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Abstract: Membrane technology is rapidly gaining broad attraction as 

a viable alternative for carbon capture to mitigate increasingly severe 

global warming. Emerging CO2-philic membranes have become 

crucial players in efficiently separating CO2 from light gases, 

leveraging their exceptional solubility-selectivity characteristics. 

However, economic and widespread deployment is greatly dependent 

on the boosted performance of advanced membrane materials for 

carbon capture. Here, we design a unique gel membrane composed 

of CO2-philic molecules for accelerating CO2 transportation over other 

gases for ultrapermeable carbon capture. The molecular design of 

such soft membranes amalgamates the advantageous traits of 

augmented permeation akin to liquid membranes and operational 

stability akin to solid membranes, effectively altering the membrane’s 

free volume characteristics validated by both experiments and 

molecular dynamics simulation. Surprisingly, gas diffusion through the 

free-volume-tuned gel membrane undergoes a 9-fold improvement 

without compromising the separation factor for the superior solubility 

selectivity of CO2-philic materials, and CO2 permeability achieves a 

groundbreaking record of 5608 Barrer surpassing the capabilities of 

nonfacilitated CO2 separation materials and exceeding the upper 

bound line established in 2019 even by leading-edge porous polymer 

materials. Our designed gel membrane can maintain exceptional 

separation performance during prolonged operation, enabling the 

unparalleled potential of solubility-selective next-generation materials 

towards sustainable carbon capture. 

Introduction 

The urgent need to address climate change has driven 

significant research efforts toward the development of efficient 

carbon capture and storage technologies, which are expected to 

have a large market of 14.2 billion USD up to 2030 [1]. Membrane 

technology has emerged as a promising approach for large-scale 

economic carbon capture [2], and the continuous progress in 

membrane materials promises membrane-based carbon capture 

an essential solution with substantial potential to mitigate CO2 

emissions and lead to a sustainable and low-carbon future [3].  

Based on basic the solution-diffusion mechanism of 

polymeric membranes for gas transportation [4], the exceptional 

solubility of CO2 in certain polar polymers, arising from the polarity 

and compressibility of CO2 molecules, provides solution-selective 

membranes with a significant advantage in separating light gases, 

particularly in systems with a small molecular size difference such 

as CO2/N2 [5]. Designed materials composed of polar etheroxy 

groups, such as polyethylene oxide (PEO), are prominent 

materials representing the solution-selective membranes with 

strong CO2 affinity owing to the favorable dipolar-quadrupolar 

interaction between the etheroxy groups and CO2 molecules [6]. 

However, the key challenge associated with such membrane 

materials is the restricted free volume within the dense packing of 

polymer segments, resulting in limited gas permeability compared 

to other cutting-edge polymeric materials, such as polymers of 

intrinsic microporosity (PIMs) [7]. 

Herein, we conceive an unconventional gel membrane 

composed of CO2-philic PEO molecules in a robust hybrid 

framework for tuning membrane free volume and gas 

transportation, achieving ultrapermeable carbon capture. Our 

CO2-philic gel membrane is fabricated through a one-step 

ultraviolet (UV) crosslinking process, trapping the liquid matrix 

polyethylene glycol dimethyl ether (PEGDME) as the gel sweller 

along with a three-dimensional cross-linked scaffold constructed 

through molecular hybridization of inorganic acrylo 

polysilsesquioxane cage (POSS) and poly(ethylene glycol) 

methyl ether acrylate (PEGMEA) (Figure S1). Leveraging the high 

chain flexibility of PEGDME, the diffusion rates of gases within the 

soft free-volume-tuned membrane are improved by a factor of 

nearly 9, and the gel membrane exhibits excellent carbon capture 

capacity, surpassing the separation performance of CO2-philic 

membranes and even exceeding the revised 2019 upper bound 

set by emerging porous polymers. This work can provide a 

methodology for designing next-generation soft-matter 

membranes for superior gas separation, especially carbon 

capture and beyond. 
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Figure 1. Structural characterization and gas separation performance of the gel membrane. (a). Model building and fractional free 

volume (FFV) calculation for the POSS membrane and gel membrane via MD simulation. The size of the cubic cell for POSS-10 is 5.6 

nm * 5.6 nm * 5.6 nm, and the addition of PEGDME increases the volume to 7.3 nm * 7.3 nm * 7.3 nm. The black balls represent carbon 

atoms, the white are hydrogen atoms, the red are oxygen atoms and the yellow are silicon atoms. (b) XPS spectra of PEGMEA, POSS-

