework (MOF)
core, which enriches local CO, concentration, with a polyamine shell that is
reorganized into a porous, ordered network through entanglement with an
outer covalent organic framework (COF) shell. This hierarchical architecture
enables dual amine functionalization via sequential “click” and Schiff-base
reactions, achieving a CO, uptake of 3.4 mmol g™ at 1 bar. The COF outer layer
also acts as a protective barrier, suppressing humidity interference and dou-
bling cycling stability under simulated flue gas. Remarkably, the nano-
composites maintain structural integrity after one week in strongly acidic (3 M
HNO3) or basic (NaOH, pH=14) environments, underscoring their chemical
resilience. By uniting high capacity, cycling durability, and environmental
tolerance, this CSS strategy offers a versatile platform for next-generation
carbon capture materials.

Rising atmospheric carbon dioxide (CO,) levels are considered a
contributing factor to global warming and environmental challenges™*.
Consequently, carbon capture and sequestration (CCS) are seen as a
powerful strategy to mitigate greenhouse gas emissions and combat
climate change. Current CCS initiatives can capture 49 Mt (million
tonnes) of CO, annually’, which is significantly below the 7.6 Gtpa
(gigatonnes per annum) target of the Paris Agreement, as indicated by
the International Energy Agency (IEA)*. The high costs, particularly for
CO, capture, which constitute up to 75% of the overall CCS expenses’,
are major obstacles to its broader implementation. Therefore, the

development of cost-effective and energy-efficient decarbonization
materials while maintaining their optimal performance is a top
priority®.

Amine-functionalized solid sorbents are emerging as a leading
solution for next-generation carbon capture technology, addressing
the limitations of aqueous amines, such as high energy requirements,
amine degradation, and environmental hazards’’. However, conven-
tional amine-functionalized sorbents such as zeolites, silicas, and
activated carbons are limited by their low amine group density and
lack of structural design, leading to insufficient CO, capture
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capacities'®?. This necessitates precise functionalization to boost
their carbon capture performance. Porous organic frameworks, nota-
bly metal organic frameworks (MOFs)*"* and covalent organic frame-
works (COFs)", are emerging as promising alternatives. Their inherent
porosity and structural variety enable the tailoring of pore walls at the
molecular level, thereby enhancing carbon capture capabilities.
Amine-functionalized MOFs (see Supplementary Tables 1 for more
details), for instance, have shown excellent CO, capture ability in flue
gas, benefiting from the cooperative effect between the amine groups
and the metal centers, with a CO, adsorption capacity up to
4.3 mmol g™'*". Nevertheless, MOFs often face challenges such as low
stability, short lifetime, and poor selectivity, particularly in the pre-
sence of H,0™®?°, In contrast, COFs exhibit increased stability under
extreme conditions due to their robust covalent bonds, although their
CO, adsorption capacity typically remains lower, with the top-
performing COFs reaching around 2.7 mmol g?*%, Thus, innovative
approaches are needed to improve the overall performance of these
materials and mitigate their current disadvantages.

Herein, we developed CSS MOF-COF nanocomposites enriched
with a high density of amines, establishing a robust platform for CO,
capture. This design strategically integrates MOF nanoparticles during
COF synthesis, enabling independent optimization of the inner MOF
core and the outer COF shells. Through “click” and Schiff-base reac-
tions, molecular-level engineering of pore walls is achieved via cova-
lent bonding. The cooperation between bridging polyethyleneimine
(PEI) and COFs drives the formation of a mesh-like interface shell that
anchors a protective COF outer layer while introducing additional CO,
adsorption sites. This design significantly enhances CO, adsorption
capacity and chemical stability. Moreover, the CSS structure serves as
an effective diffusion barrier against water vapor”*?, effectively
mitigating the adverse effects of humidity on CO, adsorption. Com-
prehensive characterization of the PEI-modified CSS nanocomposites
was conducted using cryo-electron microscopy (cryo-EM), Fourier
transform infrared (FT-IR), solid-state nuclear magnetic resonance
(NMR) spectroscopy, and density functional theory (DFT) calculations,
elucidating the stability of chemisorbed CO, during adsorption-
desorption cycles. Evaluations of adsorption kinetics, cycling stabi-
lity, and regeneration energy further demonstrate the potential of CSS
nanocomposites as advanced materials for carbon capture
applications.

