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The increasing atmospheric concentration of carbon dioxide 
(CO2) urgently demands advanced carbon capture solutions. Post-
combustion carbon capture from flue gas (primarily CO2 and N2) 
is pivotal for achieving carbon neutrality, yet the similar kinetic
diameters of CO2 and N2 make accurate separation difficult using
traditional techniques [1,2]. Nanofluidic membranes stand out as 
advanced technology for gas separation, given their low energy
consumption, operation simplicity, compact design, and scalability
[3]. Among them, rigid membranes, which have gained significant 
attention, can distingui sh guest molecules by affinity or size differ-
ences [4]. However, precise pore and shape control is needed for 
achieving size-selective exclusion, but slow kinetics and low per-
meability in narrow pores limit their applications [5]. Notably, 
flexible membranes that exhibit pressure, temperature, and size/ 
shape adaptability, enable high-efficiency gas separation via
guest-dependent threshold pressures [6,7], thus eliminating the 
need for precise pore size control through a ‘‘switch-like” separa-
tion mechanism [8,9]. 

Metal-peptide network (MPN), which can be assembled using 
peptides and metal ions, represents one of the most captivating
metal–organic coordination frameworks, owing to its unique and
intricate structure [10]. The network capitalizes on peptides, fun-
damental biomolecules that are ubiquitous in biological systems, 
as superior natural ligands for constructing a flexible porous 
framework. The inherent polar functional groups in peptides,
including amides, carboxylates, and amines, engage in strong
quadrupole-dipole interactions with CO2 molecules [11], present-
ing remarkable potential for preferential CO2 adsorption. In addi-
tion, the structural versatility of MPN can be engineered by 
pairing different amino acids, allowing precise tuning of
framework-gas molecule interactions [12]. However, current 
research on amino acids or peptides in gas separation mainly 
focuses on post-synthetic modification , which often has low effi-
ciency and affects membrane reliability and stability [2]. Therefore, 
developing precise and controllable MPN membrane fabrication 
methods is crucial for practical gas separation applications.

In this study, pressure-responsive MPN membranes with tun-
able flexibility were fabricated from Zn2+-coordinated Gly-Gly 
(GG), Gly-Ala (GA), and Gly-Ser (GS)dipeptides grown on anodized
aluminum oxide (AAO) substrates for efficient CO2/N2 separation
(Fig. 1a). Since CO2 strongly interacts with polar groups in dipep-
tides (amides, carboxylic acids, and amines) through quadrupole-
dipole interactions and overcomes framework deformation energy
[11], a closed-to-open pore transition is triggered in MPN mem-
branes, enabling preferential CO2 permeation while blocking N2. 
Compared to GG-MPN/AAO, in GA-MPN/AAO, methyl groups 
increase steric hindrance and rigidity, raising gate-opening pres-
sure to suppress CO2/N2 co-permeation. Methyl groups in GA-
MPN/AAO also fine-tune the pore aperture, boosting CO2/N2 selec-
tivity. In contrast, the more rigid GS-MPN/AAO (with hydrox-
ymethyl) retained closed pores at 10 bar (1 bar = 105 Pa) CO2,
reducing CO2/N2 selectivity. Therefore, GA-MPN/AAO exhibited
superior performance among three MPN membranes, achieving
CO2/N2 selectivity of 40.8 and CO2 permeance of 1553.3 GPU at
298 K, which well surpasses the Robeson upper bound, thereby
offering a new protocol for fabricating next-generation pressure-
responsive membranes.

