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[bookmark: _Toc231400151][bookmark: _Toc236424603]S1. Supplementary Experimental section
[bookmark: _Toc231400152][bookmark: _Toc236424604][bookmark: OLE_LINK3]S1.1 Supplementary Materials
Magnesium chloride hexahydrate (MgCl2·6H2O) was purchased from Beijing Bailingwei Technology Co., Ltd. Aluminium chloride hexahydrate (AlCl3·6H2O), methanol, ethanol, and sodium metasilicate (Na2SiO3) were obtained from Shanghai Aladdin Biochemical Technology Co., Ld. Urea was sourced from Sinopharm Group Chemical Reagent Beijing Co., Ltd. Nitric acid (HNO3) was supplied by Beijing Chemical Industry Co., Ltd. Formamide, potassium chloride (KCl), sodium tungstate (Na2WO4), and tetrahexylammonium bromide (THABr) were purchased from Shanghai Macklin Biochemical Co., Ltd. A porous nylon substrate with a pore size of ~0.22 μm and diameter of ~50 mm was commercially acquired from Tianjing jinteng Company. High-purity H2, N2, CO2 and CH4 gases (99.999%) as well as CO2/N2 and CO2/CH4 gas mixtures (50:50 vol%) were provided by Beijing Shun'an Special Gas Co., Ltd. All reagents were used as received without further purification, and deionized water was employed throughout all experiments.
[bookmark: _Toc236424605]S1.2 Characterizations
The crystal structure and interlayer spacing of membranes were characterized by X-ray diffraction (XRD) with Cu Kα radiation (λ = 0.1542 nm) at 40 kV and 30 mA. Data were collected over the 2θ range of 3° to 80° at a scanning rate of 10°·min-1 (UltimaIII, Rigaku Corporation, Japan). Microstructure and morphology features of the samples were examined by scanning electron microscopy (SEM, Supra 55, Carl Zeiss AG, Germany) and atomic force microscopy (AFM, DMFASTSCAN2-SYS, Bruker, Germany). Chemical properties of the LDHM and LDH-PILM were analyzed by attenuated total reflection Fourier transform infrared spectroscopy with the test range of 4000-400 cm-1 (ATR-FTIR, Nicolet 6700, Thermal, American) and X-ray photoelectron spectroscopy (XPS, Axis Supra; Shimadzu, Japan). The dynamic contact angle of PIL on the LDHM was measured using a drop-shape analyzer (DSA100, Kruss, Germany). The size distribution of the MgAl-LDH nanosheets and the zeta potentials of both the LDH nanosheets, the PIL were determined using a Nanoparticle size and Zeta potential analyzer (Zetasizer Nano ZS, Malvern, England). Thermogravimetric analysis was performed from 30℃ to 600℃ at a heating rate of 10℃/min under a nitrogen atmosphere (TGA, STA7300, Htiachi, Japan). Differential scanning calorimetry was conducted from -110℃ to 40℃ at heating and cooling rates of 10℃·min-1 under nitrogen to probe variations in the glass transition temperature (DSC, DSC 200 F3, Netzsch, Germany). Gas separation performance was evaluated using a gas permeation setup, and the composition of permeate gases was determined by gas chromatography spectrometry coupled to the apparatus (GC-6890, Labthink, China). The specific gas adsorption behavior of LDH-PILM was determined by Fully Automatic Specific Surface and Porosity Analyzer (BET, BELSORP-max Ⅱ, Japan) at 25℃ using pure CO2, N2, and CH4. In situ diffuse reflectance infrared Fourier-transform spectroscopy was used to monitor the membrane during CO2 diffusion (DRIFTS, Nicolet iS50 FTIR, Thermo Fisher, America).
The preprocessing and testing details are as follows. Firstly, the membrane was carefully placed onto the support sheet of the reaction cell. Secondly, the sample was pre-processed in a He flow (50 mL·min-1) at 80°C with a heating rate of 5°C·min-1, followed by He purification (50 mL·min-1) for 1 h and cool to 25°C. Subsequently, CO2 was introduced into the cell, and then DRIFTS was collected every 30 s until the CO2 adsorption signal remained unchanged. Finally, the gas flow was switched to high-purity He to collect desorption spectra every 30 s.
[bookmark: _Toc236424606]S2. Supplementary Notes
Note 1 The preprocessing and testing details of In situ diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS)
[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S21.tif]
Supplementary Figure 1. Schematic diagram of in-situ FTIR measurement setup.