Results and discussion

Synthesis and characterization of CSS nanocomposites

To address the challenge of competitive adsorption between water
and CO, in amine-appended MOFs, we developed a CSS structure,
employing COFs as effective diffusion barriers to water vapor, thereby
minimizing the negative impact of humidity. As illustrated in Fig. 1a,
[Zrs04(OH)4(BTC)2(HCOO)s] (BTC: 1,3,5-benzenetricarboxylate), or
MOF-808, was chosen as the core for its excellent thermal and air
stability and synthesized following a previously reported protocol®.
The shell comprises an imine-linked TPB-DMTP COF (TPB: 1,3,5-tri-
phenylbenzene; DMTP: 2,5-dimethoxyterephthaldehyde), selected for
its high stability even under harsh chemical conditions®. During the
self-assembly process, a mesh-like polyamine shell forms at the MOF
interface through synergistic interactions, where crystalline COF
become covalently bonded and intricately interwoven with the poly-
amine. This transformation from dense packing into a porous, well-
organized mesh architecture significantly enhances CO, adsorption
capacity while also creating a robust substrate to support the con-
tinued growth and stabilization of the protective COF shell. The COF
shell was further functionalized with terminal aldehydes via a “click”
reaction (Fig. 1b), followed by a Schiff-base reaction under mild con-
ditions (Fig. 1b) to achieve maximum amine functionalization. This
design ensures robust covalent bonding throughout the structure,

effectively preventing amine leaching and maintaining high adsorption
performance over time.

The CSS structure was systematically characterized to confirm its
composition and stability. X-ray photoelectron spectroscopy (XPS)
depth profiling of the N 1s spectra (Supplementary Fig. 1) revealed
distinct chemical environments for the polyamine and COF shells, with
peak shifts observed as the etching depth increased. High-angle
annular dark-field (HAADF) transmission electron microscopy (TEM)
and energy-dispersive spectrometry (EDS) mapping (Fig. 2e and Sup-
plementary Fig. 2) confirmed the uniform COF coating on the surface
of octahedral MOF crystals. To avoid beam damage during analysis,
cryo-electron microscopy (cryo-EM) (Fig. 2d) was employed, revealing
highly crystalline domains with d-spacings of ~2.11 and 3.21 nm, cor-
responding to the (100) planes of the MOF core and COF shell,
respectively. Additionally, powder X-ray diffraction (PXRD) confirmed
the overall crystallinity of the CSS nanocomposites, showing excellent
agreement between experimental data and simulated patterns®?°
(Fig. 2a and Supplementary Fig. 3). Thermogravimetric analysis (TGA)
(Supplementary Figs. 4-6) demonstrated the enhanced thermal sta-
bility of CSS-PEI, which resisted amine loss up to ~390 °C, compared to
MOF-808-PEI, which began losing amine at ~290 °C. This result high-
lights the improved stability imparted by covalent bonding within the
CSS structure. Furthermore, no amine leaching was observed in the 'H
NMR spectrum of CSS-PEI after immersion in D,0, whereas MOF-808-
PEI exhibited significant leaching under the same conditions (Supple-
mentary Fig. 7), confirming the superior stability of CSS-PEl in aqueous
environments. As illustrated in Fig. 3d, adjusting the ratio of the COF
edge ligands 2,5-bis(2-propynyloxy)terephthalaldehyde (BPTA) and
2,5-dimethoxyterephthalaldehyde (DMTP) enabled the synthesis of
nanocomposites with gradient shell functionalities, denoted as CSS-X%
(where X represents the percentage of functional groups, either of
—C=CH or of PEI). This tunability enhances the functional versatility of
the CSS nanocomposites for targeted applications.

To optimize CO, adsorption capacity, dual amine adsorption sites
were introduced into the CSS nanocomposites through a sequential
growth strategy combining click chemistry and Schiff-base reactions
(Fig. 1a). The successful modification of MOF-808 with poly-
ethylenimine (PEI) was confirmed by FT-IR spectroscopy (Supple-
mentary Fig. 8), as evidenced by the N-H stretch observed at
3200-3500 cm™. Additionally, the FT-IR spectra of CSS-C=CH (Fig. 2b)
displayed characteristic C=CH stretching modes at 2120 cm™ and
3300 cm™, confirming the formation of the COF shell (Supplementary
Figs. 9-10). After the click reaction, FT-IR spectra of CSS-CHO (Fig. 2b)
revealed the disappearance of C=CH stretching, accompanied by the
emergence of C=0 stretching at 1723cm™ and N=N stretching at
~2800 cm™, indicating the completion of the linkage modification.
Subsequent PEI functionalization was verified by the disappearance of
C=0 stretching and an increase in amino signal intensity in the FT-IR
spectra of CSS-PEI (Fig. 2b), confirming the successful amine integra-
tion within the CSS nanocomposites.