10 membrane and GEL-10-50 membrane. (c) DSC curve of membranes with different gel contents. (d) The free volume characteristics 

of POSS-10 and GEL-10-50 membranes obtained from positronium annihilation lifetime spectroscopy. (e) Effect of gel content on the 

gas separation performance at 1 atm and 30 ℃. (f) Effect of gel content on the diffusivity and solubility of gel membranes. (g) 

Comparison of the CO2 permeability versus CO2/N2 selectivity improvement for PEO-based composited membranes in the literature 

with the optimal result in this study. The blue dots represent the data from references, and the red star represents the GEL-10-50 

membrane. 

Results and Discussion 

Structural characterizations 

As shown in Figure 1a, the gel membrane is fabricated via a 

one-step UV cross-linking method, and the obtained gel 

membranes are named GEL-X-Y. The conventional cross-linked 

membranes without gel sweller are named POSS-X, where X 

represents the mass percentage of POSS in the cross-linked 

polymer and Y represents the mass percentage of gel sweller in 

the gel membrane. 

The chemical structure of the gel membrane was 

characterized by Fourier transform infrared spectroscopy (FT-IR) 

and X-ray photoelectron spectroscopy (XPS). As shown in Figure 

S2, both POSS and PEGMEA exhibit characteristic peaks of 

unsaturated double bonds at 1406 cm-1 and 811 cm-1 [8], which 

disappear after UV curing, implying successful free radical 

polymerization. Combined with the XPS pattern (Figure 1b), a 

carbon chain peak appears at 283 eV, which proves that a cross-

linked network is generated in both cross-linked membrane and 

gel membrane [9]. The successful introduction of PEGDME is also 

confirmed by the reduction in silicon content (Table S2). The 

cross-sectional scanning electron microscopy (SEM) image of the 

POSS-10 membrane in Figure S4 is smooth and free of defects, 

showing good compatibility between the inorganic POSS and the 

polymer, and in combination with energy dispersive spectroscopy 

(EDS), the silicon elements are uniformly distributed within the 
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membrane, demonstrating the good dispersion of POSS in the 

cross-linked system. The successful implementation of cross-

linking reactions and the uniform dispersion of POSS highlight the 

development of an organic-inorganic hybrid scaffold that holds 

significant implications for bolstering the mechanical robustness 

of our gel membranes. 

X-ray diffraction (XRD) analysis was conducted on a series 

of cross-linked membranes doped with varying concentrations of 

POSS, as depicted in Figure S5. Notably, this molecular 

hybridization strategy effectively inhibits the crystallization 

process of PEO, as evidenced by the presence of a broad peak 

in the XRD patterns. This peak indicates the presence of 

randomly stacked polymer chains in all evaluated membranes. 

Moreover, differential scanning calorimetry (DSC) measurements 

(Figure S6 and Table S3) provide valuable insights into the 

thermal behavior of the crosslinked polymer. The introduction of 

POSS molecules disrupts the regular stacking of PEO chain 

segments, resulting in a noticeable decrease in the melting 

temperature and crystallinity. Additionally, an increase in the 

content of POSS leads to an augmented cross-linking degree, 

thereby elevating the glass transition temperature and restraining 

the flexibility of the cross-linked polymer. Notably, the selection of 

a 10 wt% POSS content for subsequent investigations into the gel 

membrane is steered by the awareness of compromised 

mechanical properties associated with lower crosslinking degrees. 