[bookmark: OLE_LINK32]For the in situ DRIFTS measurements (Supplementary Figure 1), the LDH-PILM was initially loaded onto the sample holder of the in-situ DRIFTS cell. The membrane was pretreated under a continuous He flow (50 mL·min-1) and heated to 80°C at 5°C·min-1. After isothermal purification for 1h, the cell was cooled to 25°C. Subsequently, CO2 was introduced into the cell, and DRIFT spectra was collected every 30 s to monitor the adsorption dynamics until the CO2 adsorption signals reached equilibrium. To monitor the desorption process, the gas feed was then switched to high-purity He, with spectra continuously acquired every 30 s until the desorption signals reached equilibrium.


Note 2 The preprocessing and testing details of ATR-FTIR for static gas adsorption
[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S22-2.tif]
Supplementary Figure 2. Schematic diagram of ATR-FTIR setup for static gas adsorption measurement.
For the ATR-FTIR measurements (Supplementary Figure 2), the LDH-PILM sample was initially placed in a wide-mouth bottle sealed with a rubber stopper. The bottle was then purged with pure CO2, N2, or CH4 gas for 1 h to achieve gas adsorption equilibrium. Subsequently, the sample was rapidly transferred for immediate ATR-FTIR analysis to record the corresponding infrared absorption spectra.


[bookmark: _Toc236424607]S3. Supplementary Figures
[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S1-4.tif]
Supplementary Figure 3. The diagram for the preparation of LDHM and LDH-PILM.
As depicted in Supplementary Figure 3, the pre-prepared PIL solutions with different concentrations were dropped onto the surface of LDHM, and then confined into the nanochannels of LDHM via spin-coating technology. The LDH laminate is positively charged, while the anion [SiW11O39]8- in in PIL possesses high negative charge. The strong electrostatic interaction between them enables the stable confinement of PIL in the interlayer of LDHM, which guarantees the structural stability of the LDH-PILM.
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[bookmark: _Hlk229068615][bookmark: OLE_LINK5]Supplementary Figure 4. Schematic diagram of the gas permeation.
Supplementary Figure 4 displays the self-built test device for gas separation membranes in our laboratory. High-purity helium (He) is used as the carrier gas, and H2, N2, CO2 as well as CH4 are selected as the experimental gases. During the experiment, the test gas is carried into the membrane cell by the carrier gas, and gas separation is realized under the effect of transmembrane pressure difference. The separated gas is then delivered to a gas chromatograph for quantitative. 
Test mode (separation-only): Pure gas X (X=CO2, N2, CH4, and H2) are separately fed into the membrane module under identical conditions (temperature, transmembrane pressure). The permeability of each pure gas is measured individually.
Test mode (separation + detection): A CO2/CH4 gas mixture (50/50 vol%) is fed into the membrane module. The compositions of the feed (retentate) and permeate streams are detected by the gas chromatograph in the setup.
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[bookmark: OLE_LINK6]Supplementary Figure 5. Scanning electron microscope (SEM) images of (a) MgAl(CO3)-LDH and (b) MgAl(NO3)-LDH.
As shown in Supplementary Figure 5a, the as-synthesized CO32- intercalated MgAl-LDH exhibits a typical hexagonal nanosheet morphology with lateral size of 1-2 μm. Similarly, after ion exchange, the NO3- intercalated MgAl-LDH as shown in Supplementary Figure 5b also displays a hexagonal nanosheet structure with comparable lateral sizes.
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[bookmark: OLE_LINK7]Supplementary Figure 6. X-ray diffraction (XRD) pattens of MgAl(CO3)-LDH and MgAl(NO3)-LDH.
[bookmark: _Hlk229128923]As depicted in Supplementary Figure 6, the as-prepared CO32--intercalated MgAl-LDH sample displays intense diffraction peaks with sharp profiles, indicating excellent crystallinity. The XRD pattern of the sample is well matched with the standard PDF card (PDF#89-0460), and all diffraction peaks are consistent with the characteristic peaks of typical carbonate-intercalated LDH, which confirms the successful preparation of carbonate-intercalated MgAl-LDH.
Due to the small size of interlayer CO32- ions, the material exhibits a relatively small interlayer spacing. According to the calculation by Bragg’s equation, the d-spacing of the (0 0 3) crystal plane is 0.749 nm.