Cross-polarization magic-angle spinning (CP-MAS) *C solid-state
NMR spectra further validated the structural functionalization. As
shown in Fig. 2¢, the spectra of COF-C=CH, COF-PEI and CSS-PEI were
collected, where the signal at 70-85 ppm (assigned to the alkyne C) in
COF-C=CH disappeared following PEI incorporation in COF-PEL In
contrast, the signals at 40-60 ppm (assigned to aliphatic C atoms of
PEI) were evident in COF-PEL. Similar peak changes were observed in
CSS-PEl, indicating the successful incorporation of PEI into the com-
posite structure. Notably, the aromatic ring signals (109-160 ppm) of
CSS nanocomposites were mostly unaltered, suggesting that the
overall CSS structure was preserved after amine installation. Both CSS
nanocomposites exhibited permanent porosity, as evidenced by type
IV isotherms obtained from N, sorption experiments at 77 K (Supple-
mentary Figs. 11-14 and Table 4). The Brunauer-Emmett-Teller (BET)
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Fig. 1| Design strategy and synthesis of CSS nanocomposites. a Synthetic
scheme for constructing mesh-like CSS nanocomposites. MOF-808 serves as the
core, while TPB-DMTP-COF[C=CH] forms the outer shell. Zr atoms are repre-
sented as blue polyhedral or spheres; all other atoms are represented as spheres

(C, gray; O, red; N, dark blue; H, white). b Amine installation of CSS nanocompo-
sites. Through a sequential “click” and Schiff-base reaction, polyamine is covalently
grafted onto the backbone of the COF shell, yielding CSS-PEI.

surface area of the CSS-CHO and CSS-100% was calculated to be 808
and 412m?g?, with a decrease of average pore size from 1.3 to
0.96 nm, as simulated by quenched solid density functional theory
(QSDFT). This reduction was attributed to framework disorder during
conversion and the flexible nature of incorporated PEI within pore
channels.

To further elucidate the covalent and non-covalent interactions
(NCls) within the nanocomposite, DFT modeling was employed.
Figure 3c, d illustrated the DFT calculated structure of MOF-808-PEI

at the B3LYP-GD3BJ/6-31G(d), LANL2DZ(Zr) level, together with
optimized fragments of the individual components (Supplementary
Figs. 34-37), including the COF-PEI shell. The PEI molecules were
positioned along the COF edges with an average distance of 13.056 A
(Fig. 3d) through -C=N- covalent bonds. To gain more insight into the
nature of intermolecular interactions, an independent gradient
model based on Hirshfeld partition (IGMH) analysis (Fig. 3b) was
performed, which revealed that van der Waals interactions (green
regions) dominated the interplay between MOF-808 and PEI, with

Nature Communications | (2025)16:10526


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65531-3

a b C
COF-C=CH
= >
2. CSS-PEI 2
L VE o | 2 COF-PE
< £ M

Simulated MOF-808

{ Simulated TPB-BPTA-COF
M\

w

5 10
20 (degree)

Fig. 2 | Structural characterization of CSS nanocomposites. a Experimental and
simulated PXRD patterns of CSS-PEI, MOF-808 and TPB-BPTA-COF. b FT-IR of CSS-
C=CH, CSS-CHO and CSS-PEL. ¢ Cross-polarized *C MAS NMR spectra of COF-
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highlighted orange area, where distinct diffraction spots confirm crystalline order.
The outermost diffraction spot corresponds to an interplanar spacing of -3.1A,
demonstrating that the cryo-EM image provides near-atomic resolution. e HAADF
and corresponding EDS mapping of CSS-PEI.

strong hydrogen bonding (blue regions) and steric repulsion (red
regions) also contributing, demonstrating the intricate interactions
within the nanocomposite framework.