The impact of gel content on structural and property 

modifications within the gel membrane is illustrated in Figures 1c 

and 1d. Analysis by DSC reveals a singular glass transition 

temperature for all membranes, indicative of the homogeneity of 

the gel membrane (Figure 1c). Particularly noteworthy is the 

effect of incorporating PEGDME, which leads to a significant 

reduction in the glass transition temperature of gel membrane. 

Specifically, the transition temperature decreases from -60.3 °C 

in the POSS-10 membrane to -88.8 °C in the GLE-10-50 

membrane. This reduction underscores the heightened chain 

mobility within the polymer system [10]. In line with Flory’s theory 

on free volume, this reduction in glass transition temperature is 

associated with a proportional fractional free volume (FFV) 

increase within the gel membrane [11]. This intensified FFV is 

anticipated to have a favorable impact on gas transport processes. 

Furthermore, the inclusion of PEGDME induces a decline in the 

melting temperature of the PEO phase. This shift, from -5 °C in 

the POSS-10 membrane to -12 °C in GEL-10-50, indicates that 

the introduction of small molecules can effectively disrupt the 

original PEO phase’s ordered arrangement, impeding the 

formation of the crystalline phase. Notably, a distinct peak, 

corresponding to the melting of PEGDME, emerges at 

approximately -43 °C in the GEL-10-50 membrane (Table S4 and 

Figure S22). This peak signifies the establishment of a continuous 

PEGDME phase within the gel membrane, thereby facilitating a 

seamless and rapid gas transfer process. 

The influence of incorporating PEGDME on the adsorption 

performance of the separation membrane is investigated, as 

illustrated in Figures S8 and S9. Remarkably, the adsorption 

isotherms of the gel membranes exhibit extensive overlap, 

indicating similar affinities for CO2, which may arise from the 

comparable EO content of both PEGDME and POSS-10. 

Consequently, the gas solubility in the gel membranes remains 

largely unaltered. 

Additionally, the density of the gel membrane is examined, 

revealing a progressive decrease in tandem with the escalation of 

PEGDME concentration (Figure S10). This observed trend aligns 

with the additive model, indicative of the unswayed integrity of the 

hybrid crosslinking framework following the incorporation of 

PEGDME [12]. By implementing Bondi’s group contribution 

methodology [13], the FFV of the gel membrane becomes feasible 

with the provided density dataset (Figure S11 and Table S5). With 

the elevation in PEGDME concentration, the FFV increases from 

0.191 to 0.298 congruently. When juxtaposed with the 

corroborative DSC data, these outcomes robustly underscore a 

substantial amelioration in gas diffusion within the gel membrane. 

Positronium annihilation lifetime spectroscopy (PALS) is 

harnessed to delve into sub-nanometer scale structural 

distinctions between the gel membrane GEL-10-50 and the 

conventional cross-linked membrane POSS-10. The results, as 

portrayed in Figure 1d, unveil an FFV of 4.12% for the POSS-10 

membrane, contrasting with the higher FFV of 4.2% exhibited by 

the GEL-10-50 membrane. Furthermore, the radius of free 

volume increases from 3.19 Å for POSS-10 to 3.27 Å for GEL-10-

50. Concurrently, molecular dynamics (MD) simulations draw the 

same conclusion, as shown in Figures 1a and S12. The FFV also 

increases from 14.2% to 16.2%, and the simulated pore size 

distribution unveils a broader and more favorable distribution of 

pore size within the GEL-10-50 membrane. It is worth noting that 

due to the different principles of PALS and MD simulation, there 

is a certain gap in the measured FFV values, but the change trend 

is consistent. This observation regarding the membrane’s free 

volume can be attributed to two fundamental facets. Primarily, the 

incorporation of PEGDME facilitates the plasticization of the 

cross-linked PEO network, ushering in an overall FFV 

augmentation. Second, the spatial hindrance posed by the –CH3 

end groups within PEGDME induces a relaxation in molecular 

chain packing, thereby contributing to the broadened pore size 

distribution[14]. 