As a divalent anion, CO32- presents strong electrostatic interaction with the positively charged LDH layers, making it difficult for the exfoliation solvent to penetrate into the interlayer and achieve layer exfoliation. By a simple ion exchange strategy, the interlayer CO32- can be replaced by larger monovalent NO3- anions. This strategy not only significantly weakens the electrostatic force between interlayer anions and LDH layers, but also effectively increases the interlayer spacing. It can be observed from the XRD pattern that the (0 0 3) diffraction peak of MgAl(NO3)-LDH shifts evidently toward a lower angle, directly verifying the increase of interlayer spacing. The enlarged interlayer spacing facilitates solvent penetration into the LDH interlayers, thereby expanding the layered structure. This enables efficient exfoliation of bulk LDH, obtaining single-layer MgAl-LDH nanosheets.


[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S5.tif]
[bookmark: OLE_LINK1]Supplementary Figure 7. Fourier transform infrared spectroscopy (FTIR) spectrum of MgAl(CO3)-LDH and MgAl(NO3)-LDH.
[bookmark: _Hlk229129009][bookmark: OLE_LINK16][bookmark: OLE_LINK2]Fourier transform infrared (FT-IR) spectroscopy is employed to characterize the main functional groups of MgAl(CO3)-LDH and MgAl(NO3)-LDH. As shown in Supplementary Figure 7, MgAl(CO3)-LDH exhibits a characteristic peak of asymmetric stretching vibration of CO32- at 1354.2 cm-1, confirming the presence of CO32- in the interlayer.
After ion exchange treatment, a characteristic peak of asymmetric stretching vibration of NO3- appears at 1381.4 cm-1 in MgAl(NO3)-LDH, indicating that CO32- in the interlayer has been successfully exchanged with NO3-. In addition, the characteristic peaks of the two materials at 3450 cm-1, corresponding to the stretching vibration of the layer hydroxyl groups, and in the range of 400-800 cm-1, assigned to the Mg-O/Al-O framework vibration, remain essentially unchanged. These results suggest that the ion exchange process only realizes the replacement of interlayer anions without damaging the main layer structure of LDH.


[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S6.tif]
[bookmark: OLE_LINK8][bookmark: OLE_LINK4]Supplementary Figure 8. (a) Digital photograph of nylon substrate; (b) Top-view and (c) cross-sectional SEM images of nylon substrate; (d) Digital photograph of LDHM; (e) Top-view and (f) cross-sectional SEM images of the LDHM, together with the corresponding EDS elemental mapping images.
Supplementary Figure 8a shows the digital photograph of the pristine nylon substrate, and Supplementary Figures 8b and 8c present its corresponding SEM morphology images. It can be seen from the SEM results that the nylon substrate exhibits a typical sponge-like porous structure with high porosity, and interconnected macropores with pore sizes ranging from 80 to 250 nm are distributed inside the substrate.
[bookmark: OLE_LINK17]After single-layer MgAl-LDH nanosheets were loaded onto the surface of the nylon substrate by vacuum filtration, the microscopic morphology of the composite membrane changed significantly. As displayed in Supplementary Figure 8d, compared with the pristine nylon substrate, a uniform and dense MgAl-LDH membrane layer was formed on the substrate surface after filtrating single-layer MgAl-LDH nanosheets. The membrane surface is flat and smooth without cracks or other structural defects.
[bookmark: _Hlk229137075]The SEM images in Supplementary Figures 8e and 8f further confirm that the macroporous structure of the nylon substrate is completely covered by LDH nanosheets, and an obvious lamellar structure can be observed. EDS elemental mapping analysis reveals that the membrane layer contains characteristic elements of Mg, Al and O. The above characterization results fully demonstrate the successful preparation of the LDHM.
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[bookmark: OLE_LINK22]Supplementary Figure 9. ATR-FTIR spectrum of Nylon and LDHM.
ATR-FTIR spectroscopy was employed to characterize the chemical structure and interfacial interactions of the pristine nylon substrate and MgAl-LDH/nylon composite membrane (LDHM), and the results are shown in Supplementary Figure 9.