CO, adsorption performance and pore structure effects

Single-component CO, adsorption and desorption isotherms were
measured at 25 °C (~298 K) for all obtained MOF-808-amine samples.
Among the small-chain polyamines (Fig. 3a), including
2-Methylpentamethylene diamine (2-MPDA), Diethylenetriamine
(DETA), N,N’-(ethane-1,2-diyl)bis(propane-1,3-diamine) (Tetraamine-
323) and N,N’-(propane-1,3-diyl)bis(propane-1,3-diamine) (Tetraamine-
333), MOF-808-diamine emerged as the best-performing material,
achieving a CO, adsorption capacity close to 3mmolg™ at 1bar
(Fig. 4a). In contrast, MOF-808-PEI shows CO, capacity around
23 mmol g* at 1bar (Fig. 4a and Supplementary Fig. 15). However,
upon assembly with a COF shell, the CO, capacity of CSS-diamine
decreased (Supplementary Fig. 16), mainly attributed to the limited
amine density after multiple modification steps. Consequently, PEl was
chosen as the final bridging composition for CSS synthesis. Despite
having the lower surface area after amine installation, CSS-PEI exhib-
ited the highest CO, adsorption capacity across the entire pressure
range compared to MOF-808-PEI and COF-PEl (Fig. 4b). This

observation can be attributed to the high density of amine from the
dual adsorption sites in CSS-PEI nanocomposites. Additionally, the
integration of bridging PEI with COF operates cooperatively, with the
crystalline order of the COF guiding the formation of a mesh-like PEI
interface shell, transforming it from a densely packed structure into a
well-organized porous configuration with optimized spatial arrange-
ment. This is confirmed by the pore size distribution, as shown in
Supplementary Fig. 17, where additional micropores (<2 nm) were
observed for CSS composites. This porous shell positively contributes
to CO, adsorption, as evidenced by the CO, adsorption isotherm
showing that CSS-CHO exhibits higher CO, adsorption capacity com-
pared to MOF-808-PEI and COF-CHO (Fig. 4b). In other words, the MOF
core ensures a high surface area scaffold, the reorganized PEI shell
provides a dense yet accessible population of chemisorption sites, and
the COF outer shell maintains accessibility while suppressing water
interference. This structural hierarchy directly translates into the
superior CO, uptake and stability observed for CSS-PEI compared with
either component alone.

To achieve the highest adsorption capacity of the CSS nano-
composites, samples with various amounts of PEI loading on the shell
pore wall were prepared. As shown in Fig. 3d, CSS-X% (X=25, 50, 75,
100, implying X percentage of PEI loading) samples were synthesized
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repulsion, including steric hindrance). ¢ DFT-optimized structure of MOF-808-PEI.
d Functionalization of the COF shell and the optimized structure of a COF-PEI
fragment. The degree of functionalization was controlled by adjusting the ratio of
BPTA/DMTA ligands, followed by sequential click and Schiff-base reactions to
achieve precise amine incorporation.
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by varying the ratio of the COF edge ligand. Comparison of the iso-
therms (Fig. 4c and Supplementary Fig. 18) showed that CSS-50% has
the best CO, capacity of 3.4mmolg™ at 1bar. The decreased CO,
adsorption capacity for CSS-75% and CSS-100% was attributed to the
overloading of bulky PEI which blocks the pore of the COF shell, as
evidenced by the N, adsorption isotherms where the surface area
decreased with an order of CSS-25% <CSS-50% <CSS-75% <CSS-100%
(Supplementary Fig. 14). Additionally, a significant hysteresis between
the adsorption curve and desorption curve was observed (Fig. 4b),
characteristic of CO, chemisorption, which was not fully reversible at
25°C. This phenomenon was observed for other amine-modified
samples and was absent for MOF-808. This eliminates the possibility of
having any unoccupied sites (open metal sites) in the MOF backbone
contributing to the observed strong adsorption. Notably, CSS-50%
absorbs 1.07 mmol g at 40 mbar CO, (relevant to post-combustion
capture from natural gas flue gas), an 18-fold increase compared to
that of MOF-808, which absorbs 0.059 mmol g at the same pressure
(Fig. 4d). At 400 mbar, CSS-50% absorbs 2.1 mmol g™ CO,, a 53-fold
increase from MOF-808. While the adsorption capacity is slightly lower
than the benchmark adsorbent Zeolite 13x (1.07mmolg? at
5.5x1073bar)¥, CSS-50% offers improved performance under humid
conditions due to its hydrophobic nature. The COF shell in the CSS
nanocomposites acts as a diffusion barrier to water vapor, leading to a
65% reduction in H,O adsorption for CSS-50% (Supplementary Fig. 19,
250cm’g™ at P/Py=0.8) compared to MOF-808%, thus favoring
selective CO, capture under humidity. Although CALF-20, another
benchmark sorbent for industrial-scale CO, capture, exhibits a higher
CO, capacity of 2.6 mmol g at 0.15 bar?, its physisorption mechanism
limits its effectiveness in high-humidity environments.