Gas separation performance 

In the gas separation performance assessment, the influence 

of varying POSS content is initially examined, as depicted in 

Figures S14 and S15 and Table S6. A discernible pattern 

emerges, where an increase in POSS content corresponds to a 

proportional reduction in the permeability of the cross-linked 

membrane. This intricate behavior is attributed to the elevated 

degree of crosslinking within the crosslinking system, resulting in 

heightened rigidity of the polymer chains, as confirmed by the 

DSC results (Figure S6). 

For the gel membrane, a conspicuous relationship between 

PEGDME content and membrane gas permeability emerges, as 

elaborated in Figure 1e and Table S7. There is a substantial 

upswing in CO2 permeability, escalating from 685 Barrer for 

POSS-10 to an unparalleled 5608 Barrer for GEL-10-50—a 

milestone achievement within the domain of non-facilitated CO2 

separation membranes. Additionally, there is only a modest 

decrease in the selectivity of CO2/N2 from 41.0 to 39.0, while the 

selectivity of CO2/H2 follows a divergent trajectory, ascending 
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from 10.3 to 14.2. The evolution in separation performance 

observed in the gel membrane impeccably corresponds to the 

alteration in free volume. As the free volume expands, gas 

permeability demonstrates a concurrent increment, with larger 

diameter molecules experiencing a more pronounced impact. 

Consequently, a reduction in CO2/N2 selectivity and a 

corresponding elevation in CO2/H2 selectivity ensue. Regrettably, 

the mechanical robustness of the gel membrane experiences a 

precipitous decline beyond a PEGDME mass fraction of 50%. 

This phenomenon hinders the feasibility of conducting gas 

separation performance evaluations, given that the cross-linked 

framework reaches its saturation point for accommodating 

additional gel sweller. 

Figure 1f and Table S8 provide elucidation regarding CO2 

solubility and diffusivity of gel membranes, represented as S 

(cm3(STP)/(cm3 atm)) and D (cm2/s), respectively, computed 

using the following equations: 

S = 𝐶/𝑝 

D = P/S 

where C signifies the gas adsorption quantity (cm3(STP)/cm3), p 

denotes pressure (atm), and P represents gas permeability 

(Barrer). With the progressive augmentation of gel sweller, the 

gas solubility remains notably constant. This observation concurs 

with the mutual resemblance in the ether-oxygen unit ratio shared 

between PEGDME and POSS-10, thus engendering a marginal 

effect on the overall CO2 affinity as the PEGDME content is 

gradually incorporated. Significantly, the inclusion of the gel 

sweller triggers a substantial elevation in gas diffusivity, 

escalating from 2.45×10-6 cm²/s for POSS-10 to an impressive 

2.13×10-5 cm²/s for GEL-10-50—an almost tenfold enhancement. 

This outcome harmonizes seamlessly with outcomes derived 

from DSC analysis and MD simulation. The integration of 

PEGDME engenders augmented mobility of polymer chains, 

resulting in a substantial augmentation in both the FFV and free 

volume sizes, which, in turn, facilitates the diffusion of gas within 

the membrane, ultimately culminating in an exceptionally elevated 

gas permeability. Figure S17 illustrates the relationship between 

FFV and gas permeability in DME-250 gel membrane. This 

demonstrates that the free volume model satisfactorily describes 

the permeability of H2, N2, and CO2 in the gel membrane with 

varying gel sweller content. Therefore, the significant change in 

gas permeability of the gel membrane can be attributed to the 

variation in free volume. 

The feasibility of the gel structure within diverse PEO-based 

membranes is also systematically investigated, as depicted in 

Figures S18-S20 and Table S9, which encompasses typical 

copolymer Pebax membranes and thermally cross-linked PEO 

membranes synthesized via click chemistry. Strikingly, all diverse 

PEO membranes consistently exhibit a permeability surge of over 

6-fold at a 50 wt% gel content. Furthermore, a substantial rise in 

CO2/H2 selectivity is observed, while a marginal decline in CO2/N2 

selectivity is noted, yet it persists at approximately 40. These 

findings strongly emphasize the universal effectiveness of the gel-

membrane strategy for optimizing PEO membrane separation 

performance. 