For the pristine nylon substrate, the characteristic peak at 3290 cm-1 is attributed to the stretching vibration of the N-H bond in the amide group; the absorption peaks at 2936 cm-1 and 2867 cm-1 correspond to the asymmetric and symmetric stretching vibrations of methylene groups (-CH2-), respectively. The strong absorption peak at 1635 cm-1 is the amide I band, corresponding to the stretching vibration of the C=O bond; the characteristic peaks at 688 cm-1 and 575 cm-1 are assigned to the out-of-plane bending vibration of N-H in the amide group and the skeletal vibration of the polymer, respectively. These characteristics are consistent with the typical infrared spectral features of polyamide materials.
[bookmark: OLE_LINK18]Compared with the pristine nylon substrate, the infrared spectrum of the LDHM exhibits significant characteristic changes: after composite formation, the C=O stretching vibration peak red-shifts from 1635 cm-1 to 1631 cm-1, while the N-H stretching vibration peak at 3290 cm-1 is significantly broadened. The above changes confirm that intermolecular hydrogen bonding interactions of M-OH···O=C and M-OH···N-H types are formed between the nylon substrate and MgAl-LDH nanosheets. Among them, the hydroxyl groups (-OH) on the surface of MgAl-LDH layers act as hydrogen bond donors, forming hydrogen bonds with the C=O groups and N-H groups in the amide bonds of nylon, respectively.
The change in peak shape in the low wavenumber region of 400-800 cm-1 is attributed to the superposition of Mg-O/Al-O framework vibrations of MgAl-LDH layers, further confirming that MgAl-LDH nanosheets have been successfully loaded on the surface of the nylon substrate. This interfacial hydrogen bonding interaction enables MgAl-LDH nanosheets to firmly adhere to the nylon substrate, providing a guarantee for the structural stability of the LDHM.
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[bookmark: _Hlk229144038][bookmark: OLE_LINK21]Supplementary Figure 10. (a) Schematic diagram of the cationic and anionic structures of THA8SiW11O39 ; (b) FTIR spectra of K8SiW11O39 and THA8SiW11 O39 (PIL).
The polyoxometalate ionic liquid THA8SiW11O39 was synthesized via cation exchange of K+ in polyoxometalate K8SiW11O39 with tetrahexylammonium cations (THA+). The molecular structures of the two samples are displayed in Supplementary Figure 10a.
Supplementary Figure 10b shows the FT-IR spectra of K8SiW11O39 and PIL. It can be observed that the characteristic vibration peaks of the Keggin-type polyoxometalate anion [SiW11O39]8- are well retained in the POM skeleton region (1100-700 cm-1) before and after cation exchange, with highly consistent peak positions and shapes. This indicates that the Keggin skeleton structure of the polyoxometalate remains intact without structural damage during the cation exchange process.
Compared with the K8SiW11O39, PIL exhibits new characteristic absorption peaks of THA+ in the C-H vibration region of 2800-3000 cm-1. The strong absorption peaks at 2943 cm-1 and 2860 cm-1 are assigned to the C-H stretching vibrations of alkyl -CH3 and -CH2- groups, while the peak at 1470 cm-1 is attributed to the C-H bending vibration of-CH2-. These results confirm that K+ is successfully replaced by THA+, further verifying the successful fabrication of the target polyoxometalate ionic liquid THA8SiW11 O39.
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Supplementary Figure 11. (a) The contact angle and the fast penetration process of PIL on the surface of LDHM; (b) The surface tension of PIL.
To verify the feasibility of fabricating a series of LDH-PILM with different PIL loadings via the spin-coating, the wettability of PIL on the LDHM surface was investigated. As shown in Supplementary Figure 11a, the initial contact angle of PIL on the LDHM surface was 54.2°, which rapidly decreased to 22.9° within 48 s, indicating an excellent wettability between PIL and the LDHM.
In addition, as depicted in Supplementary Figure 11b, the surface tension of PIL was 53.74 mN/m, and the calculated capillary force was 69.86 MPa. The above results demonstrate that PIL can rapidly infiltrate into the interlayer channels of LDHM driven by capillary force.
The capillary force acting on PIL within the nanochannels was calculated using the Young-Laplace equation:

                           (5)
Where γ represents the surface tension (53.74 mN/m). θc denotes the contact angle of the PIL on the LDHM (54.2°). α corresponding to the free interlaye spacing of LDH-PILM (0.9 nm, Supplementary Figure12), and ΔP is the pressure difference across the fluid interface, which corresponds to the estimated capillary force of 69.86 MPa.
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[bookmark: OLE_LINK28]Supplementary Figure 12. The Schematic diagram of one bilayer of LDH-PILM.