Zinc (II) nitrate and glycyl-X were reacted in a methanol solu-
tion containing 1 mol L−1 NaOH to synthesize MPN (defined as 
GX-MPN). These networks were derived from three diff erent
dipeptides: GG, GA, andGS (Fig. S1 online) [11,12]. Herein X denotes
ing, and
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Fig. 1. Preparation and characterization of MPN membranes with different side chains of dipeptide. (a) GX-MPN was synthesized using dipeptide linkers with different side 
chains (Gly-Gly, Gly-Ala, and Gly-Ser), featuring an open-pore mechanism. (b) PXRD patterns of GG-MPN, GA-MPN, and GS-MPN. (c) PXRD patterns of GG-MPN, GA-MPN, and
GS-MPN after solvent removal. (d) The CO2 adsorption isotherms at 195 K of GG-MPN, GA-MPN, and GS-MPN. (e–g) SEM images of (e) GG-MPN/AAO, (f) GA-MPN/AAO, and (g)
GS-MPN/AAO (a, b: the top; c: cross section; d: EDX elemental mappings of MPN).
chemically modified residues with different functional groups at 
the alpha carbon position of the C-terminal, including GG (no func-
tional groups, the simplest oligopeptide [13]), GA (one methyl 
group), and GS (one methyl and one hydroxyl group) (Fig. 1a). Each 
dipeptide coordinates two Zn2+ metal ions through the N-terminal 
amine of Gly and the C-terminal carboxylate of residue X, forming
a bridging coordination network and indicating the formation of
one-dimensional open lozenge-shaped channels (Fig. S1 online). 
Fourier transform infrared (FTIR) spectra demonstrated the forma-
tion of GG-MPN, GA-MPN, and GS-MPN, with the detection of –C=O 
(1613–1658 cm−1 ), –C–N (1087–1110 cm−1), –NH (3274–
3292 cm−1), and –OH (2941–2978 cm−1) (Fig. S2 online). Besides, 
powder X-ray diffraction (PXRD) revealed that the above materials 
were isostructural analogues, as evidenced with simulated PXRD
patterns (Fig. 1b and Fig. S3 online). Interestingly, after solvent 
removal, XRD peaks of GG-MPN, GA-MPN, and GS-MPN shifted 
toward higher angles (approximately from 2h = 8.6° to 10.0°)
(Fig. 1c). This shift indicates a unit cell contraction, a phenomenon 
well-documented in flexible porous frameworks, where the
removal of guest molecules triggers a reversible phase transition
260
from a large-pore (open) to a narrow-pore (closed) state [12]. This 
confirms the stimuli-responsive nature of our MPNs.

To demonstrate the structural properties, CO2 adsorption iso-
therms of GX-MPN were measured at 195 K (Fig. 1d). The CO2 

adsorption isotherms of GA-MPN and GG-MPN both exhibited 
step-shaped characteristics, with GG-MPN showing a sharp 
increase in CO2 uptake at 0.03 bar and GA-MPN displaying a similar 
increase at 0.07 bar. In contrast, GS-MPN did n ot exhibit any sharp
increase in CO2 uptake (Fig. 1d). The delayed increase in CO2 

uptake for GA-MPN can be attributed to the appropriate rigidity 
introduced by the methyl side chain of GA. The CO2 adsorption iso-
therm of GS-MPN lacked step-shaped characteristics, owing to the 
excessive rigidity imparted by the hydroxymethyl side chains, 
which precluded pore opening under the specific conditions [12]. 
Conversely, activated GG-MPN, GA-MPN, and GS-MPN exhibited 
negligible N2 uptake at 77 K adsorption isotherms (Figs. S4–S 6
online), indicating that non-polar N2 (Table S 1 online) failed to 
induce pore opening for guest accommodation [11]. Finally, TGA 
was conducted to assess the thermal stability of GG-MPN, GA-
MPN, and GS-MPN. Our results indicate that all three compounds
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exhibit thermal stability up to 270 °C under N2 conditions (Fig. S7 
online), which is essential for maintaining structural integrity dur-
ing gas separation processes.