Humidity tolerance and adsorption mechanism

DOE’s goal for capturing 90% of CO, from natural gas flue stream
(-4% CO,) prompted the analysis of CO, adsorption and desorption
isotherms for CSS-50% at 273, 298, and 313K (Fig. 4e). At these
conditions, achieving 90% CO, adsorption efficiency (e.g., removal
from 40 to 4 mbar at atmosphere pressure) is readily accomplished.
The differential adsorption enthalpy (Ah,4s) and entropy (Asaqgs)
were calculated to be 52+4kJmol™ and 174 +10) mol™® K, respec-
tively, at a CO, adsorption capacity of 1 mmol CO, g based on the
Clausius-Clapeyron equation (Fig. 4f and Supplementary Fig. 20).
The As,gs value is slightly lower than that of MOF-274%°, which is
expected due to the coexistence of chemisorption and physisorption
in the CSS-PEl samples (Supplementary Fig. 21). Notably, the enthalpy
of adsorption (52kJmol™) is nearly half that of amine-appended
MOF-274%, indicating that the nanocomposites are likely to require
lower regeneration energy compared to amine-functionalized MOFs.
Additionally, the variation in Ah,q4s with increasing adsorption capa-
city indicates interactions between CO, adsorption sites as capacity
increases. These interactions may influence the overall adsorption
dynamics and efficiency, highlighting the complex nature of CO,
adsorption in these nanocomposites.

The significant increase in CO, adsorption capacity provided
strong evidence that the introduction of strong chemisorption sites
through incorporating polyamines into COF holds promise for prac-
tical applications. Since most scenarios involve feed streams contain-
ing water, it is crucial to evaluate the CO, adsorption capacity of CSS-
PEl in the presence of humidity. We thus tested CSS-50% in a dynamic
breakthrough system, where an activated sample was first saturated in
a mixture of 79% N, and 21% O, with a relative humidity (RH) of 60% at
25°C and 1 atm and was then exposed to a mixture of 0.04% (400 ppm)
CO,, 79% N,, and 21% O, with an RH of 60% at 25°C and 1atm.
Numerical integration of the monitored concentrations revealed that
the CO, adsorption capacity of CSS-50% from 400 ppm CO, in the
presence of 60% RH at 25°C and 1atm was 0.83 mmol g™ (Supple-
mentary Fig. 22).

To investigate the CO, adsorption mechanism of CSS-50% in both
dry and humid conditions, we conducted solid-state cross-polarization
magic-angle spinning (CP-MAS) 13C NMR experiments. These tests
were performed on the representative CSS-50% variant to analyze the
chemical changes before and after exposure to *CO,, with and without
the presence of water (Fig. 5a). First, the CSS-PEl sample was placed in a
rotor and dosed with 0.97 bar of *CO, at 25 °C, after which CP-MAS
SSNMR measurements were repeated. The resulting spectra showed a
weak signal around 135 ppm, corresponding to aromatic carbon from
the CSS nanocomposites linkage. Two distinct signals were observed
at 6 ®C=164 and 168.8 ppm, indicating the formation of carbamate
(-NHCOO-) species through covalent interaction between CO, and
primary amines®. These two signals suggest the presence of different
chemical environments for chemisorbed CO,, likely due to multiple
amines within a single PEl molecule, leading to varied interactions. For
comparison, a fully activated CSS-50% sample was humidified by
exposure to 95% RH in a N, atmosphere at 1 atm and 25 °C for 24 h. The
sample was then exposed to 0.9 bar of *CO, for 24 h, followed by CP-
MAS SSNMR measurements under the same conditions as the dry
sample. The resulting >*C NMR spectrum revealed a similar carbamate
signal at 6 *C =164 ppm. However, the signal at 168.8 ppm shifted to
167 ppm, indicating that H,O participated in the adsorption process.
We thus conclude that the predominant chemisorption product is
ammonium carbamate.