Analysis of gel sweller 

Moreover, we systematically investigated the molecular 

engineering of distinct gel swellers, specifically PEG (molecular 

weight 300), PEGDME (molecular weight 250), and PEGDME 

(molecular weight 500), on the separation characteristics of the 

gel membranes. The molecular architectures are depicted in 

Figure 2a, and their proportions are uniformly maintained at 50% 

of the overall membrane mass. The specimens are denoted as 

PEG-300, DME-250, and DME-500, respectively. 

 

Figure 2. Effect of molecular engineering of different gel swellers on the performance of membrane separation. (a) Molecular 

formulae. PEG-300 represents polyethylene glycol with an MW of 300 g/mol, DME-500 represents polyethylene glycol dimethyl ether 

with an Mw of 500 g/mol, and DME-250 represents polyethylene glycol dimethyl ether with an Mw of 250 g/mol. (b) DSC curves of three 

different GEL-10-50 membranes containing PEG-300, DME-500, and DME-250. (c) Positron annihilation lifetime spectra (PALS) results 

of different gel membranes. (d) Gas separation performance of the GEL-10-50 membrane at 1 atm and 30 °C. The number on each 

columns represents a multiple of the increase in CO2 permeability. (e) Adsorption isotherm of the GEL-10-50 membranes at 30 ℃. The 

value of P0 is 1 atm. (f) Diffusivity and solubility of the GEL-10-50 membranes. The number on each column represents a multiple of 

the increase in CO2 diffusivity. 
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As per the outcomes from the DSC analysis in Figure 2b and 

S22, both DME-250 and DME-500 exhibit distinct PEO crystalline 

melting peaks at approximately 0 ℃. The elongated EO units in 

DME-500 facilitate heightened chain interactions and the 

crystallization process, consequently yielding elevated migration 

resistance and enthalpy of crystallization in comparison to DME-

250 (Table S10). Conversely, the hydrogen bond interaction 

between the EO unit and the hydroxyl group in PEG-300 

stimulates the rearrangement of PEO chains, thereby obstructing 

crystallization and precluding the occurrence of melting peaks at 

approximately 0 °C. However, this hydrogen bonding interaction 

simultaneously constrains the mobility of the polymer chains, 

thereby imparting a higher glass transition temperature of -75.8 ℃ 

to PEG-300, in contrast to -88.8 ℃ for DME-250. Thus, the DME-

250 membrane exhibits the most elevated chain segment mobility. 

PALS is employed to analyze the impact on the polymer 

microstructure post the incorporation of different gel swellers. 

Figures 2c and S24 illustrate that the addition of liquid PEG 

(Mw300) results in a diverse decrease in the mean radius (from 

3.19 Å to 3.17 Å) and fractional free volume (from 4.12% to 4.04%) 

while showing no discernible effect on polymer plasticization [15]. 

This observation is attributed to the ability of the introduced 

hydroxyl groups to engage in hydrogen bonding interactions with 

the EO units, thereby restricting the mobility of the polymer chains 

and interchain spacing. Conversely, DME-500 and DME-250, with 

methyl groups, exhibit weaker interactions with the cross-linked 

backbone. The steric hindrance from the methyl groups facilitates 

looser stacking of the polymer chains, leading to improvements in 

the fractional free volume and free volume radius. DME-250, with 

a higher methyl group content, displays the largest FFV and free 

volume size. Furthermore, we also employ the group contribution 

method to estimate the FFV of three different membranes (Table 

S13), and the results are consistent with those from PALS. 

Specifically, DME-250 exhibits a greater fraction (0.208) than 

DME-500 (0.203), surpassing PEG-300 (0.193). This alignment 

underscores the proficiency of PEGDME (MW250) in optimally 

tailoring the microstructure of the cross-linked membrane, thereby 

minimizing the diffusion resistance of gases within the membrane 

to the utmost extent. 