[bookmark: OLE_LINK35][bookmark: OLE_LINK33][bookmark: OLE_LINK34]Supplementary Figure 12 shows a schematic diagram of the double-layer structure of LDH-PILM. Generally speaking, the interlayer spacing of two-dimensional materials comprises the thickness of individual laminates together with the spacing between adjacent layers. The free interlayer spacing specifically refers to the distance neighboring laminates. Therefore, when calculating the free interlayer spacing of LDHM and LDH-PILM, the total interlayer spacing calculated by XRD combined with Bragg's equation should be subtracted by the thickness of a single LDH nanosheet.
For the LDH-PILM, the interlayer spacing calculated from Bragg’s equation is 1.38 nm. Subtracting the thickness of a single LDH nanosheet yields a free interlayer spacing of 0.9 nm, which matches well with the dimensions of the PIL anions and cations (Supplementary Figure 10a). This result further confirms the successful confinement of PIL within the LDH interlayers.
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Supplementary Figure 13. (a) The digital photos of LDH-PILM; (b) The SEM images of LDH-PILM in the top-view.
[bookmark: OLE_LINK25]Supplementary Figures 13a-b shows the SEM images and digital photograph of the LDH-PILM. As displayed in Supplementary Figure 13a, compared with the pristine nylon substrate (Supplementary Figure 10a), a uniform and dense MgAl-LDH modification layer was formed on the substrate surface after loading MgAl-LDH nanosheets and PIL. The SEM images in Supplementary Figure 13b further confirm that the macroporous structure of the nylon substrate is completely covered by LDH nanosheets, the membrane surface is flat and smooth without cracks or other defects.
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[bookmark: OLE_LINK24]Supplementary Figure 14. The surface roughness of (a) LDHM and (b) LDH-PILM. The scan area is 30 μm × 30 μm. Ra is average roughness in nm.
[bookmark: OLE_LINK23]Excessive surface roughness of the membrane tends to induce non-selective defects such as microcracks and micropores. Gas molecules can pass through these defects via non-selective permeation, thereby deteriorating the actual gas separation performance of the membrane. Atomic force microscopy (AFM) was used to characterize the surface roughness of the membrane before and after PIL confinement.
AFM images (Supplementary Figure 14) show that PIL incorporation transforms the “bright hills” into “dark valleys” on the membrane surface, reducing its roughness from 103.7 to 80.5 nm compared with LDHM. The confined PIL effectively seals the non-selective defects on the membrane surface and constructs a smoother surface morphology, which is beneficial to optimizing gas transport behavior.
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[bookmark: OLE_LINK27]Supplementary Figure 15. X-ray photoelectron spectroscopy (XPS) spectra of LDHM and LDH-PILM.
[bookmark: OLE_LINK26]Supplementary Figure 15 presents the XPS survey spectra of LDHM and LDH-PILM. The characteristic peaks of Mg 1s, Al 2p and O 1s are observed for LDHM, which correspond to the intrinsic constituent elements of MgAl-LDH.
In addition to retaining the above characteristic peaks of MgAl-LDH, LDH-PILM exhibits three new characteristic peaks assigned to PIL, namely N 1s, Si 2p and W 4f, which confirms the successful fabrication of the LDH-PILM composite membrane.
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Supplementary Figure 16. (a) Differential scanning Calorimeter (DSC) curves and (b) thermogravimetric analysis (TGA) curves of LDHM and LDH-PILM.
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) serve as critical characterization methods to evaluate the molecular motion characteristics and thermal stability of polyoxometalate ionic liquid (THA8[SiW11O39], PIL) before and after confinement. From the perspectives of molecular relaxation and thermal decomposition behaviors, they can clearly reveal the interfacial interaction between MgAl-LDH layers and PIL, as well as the evolution of structural stability of composite membranes.
DSC can accurately determine the glass transition temperature (Tg) of PIL by monitoring the heat flow variation of samples during heating and cooling processes. Tg is a vital parameter to evaluate the restriction degree of molecular motion of polyoxometalate ionic liquids. When PIL molecules are constrained by interfacial interactions, the molecular relaxation is inhibited, and Tg shifts toward the high-temperature region. 