Subsequently, dipeptide-based MPN was in situ synthesized on 
a fabricated porous AAO substrate (Fig. S8 online) through the 
anodization oxidation technique [14]. Amino-functionalized AAO 
reacts with the carboxyl group in dipeptide ligands (GG, GA, or 
GS) to form the initial layer of MPN membrane. The absorbance 
peaks of amide I (∼1650 cm−1 ) and amide II ( ∼1060 cm−1) in FT-
IR spectroscopy correspond to C=O and C–N stretching, confirming
the bonding between carboxylic groups in the MPN and amine
groups in AAO (Fig. S9 online), and the highly hydrophilic nature 
of the MPN membranes was further verified by water contact angle
measurements (Fig. S10 online). Then, diverse MPN membranes 
were fabricated on AAO substrates via in situ growth at 85°C for 
18 h using different dipeptide ligands (GG, GA, or GS). X-ray pho-
toelectron spectroscopy (XPS) confirmed successful introduction
of amino groups and MPN on AAO via Si 2p (amino-
functionalized AAO) and Zn 2p (MPN/AAO) peaks (Fig. S11 online), 
with no signals on bare AAO. Scanning electron microscope (SEM) 
was further employed to study the morphology of MPN mem-
Fig. 2. Gas separation performance and separation mechanism of the GX-MPN. (a) Sing
patterns of GA-MPN in closed-pore and open-pore states. (c) PXRD patterns of GA-MPN u
of CO2 and N2. (e) The single component gas permeability of H2,  CO2,  N2,  C2H4, and C2H6 fo
AAO, and GS-MPN/AAO with different CO2 partial pressure at 298 K. (g) Long-term separa
(h) The performance comparison of CO2/N2 separation between the prepared membran
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branes. SEM analysis showed that the MPN membrane uniformly 
coated the AAO substrate (50 nm channels, Fig. S12 online) without 
cracks, while the lower surface retained ordered channels (Fig. S13 
online). The energy dispersive X-ray spectroscopy (EDX) image 
showed uniform C, N, and Zn distribution on the membrane sur-
face. Cross-section imaging revealed a 200 nm-thick MPN layer
tightly adhered to the AAO (Fig. 1e–g). MPN layer thickness 
depended on reaction time: discontinuous layers formed within
12 h (Figs. S14-S19 online), complete coverage occurred at 18 h
(Fig. 1e–g), and defect-free membranes resulted at 24 h
(Figs. S20–S22 online). However, a 24 h reaction produced a thicker 
(∼500 nm) layer with undesired surface protrusions (Figs. S20–S22 
online). Considering that a larger thickness would lead to reduced 
gas permeability, the MPN layer with 18 h reaction time was
adopted in the following experiments (Fig. S23 online). Atomic-
force-microscopy (AFM) analysis further confirmed the homoge-
neous surface morphology of the MPN membrane (Fig. S24 online). 

Simultaneously, the adsorption isotherms of pure CO2 and N2 

on GG-MPN, GA-MPN, and GS-MPN were evaluated at tempera-
tures of 298 K, with the maximu m pressure reaching 10 bar
(Fig. 2a an d Figs. S25, S 26 online). At low pressures (< 2.4 bar),
le-component adsorption isotherms of CO2 and N2 at 298 K of GA-MPN. (b) PXRD 
nder N2 atmosphere. (d) Schematic diagram of GX-MPN/AAO membrane separation 
r three types of GX-MPN/AAO. (f) Selectivity comparison of GG-MPN/AAO, GA-MPN/
tion stability of GA-MPN/AAO. All of the tests were conducted at 298 K and 2.5 bar.

es in this work with other reported membranes in the literature.
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GA-MPN was nonporous to CO2 adsorption at 298 K. Nonetheless, 
phase transformat ion to the open pore structure occurred at
2.4 bar (Fig. 2a). The CO2 adsorption capacity at 298 K was deter-
mined to be 57.13 cm3 g−1 . Conversely, the adsorption of N2 for 
GA-MPN was negligible at 298 K with an adsorption capacity of
2.02 cm3 g−1. Similarly, GG-MPN exhibited negligible CO2 adsorp-
tion below 1.4 bar (Fig. S25 online), but underwent a pronounced 
pressure-activated adsorption transition at 1.4 bar. The CO2 uptake 
then rose sharply with increasing pressure, reaching an adsorption 
capacity of 67.2 cm3 g−1 at 10 bar. Notably, GG-MPN displayed 
extremely low N2 adsorption (< 3.0 cm3 g−1 ) under the same con-
ditions, with no gate-opening observed, which was consistent with
the behavior of GA-MPN. In contrast, GS-MPN exhibited CO2

adsorption at 298 K without a distinct gating phenomenon, only
achieving an uptake of 9.5 cm3 g−1 (Fig. S26 online). It also showed 
very low N2 adsorption (< 1.9 cm3 g−1 ) with no pressure-
responsive behavior. These findings demonstrate that the adsorp-
tion gating pressure of these materials can be precisely controlled 
by dipeptide side chain modulation , providing an effective means
for gas adsorption and separation processes. To further gain
insights into gas-induced structural transformation, XRD patterns
of GA-MPN were collected under CO2 atmosphere at 298 K
(Fig. 2b). Experimental results indicated that the characteristic 
peak shifted from 2h = 10.0° to 8.7° under CO2 exposure. This shift 
was attributed to the opening of the pore channels upon CO2

adsorption, which facilitated CO2 molecule entry into the frame-
work and confirmed the presence of host–guest interactions [11]. 
In contrast, the peak position did not change in the presence of
N2 (Fig. 2c), demonstrating that the interaction between N2 and
MPN framework is negligible.