The three gel membranes exhibit gas separation 

performance (Figure 2d and Table S11) that correlates strongly 

with membrane free volume. PEG-300 membrane exhibits the 

lowest CO2 permeability, measuring at 959 Barrer. DME-500 

shows a permeability of 2582 Barrer, while DME-250 displays the 

highest value of 5608 Barrer. The CO2/N2 selectivity remains 

consistent at approximately 40, whereas the CO2/H2 selectivity 

mirrors the CO2 permeability trend, with DME-250 demonstrating 

the highest selectivity at 14.2, followed by DME-500 at 12.6. In 

contrast, PEG-300 records the lowest selectivity at 10.6. 

To further understand the reasons for the change in 

separation performance, the solubility and diffusivity of CO2 are 

calculated according to the CO2 adsorption isotherms in Figure 

2e and displayed in Figure 2f. The CO2 solubility of DME-250 is 

substantially unchanged and similar to that of the POSS-10 

membrane, even though DME-250 has the highest permeability. 

In contrast, PEG-300 shows a significant increase in CO2 

solubility. The increase in solubility can be attributed to the 

presence of polar hydroxyl groups, which enhance the interaction 

between the membrane and polar CO2 molecules, leading to an 

increase in solubility. Similarly, PEGDME with a molecular weight 

of 500 contains more EO units compared to the molecular weight 

of 250, which increases the overall affinity of the membrane 

towards CO2 and hence boosts solubility. However, the diffusivity 

shows the opposite trend. The presence of hydrogen bonding 

strongly restricts the mobility of the polymer chains in the PEG-

300 membrane, as proven by DSC and PALS, resulting in 

relatively unchanged diffusivity. Conversely, DME-250 exhibits a 

larger free volume size and fractional free volume than DME-500 

and PEG-300, leading to the highest diffusivity enhancement of 

868%. This deduction from the solution-diffusion model 

underscores that the incorporation of polar moieties into PEO 

materials, aimed at enhancing solubility, might have a potential 

impact on the chain’s movement, consequently leading to a 

reduction in diffusivity [16]. Hence, the refinement of the molecular 

structure and the manipulation of the free volume emerge as 

pivotal factors in the evolution of CO2-philic materials. 

Superiority of the designed gel architecture 

As shown in Figure 3a, the gel membrane exhibits unique 

structural characteristics. Our research on the membrane 

structure reveals that the presence of liquid matrix PEGDME in 

the gel membrane, with its similar chemical structure, leads to the 

swelling of the polymer. This results in the membrane being in a 

state of plasticization, thereby improving the mobility of the 

molecular chains within the original cross-linked network. 

Consequently, the free volume size and fraction of the cross-

linking network are increased, greatly promoting the diffusion of 

gas molecules within the membrane. In addition to the effect of 

the cross-linking network, PEGDME itself possesses a small 

molecular weight, short chain segments, and strong thermal 

movement, which further facilitates the diffusion of gas molecules 

within the membrane. This combined effect ultimately enables the 

ultrafast permeation of gas molecules. 

The temperature-dependent variation in the separation 

performance of the gel membrane is illustrated in Figures 3b and 

S27. As the temperature increases, the gas permeability 

progressively increases, albeit at the expense of a gradual decline 

in selectivity. Drawing from the tenets of solution-diffusion theory, 

heightened thermal molecular motion at elevated temperatures 

engenders escalated gas diffusion rates [17]. However, 

concurrently, gas solubility diminishes as temperature rises, 

resulting in a reduction of solution selectivity [18]. Consequently, a 

confluence of these factors results in an overall elevation in gas 

permeability, concomitant with a reduction in selectivity. Applying 

the Arrhenius equation, we ascertain the activation energy of gas 

permeation for distinct gas molecules. Remarkably, the activation 

energy within the gel membrane consistently falls below that of a 

conventional cross-linked membrane. This noteworthy finding 

intimates that the gel state boosts the gas transfer process, 

concurrently curbing the mass transfer resistance. 
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Figure 3. The stability of the gel membrane and performance comparison. (a) Schematic illustration of the structural character of the 