[bookmark: OLE_LINK41]In this work, as depicted in Supplementary Figure 16a, the Tg values of pure PIL during heating and cooling are -74.04℃ and -75.69℃, respectively. After PIL is confined in the interlayer of LDHM to construct the LDH-PILM composite membrane, the corresponding Tg values increase to -57.37℃ and -72.27℃. The remarkable increase of Tg directly verifies the strong electrostatic interaction between MgAl-LDH layers and PIL ions, which effectively anchors PIL molecules in the MgAl-LDH interlayer, restricts molecular motion, and enhances the overall rigidity of the composite system.
[bookmark: OLE_LINK30][bookmark: OLE_LINK29]TGA can intuitively characterize the thermal decomposition behavior and structural thermal stability of materials by recording the mass change of samples during programmed temperature rise. As shown in Supplementary Figure 16b, pure LDHM exhibits a mass loss of 23.66% around 100℃, which is attributed to the removal of free water in the nanochannels of LDHM. By contrast, the mass loss of LDH-PILM composite membrane in the same temperature range is only 5.23%. This result indicates that the interlayer free water of LDHM can be effectively replaced after PIL confinement. Meanwhile, the interfacial electrostatic interaction further improves the overall thermal stability of the composite membrane, which provides a reliable guarantee for its long-term stable operation under gas separation working conditions.
In summary, the increase of Tg in DSC characterization is mutually confirmed with the improved thermal stability in TGA tests. This finding clearly demonstrates the obvious electrostatic interaction between PIL and MgAl-LDH layers, and verifies that PIL interlayer confinement can effectively enhance the structural stability of composite membranes.
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[bookmark: OLE_LINK31]Supplementary Figure 17. Cross-sectional SEM image of LDH-PILM with different membrane thickness. The volume of LDH was (a) 7.5 mL, (b) 15 mL, (c) 22.5 mL, (d) 30 mL, (e) 37.5 mL and (f) 45 mL.
[bookmark: _GoBack]Membrane thickness is a key structural parameter governing both permeability and selectivity in gas separation membranes. A reduced thickness shortens the gas transport pathway and lowers mass-transfer resistance, thereby enhancing the permeance of the membrane. However, excessively thin membranes are prone to non-selective defects, such as microcracks and pinholes, which facilitate undesired gas leakage and thereby compromise separation selectivity. In contrast, a moderate increase in thickness can suppress defect formation and non-selective transport, while enabling enhanced selectivity via specific recognition ability of interfacial affinity groups for gases. Nevertheless, further thickening of the membrane prolongs diffusion pathways and increases mass-transfer resistance, leading to a pronounced decline in permeability and limiting practical separation efficiency. Therefore, precise control over membrane thickness is crucial for optimizing gas separation performance.
In this work, the thickness of the LDH-PILM was precisely controlled by maintaining a constant PIL loading while varying the vacuum filtration volume of the LDH nanosheets dispersion. The resulting membranes were systematically characterized by scanning electron microscopy (SEM) to evaluate their morphology and thickness.
As shown in Supplementary Figure 17a-f, the LDH-PILM exhibits a typical asymmetric architecture, featuring a dense, well-defined selective layer on the top and a nylon support layer at the bottom. Notably, the selective layer is tightly integrated with the nylon substrate, without observable interfacial voids. The membrane thickness, determined from the scale bars in the cross-sectional SEM images, was found to be 0.16, 0.24, 0.40, 0.66, 0.80, and 1.66 μm, respectively. These results demonstrate that the thickness of the LDH-PILM can be precisely tuned by regulating the filtration volume of the LDH nanosheet dispersion. A higher filtration volume leads to increased nanosheet deposition on the substrate, resulting in a thicker stacked selective layer, thereby providing a reliable basis for systematically investigating the effect of membrane thickness on gas separation performance.


[image: E:\111 LDH文献\7 组会PPT\1 体系一最终组图tif格式\S16-2.tif]
Supplementary Figure 18. Permeability and ideal CO2/N2 selectivity of LDH-PILMs with different thickness (0.16-1.66 nm) at various transmembrane pressure differences (ΔP = 10-100 kPa).
Supplementary Figure 18 shows that, at a fixed transmembrane pressure (ΔP), increasing membrane thickness leads to a gradual decrease in gas permeability, accompanied by a continuous enhancement in ideal CO2/N2 selectivity. For ultrathin membranes (≤ 0.4 μm), the short transport distance through the interlayer channels results in low diffusion resistance, poor gas barrier performance, and thus high permeabilities for both CO2 and N2, yielding low selectivity.