Cycling durability and chemical stability

To further evaluate the durability of CSS nanocomposites under flue
gas capture conditions, CO, capacity was measured under humid CO,
(15%) at 40 °C for 100 consecutive adsorption-desorption cycles. As
shown in Fig. 5b, the normalized CO, adsorption capacity of CSS-PEI
remained stable, whereas MOF-808-PEI exhibited a 20% decline (Sup-
plementary Fig. 23), highlighting the enhanced cycling stability of CSS
nanocomposites. To explore the cause of this difference, we hypo-
thesize that the MOF-808-PEI sample undergoes amine loss during
repeated adsorption-desorption cycles. To test this hypothesis, FT-IR
experiments were conducted before and after CO, adsorption-
desorption cycles. Results indicated that in the absence of a COF
shell, N-H stretching at 3200-3500 cm™ diminished (Supplementary
Fig. 24), suggesting a decrease in PEI loading after cycling. In contrast,
CSS-PEI exhibited no significant spectral changes (Supplementary
Fig. 25), suggesting a negligible loss of PEI due to strong covalent
bonding. This highlights how the covalent anchoring of PEI by the COF
shell, combined with the porous reorganization of the interfacial mesh,
preserves both the chemical functionality and adsorption capacity
through repeated cycling-an outcome that cannot be achieved by the
MOF core or PEl alone. Additionally, the adsorption kinetics of CSS-PEI
and MOF-808-PEl were measured under 15% CO, across a temperature
range of 40-70°C (Supplementary Figs. 26-29 and Tables 2-3). As
shown in Supplementary Fig. 26, CSS nanocomposite reached half
capacity within 4 min at 40 °C, the adsorption rate was increased with
temperature and followed Arrhenius behavior, consistent with other
amine-appended solid sorbents™.

We further compared the chemical stabilities of MOF-808 and CSS
nanocomposites by immersing them in various solvents for 1 week,
including 3 M HNOj; solution and NaOH solution (PH = 14). The residual
weight percentage of these samples is presented in Fig. Se. In the
tested organic solvents, both MOF-808 and CSS nanocomposites
exhibited minimal weight loss (<0.1 wt%). Under acidic (3 M HNO3) and
basic (NaOH aqueous solution, pH = 14) conditions, the residual weight
percentages were approximately 99 wt% for CSS nanocomposites,
whereas MOF-808 demonstrated approximately 87 wt% remaining for
acidic conditions and 72 wt% remaining for basic conditions. Addi-
tionally, CSS nanocomposites maintained its original crystalline
structure, as evidenced by the unchanged intensities and positions of
the peaks in the PXRD patterns (Fig. 5c and Supplementary Fig. 30).
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Fig. 5| Evaluation of CO, adsorption performance and chemical stability of CSS
nanocomposites. a Cross-polarized ®C MAS NMR spectra of CSS-50% exposed to
0.9 bar dry and wet *CO,. Two peaks at 164 and 168.8 ppm correspond to carba-

mate species. The peak shift observed under wet condition indicates the partici-

pation of H,O in the adsorption process. b Normalized CO, adsorption capacity of
CSS-PEI over 100 adsorption-desorption cycles under humid conditions (15% CO,,
40 °C) using a custom dosing setup, demonstrating stable performance. ¢, d PXRD

patterns of MOF-808 and CSS nanocomposites after soaking in acidic and basic
solution for 1 week. While MOF-808 showed a loss of crystallinity (reduced peak
intensities), the CSS nanocomposites retained their structural integrity. e Residue
weight percentage of CSS nanocomposites and MOF-808 after treatment for 1 week
in different solvents. f Schematic illustration of the chemical stability of CSS
nanocomposites and MOF-808.
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Conversely, the peak intensity of MOF-808 decreased after immersion
in the 3M HNO; solution, and it completely lost crystallinity in the
NaOH solution (Fig. 5d). To assess the impact on CO, adsorption
performance, we compared the CO, adsorption capacity of CSS
nanocomposites and MOF-808 after chemical treatment (Supple-
mentary Figs. 31 and 32). While CSS nanocomposites maintained their
adsorption capacity, MOF-808 exhibited a noticeable decline, likely
due to the loss of their crystallinity. The superior chemical stability of
CSS nanocomposites was attributed to the inherent ultra-stability
provided by the COF shell, which is reinforced by electron
density delocalization of the two long pairs of methoxy groups, sta-
bilizing the structure”. Furthermore, the COF shell enhances the
hydrophobicity of the hybrids, as evidenced by an increase in the
contact angle of CSS-PEI from 35° to 55° compared to MOF-808
(Supplementary Fig. 33). This enhanced hydrophobicity restricts water
diffusion, thereby improving chemical stability under harsh condi-
tions. Moreover, this restriction prevents competitive bonding
between water and CO,, thus enhancing selective CO, adsorption even
in humid environments.