Finally, CO2/N2 separation performance of the MPN membrane 
was evaluated using a Wicke-Kallenbach apparatus [1]  (Fig. 2d 
and Figs. S27, S28 online). Single-gas permeation results showed 
significant cut-off between CO2 and N 2 for GG-MPN/AAO, GA-
MPN/AAO, and GS-MPN/AAO (Fig. 2e). GA-MPN/AAO achieved 
CO2 permeance of 1789.6 GPU and CO2/N2 selectivity of 32.1, while 
GG-MPN/AAO and GS-MPN/AA O exhibited selectivity of 24.4 and
7.6, respectively, all exceeding their Knudsen selectivity
(Figs. S29–S31 online). The CO2/N2 separation performance of 
GG-MPN/AAO, GA-MPN/AAO, and GS-MPN/AAO was evaluated 
using binary feeds with different CO2 partial pressures (Fig. 2f 
and Fig. S32 online). As depicted in Fig. 2f, GA-MPN/AAO showed 
a distinct gas cut-off capability as CO2 partial pressure increased 
from 0.1 to 2.5 bar, with a gate-opening pressure at 2 bar. This 
was accompanied by an increase in CO2 permeability from 177.1 
to 1553.3 GPU and a selectivity rise from 6.3 to 40.8. In compar-
ison, GG-MPN/AAO exhibited a sharp increase in CO2 permeability
from 307.6 to 1751.3 GPU at 1.2 bar, yet its selectivity was rela-
tively low, increasing only from 4.9 to 29.7. GS-MPN/AAO exhib-
ited no pore opening within the 2.5 bar range and had a low CO2

permeability of around 200 GPU. The selectivity differences are
further illustrated in Fig. 2f. The variation in gate-opening pressure 
originates from the differences in dipeptide side chains. Specifi-
cally, the methyl group in GA-MPN/AAO introduces greater steric
hindrance and framework rigidity than that in GG-MPN/AAO
[15]. This increased rigidity, which in turn raises the gate-
opening pressure, effectively suppresses N2 co-permeation. This 
group also reduces pore size, boosting CO2/N2 selectivity. In con-
trast, GS-MPN/AAO shows no pore-opening behavior, leading to
lower selectivity. The stability of CO2/N2 separation was tested fur-
ther (Fig. 2g). After 60 h, the GA-MPN/AAO membrane showed 
excellent durability, with negligible decreases in CO2 permeab ility
and selectivity, which was corroborated by unchanged post-test
SEM and XRD analyses (Figs. S33, S34 online). Significantly, the 
GA-MPN/AAO membrane maintained stable CO2/N2 separation 
performance under demanding conditions, showing only moderate
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and reversible changes in permeability and selectivity during a 
10 h test at 100 °C and under high humidity (Figs. S35, S36 online). 
Furthermore, the performance of GA-MPN/AAO surpassed the 2008 
and 2019 upper bound for CO 2/N2 separation and the reported out-
comes of most studies (refer to Fig. 2h and Table S2 online). These 
results demonstrate that the framework flexibility can be effec-
tively tuned by altering the side-chain functional groups of the
dipeptides, thereby enhancing overall membrane performance.

In summary, this work demonstrates the novelty of precise reg-
ulation of CO2 gate-opening pressure in metal-peptide network 
membranes through dipeptide side-chain engineering. The GA-
MPN membrane, with optimal rigidity imparted by a methyl group, 
achieves superior CO2/N2 separation performance (selectivity of 
40.8), well surpassing the Robeson upper bound. This side-chain 
mediated flexibility tuning strategy presents a new paradigm for
developing adaptive membranes. Meanwhile, a key limitation is
the performance attenuation under simulated flue gas conditions,
which highlights the challenge of maintaining high selectivity in
complex industrial environments. Addressing the stability in real-
istic streams and the scalability of membrane fabrication remain
pivotal for future practical applications.
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