As the thickness increases to ≥ 0.66 μm, the mass-transfer resistance increases markedly, thereby enhancing the gas barrier properties. Meanwhile, CO2, due to its substantial quadrupole moment and polarization-induced electron deficiency at the carbon center (Lewis acidity), can strongly interact with Lewis basic sites, including terminal oxygen (W-Ot), bridging oxygen (W-Ob-W), and corner-sharing oxygen (W-Oc-W) atoms in the [SiW11O39]8- clusters, via Lewis acid-base interactions. In addition, electrostatic interactions between the THA+ cation and CO2 can facilitate selective transport. As a result, the decrease in CO2 permeability is considerably less pronounced than that of N2, leading to a sustained increase in CO2/N2 selectivity. This behavior is consistent with mass-transport theory in supported ionic liquid membranes, where permeability is inversely proportional to membrane thickness1.
At a fixed membrane thickness, the permeabilities of both CO₂ and N₂ increase with increasing ΔP over the entire pressure range, while CO2 exhibits a much more pronounced enhancement than N2. This behavior can be attributed to (i) a pressure-driven effect that accelerates gas transport across the membrane, and (ii) strong specific interactions between the PIL and CO2, which preferentially facilitate CO2 transport. In addition, for most LDH‑PIL‑x membranes (except LDH-PIL-1.66), the CO2/N2 selectivity first increases and then decreases with increasing ΔP.
Using LDH-PIL-0.66 as a representative example (Supplementary Figure 18d), two distinct transport regimes can be identified: (1) in the low-pressure region (ΔP = 10-70 kPa), the CO2/N2 selectivity increases markedly from 38.3 to 98.3; (2) in the high-pressure region (ΔP = 70-100 kPa), the selectivity decreases from its maximum value of 98.3 to 62.1. This behavior can be attributed to the fact that, at low pressures, the enhancement in CO2 permeability is significantly greater than that of N2 due to the aforementioned Lewis acid-base and electrostatic interactions, thereby promoting selective CO2 transport. In contrast, at elevated pressures, N2 is increasingly forced through the membrane, which reduces selectivity. Notably, despite the decline at high pressure, the overall CO2/N2 selectivity still increases from 38.3 at ΔP = 10 kPa to 62.1 at ΔP = 100 kPa, with a pronounced maximum of 98.3 observed at ΔP = 70 kPa.
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Supplementary Figure 19. Schematic diagram of gas molecular structure (from left to right are CO2, N2 and CH4).
Supplementary Figures 19 schematically illustrates the molecular dimensions of CO2, N2, and CH4 (from left to right), with kinetic diameters of 0.33 nm, 0.364 nm, and 0.38 nm, respectively, highlighting the size and configurational differences relevant to gas separation processes.
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Supplementary Figure 20. The separation performance comparison between LDHM and LDH-PILM.
Under conditions of 25°C, a membrane thickness of 0.66 μm, and a transmembrane pressure difference of 70 kPa, the mixture gas CO2/CH4 separation performances of the LDHM and the LDH-PILM were compared. As shown in Supplementary Figures 20, the CO2/CH4 selectivity of pristine LDHM is only 1.32, which is close to the Knudsen‑diffusion selectivity, indicating that gas separation is dominated by non‑selective physical permeation and without specific CO2 recognition. In contrast, the PIL-confined LDH-PILM exhibits a dramatically enhanced CO2/CH4 selectivity of 177.3, representing an increase of more than 130-fold and demonstrating excellent CO2/CH4 separation performance.
Following PIL confinement, the CO2 permeability of LDH-PILM decreases from 3205.8 Barrer to 1201.3 Barrer, while the CH4 permeability drops sharply from 1055.2 Barrer to ~10 Barrer. This result indicates that the confinement effect is not merely due to increased steric hindrance within the transport channels, but rather introduces functional moieties with strong affinity toward CO2. Specifically, robust Lewis acid-base interactions between oxygen-rich sites of the polyoxometalate anions and CO2 significantly facilitate the dissolution-diffusion of CO2, whereas the transport of nonpolar CH4 is strongly suppressed. 
These findings confirm that PIL confinement successfully constructs a “lock‑and‑key” recognition architecture within the LDH interlayers, effectively breaking the trade-off between the permeability and selectivity and enabling highly efficient and selective CO2 transport.