In conclusion, we have developed a new strategy that employs a
dual-amine functionalized CSS architecture for efficient CO, capture.
As a proof of concept, we synthesized CSS nanocomposites through
the cooperative assembly of COF and polyamines on a MOF core. This
approach leverages COF as effective diffusion barriers against water
vapor and offers dual adsorption sites, delivering enhanced stability
and suitability for CO, capture in realistic flue gas conditions. Taking
advantage of the molecular-level dual amine functionalization through
strong covalent bonding, we have demonstrated that the nano-
composites exhibited an improved CO, adsorption capacity of
3.4 mmol g™ at 1bar with low regeneration energy. Additionally, with
adsorption capacities of 1.07 mmol g at 40 mbar and 2.1 mmol g™ at
400 mbar, they demonstrate considerable potential for direct air
capture. More broadly, our results establish a clear structure-activity
relationship: the MOF core contributes intrinsic porosity, the CSS
structure generates dual chemisorption sites, and the COF shell sta-
bilizes and protects these functionalities under harsh conditions. The
integration of these complementary roles is the key driver of the
exceptional CO, capture performance. Future efforts to apply this
strategy across other solid sorbents could unlock a diverse range of
amine-functionalized CSS porous crystalline materials, advancing
carbon capture technology with enhanced performance, stability, and
efficiency.

Methods

Instrumentation and general characterization

FT-IR spectra were recorded using PerkinElmer Spectrum One FT-IR.
PXRD patterns were recorded with Rigaku MiniFlex 6 G Benchtop XRD,
using Cu Ko, radiation (1=1.5406 A). TGA was conducted on a TA
Instruments Q5500 under N, atmosphere, heating to 600 °C at a rate
of 10 °C min™. CO, adsorption kinetics were measured with approxi-
mately 5-10 mg samples between 40 and 70 °C under dry 15% CO, at a
flow rate of 25mL/min. Leaching experiments were performed by
immersing 10 mg of the sample in 1 mL of D,O for 3 h, followed by the
collection of the supernatant and analysis by 'H NMR spectroscopy.
Water adsorption isotherm were obtained using ASAP 2020 analyzer
(Micromeritics) with water vapor accessory; samples were activated
under 120 °C overnight before measurement; the water vapor source
was degassed through three freeze-pump-thaw cycles. XPS was carried
out using a Thermo Scientific™ K-Alpha Plus™ system with mono-
chromatic Al Ka radiation (1486.7 eV) as the excitation source. Nitro-
gen sorption isotherms were obtained at 77 K using a liquid nitrogen
bath with an ASAP 2020 analyzer (Micromeritics). The Brunauer-
Emmett-Teller (BET) method was utilized to calculate the surface area;
pore size distribution was derived from the sorption curve by using
QSDFT model.

Synthesis of MOF-808-PEI

MOF-808 was prepared according to the procedure given in the
literature”. To a 20ml glass vial, MOF-808 (100 mg), PEI (50 mg,
average MW - 800), PVP (50 mg) and methanol (15mL) were added
and stirred at room temperature overnight to yield a white solid. The
white solid was isolated by centrifugation (11180 g) and washed with
methanol 3 times. Drying under N, yielded MOF-808-PEI as a white
solid (98 mg, 98% yield).

Synthesis of CSS nanocomposites

CSS-C=CH. A 30 ml glass vial was charged with MOF-808-PEI (20 mg),
2,5-bis(2-propynyloxy)terephthalaldehyde (4.8 mg, 0.02 mmol), 1,3,5-
tri-(4-aminophenyl)benzene (4.8 mg, 0.014 mmol), glacial acetic acid
(200 pL) and anhydrous acetonitrile (20 ml). After ultrasonication via
Ultrasonic Cleaners (VWR model 250D) for 30 min, the mixture was
maintained at room temperature for another 4 h. Afterwards, 800 pL
of acetic acid was further added, and the mixture was heated at 80 °C
for 24 h in an oven to yield a yellow solid. The yellow solid (27 mg,
91.2% yield) was obtained by centrifugation (11180 g) after washing
with methanol and acetone 3 times. CSS-X% (X represents the per-
centage of functional groups, either of -C=CH or PEI) was obtained via
the same method described above, except using the combination of
2,5-bis(2-propynyloxy)terephthalaldehyde and 2,5-dimethoxyter-
ephthalaldehyde (a total of 0.02 mmol) at different molar ratios of 3/1,
1/1, 1/3 to manipulate the amount of functional groups.