gel membrane. (b) Gas permeability vs operation temperature of GEL-10-50 (DME-250) and POSS-10 membranes. (c) Long-term 

stability of the GEL-10-50 membrane in a mixture of 10% CO2 and 90% N2. (d) Comparison with the state-of-the-art non-facilitated 

transport materials for CO2/N2 separation, including polymers[2c, 9a, 15, 19], MMMs[17, 20], and inorganic materials[21]. 

Figure 3c vividly portrays the exceptional stability of the gel 

membrane GEL-10-50 under practical mixed gas separation 

conditions at 2 bar. Over an uninterrupted operational span of 120 

hours, the gel membrane consistently upheld its separation 

efficiency, preserving a CO2 permeability of approximately 4000 

Barrer and maintaining an unchanging CO2/N2 selectivity near 40. 

This performance positions the gel membrane as a formidable 

contender in flue gas separation scenarios. The decline in CO2 

permeability compared with pure gas could potentially be 

attributed to the loss of CO2 partial pressure and the competitive 

transport with N2 as diffusion is dominating the separation 

performance for this type of gel membrane [22]. Furthermore, the 

gel membranes retain remarkable permeation performance with 

a CO2 permeability of 5200 Barrer and an ideal CO2/N2 selectivity 

of 39.8, even after a prolonged aging period of 300 days in an air 

atmosphere (Figure S28), owing to the high mobility of polymer 

chains. In contrast, certain microporous polymers display high 

CO2 permeability[23], but their thermodynamic stability is 

compromised, leading to significant permeation degradation over 

extended operational periods[24]. For instance, as demonstrated 

in Figure S29, the porous polymer PIM-1 experiences a 

substantial decay in permeability, reducing to almost one-third of 

its initial value of 6065 Barrer after 300 days of aging. The 

exceptional stability exhibited by the gel membrane not only 

underscores its reliability but also highlights its practical 

applicability, rendering it a promising candidate for sustainable 

gas separation applications. 

Figures 3d and S30 present a comprehensive performance 

comparison of the gel membranes with the widely recognized 

upper bound limits for gas separation. Impressively, the gel 

membranes surpass these upper bound limits in both CO2/N2 and 

CO2/H2 separation systems, indicating their immense potential for 

applications such as hydrogen purification and flue gas capture. 

Notably, the gel membranes exhibit elevated gas permeability 

comparable to numerous advanced porous membrane materials 

while concurrently possessing enhanced CO2/N2 selectivity. This 

achievement propels the advancement of CO2-philic materials 

and underscores the promising trajectory of gel membranes in the 

field of gas separation. 

Conclusion 

In summary, we successfully developed an innovative gel 

membrane, demonstrating unprecedentedly high CO2 

permeability. The inclusion of the liquid, small molecule PEGDME 

within the gel structure induces plastic swelling in the separation 

membrane, resulting in remarkable chain flexibility and a 

significant increase in free volume. Consequently, our membrane 

achieves a substantial amelioration in gas diffusion and a 

groundbreaking CO2 permeability of 5608 Barrer, surpassing the 

performance of cutting-edge materials such as PIMs while 

maintaining superior selectivity for the great solubility selectivity 

of CO2-philic materials. Furthermore, extensive stability tests 

conducted over extended periods have confirmed the exceptional 

durability of our CO2-philic gel membrane, with no evidence of 

decay or aging. These remarkable properties collectively position 

our membrane as a highly promising candidate for a wide range 

of burgeoning applications in carbon capture and hydrogen 

purification. 
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Gel membranes integrate the structural benefits of solid and liquid phases, culminating in the plasticization of cross-linked structure. 

This results in a decrease in the density of chain segment stacking and enhances the free volume within the separation membrane. 

Consequently, these gel membranes exhibit exceptional gas permeability, setting new records in performance. 
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