CSS-CHO. A 20 ml Biotage microwave vial was charged with CSS-
C=CH (100 mg), Cul (10 mg), 4-azidobutanal in CH,Cl, (50% by wt%,
50mg, 0.22mmol), N, N-diisopropylethylamine (0.2mL), toluene
(4 mL) and n-butanol (1 mL). The mixture was flash frozen 3 times at
77 K in a liquid nitrogen bath. After warming to room temperature, the
mixture was stirred for 2 days. After washing with methanol and
acetone for 3 times, the product was obtained by centrifugation
(11180 g) as a yellow solid (113 mg, 98.1% yield).

CSS-PEIL. CSS-CHO (20 mg), ethanol (15 mL) and an excess amount of
PEI (average MW ~ 800) were added to a 20 ml glass vial. The mixture
was stirred at 45 °C overnight to ensure complete reaction. The pro-
duct was obtained by centrifugation (11180g) after washing with
methanol and acetone 3 times as a yellow solid. The solid collected was
dried at room temperature under vacuum overnight to give a yellow
powder (19 mg, 95% yield).

DFT calculations

DFT calculations were carried out with the Gaussian 09 program
package®. The geometry optimizations were performed using the
dispersion-corrected B3LYP*>** functional with Grimme’s D3 disper-
sion correction®, with a mixed basis set of LANL2DZ basis set**® for Zr
and 6-31G(d) basis set” for other atoms. This theoretical level is
denoted as B3LYP-GD3B)J/6-31 G(d), LANL2DZ(Zr). The reduced density
gradient isosurface in the NCI method*® were performed by using the
Multiwfn 3.7 software®, to get an insight of intermolecular
interactions.

CO, adsorption isotherms

CO, adsorption isotherms were measured using an ASAP 2020 analy-
zer (Micromeritics) at 278, 298, and 313 K, with CO, as the adsorbate.
Prior to measurements, the samples were degassed under vacuum at
85 °C overnight. Approximately 30-40 mg of the degassed sample was
weighed and loaded into the analyzer tube. Equilibrium was defined as
a weight change of less than 0.001% over a 30 s interval.

Cycling experiment
Cycling experiments were conducted using a TA Instruments Q5500.
Approximately 5mg of sample was activated at 120 °C for 30 min

Nature Communications | (2025)16:10526


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65531-3

under N, prior to measurement. Adsorption was conducted at 40 °C
under a 15% CO,/N, mixture (balanced with N,) at 80-85% RH and a
total flow rate of 25 mL min™. During adsorption, the temperature was
decreased to 40 °C at a rate of 5 °C min™ and held for 10 min to ensure
complete CO, uptake. Desorption was then performed by heating to
120 °C at a ramp rate of 20 °C min™ and holding for 10 min.

Breakthrough

Adsorption breakthrough experiments were conducted using a home-
built setup. Approximately 0.5g of samples were used to prepare
pellets and activated under a 30 sccm He flow at 140 °C for 30 min.
Following activation, breakthrough measurements were performed
with 466.6 mg of sample under a feed of 400 ppm CO, at 60% RH.

Cryo-EM analysis

A 4 pl aliquot of the sample solution was applied to a glow-discharged,
ultra-thin carbon film grid (200 mesh copper, CF200-Cu-UL, Electron
Microscopy Sciences, Hatfield, PA, USA). The grid was air-dried and
stored in liquid nitrogen for cryo-EM Imaging. Imaging was performed
using a Titan Krios G3i transmission electron microscope (Thermo
Fisher Scientific) equipped with a Bioquantum energy filter (Gatan Inc.,
Pleasanton, CA, USA), operated at 300 keV. Micrographs were acquired
using a Gatan K3 direct electron detector in correlated double sampling
mode*® and super-resolution mode, controlled by SerialEM*,

The micrographs were acquired at a nominal magnification of 53
kx (0.835 A/pixel) with 50 frames and a total electron dose of ~50 e /A2
Motion correction of the multi-frame images was performed using
MotionCor2*%. The contrast transfer function (CTF) was determined,
and phase flipped using GCTF software*’. The micrographs were ana-
lyzed via fast Fourier transform (FFT) and processed with a Wiener
filter** in Gatan Digital Micrograph software.

Data availability

All data generated or analyzed during this study are included in paper
and its Supplementary Information. Source data are provided with
this paper.
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