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Supplementary Figure 21. Natural logarithm of permeability (lnP) for CO2/CH4, plotted against the reciprocal of temperature.
In this work, the permeation activation energies (Ep) of CO2 and CH4 were determined using the Arrhenius equation (equation (7)) to further elucidate the influence of temperature on gas transport behavior and separation selectivity.
The fitting results show that EpCH4 (35.69 kJ·mol⁻¹) is significantly higher than EpCO2 (20.16 kJ·mol⁻¹) (Supplementary Figures 21). The permeation activation energy represents the minimum energy required for gas molecules to overcome mass-transfer resistance during transmembrane diffusion, with a higher Ep indicating stronger temperature dependence of permeation. As a nonpolar molecule, CH4 lacks specific interactions with the anionic and cationic species in the PIL, and its transport within the interlayers of LDH-PILM is mainly governed by steric hindrance, resulting in higher diffusion resistance and a larger energy barrier. In contrast, due to the existence of both Lewis acid-base interactions and electrostatic interactions between CO2 and the anionic and cationic species in the PIL, its diffusion barrier is effectively lowered, resulting in a smaller Ep. With increasing temperature, the thermal motion of gas molecules is enhanced. Because the permeability of CH4 rises more markedly than that of CO2, the CO2/CH4 separation selectivity gradually declines as temperature increases.
The permeation activation energies was determined using the following equation:

                         (7)
Where lnP is the natural logarithm of the permability; Ep is the activation energy for permeation (kJ·mol-1); R is the molar gas constant with a standard value of approximately 8.314 J·mol-1·K-1; T is the temperature (K); C is the parameter.
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Supplementary Figure 22. Cross-sectional SEM images of the LDH-PILM, together with the corresponding EDS elemental mapping images.
The structural stability of LDH-PILM was maintained after 72 h of continuous operation, with negligible variation in membrane thickness (~620 nm) and homogeneous distributions of LDH- and PIL-derived elements (Al, Mg, O, N, Si and W) confirmed by cross-sectional SEM and EDS mapping (Supplementary Figure 22). These observations highlight the robust retention of the confined PIL phase and the preservation of the lamellar transport architecture during prolonged gas separation.
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Supplementary Figure 23. CO2/N2 separation performance of LDH-PILM in comparison with the reported data for single gas.
As shown in Supplementary Figure 23, the as-fabricated LDH-PILM surpasses both the 2008 and 2019 upper bounds for CO2/N2 separation. The membrane achieves a simultaneous combination of high CO2 permeability (>1800 Barrer) and CO2/N2 selectivity (>95), significantly outperforming previously reported supported ionic liquid membranes, polymer membranes, mixed-matrix membranes, MOF membranes, and 2D-confined ionic liquid lamellar membranes. This exceptional separation performance is attributed to a distinct “lock-and-key” recognition mechanism within the confined PIL. Specifically, the [SiW11O39]8- anions and THA⁺ cations synergistically and reversibly interact with CO2 via Lewis acid-base and electrostatic interactions, respectively, establishing a highly efficient facilitated transport pathway for CO2.
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Supplementary Figure 24. ATR-FTIR spectra of LDH-PILM upon static adsorption of CO2, N2 and CH4.
To elucidate the distinct interactions between different gases and the LDH-PILM, static ATR-FTIR measurements were performed under various gaseous environments. As shown in Supplementary Figure 24, the CO2-exposed LDH-PILM exhibits pronounced spectral shifts relative to the pristine sample. Specifically, the bridging oxygen (W-Ob-W) and corner-sharing oxygen (W-Oc-W) vibrations in the [SiW11O39]8- blue-shifted from1013.9 cm-1 and 952.2 cm-1 to 1023.6 cm-1 and 953.6 cm-1, respectively. Meanwhile, the C-H stretching bands of the THA+ cation red-shifted from 2939.0 cm-1 and 2864.8 cm-1 to 2934.7 cm-1 and 2863.8 cm-1. These results further confirm that the PIL confined within the LDH nanochannels exhibits specific affinity toward CO2, while remaining essentially inert toward N2 and CH4.
Complementary in situ DRIFTS measurements (Figure 5a) reveal the dynamic evolution of active sites during CO2 adsorption-desorption. Together with the static ATR-FTIR results, these findings provide unambiguous evidence for the specificity of PIL-CO2 interactions. The combined static and dynamic spectroscopic analyses thus establish a coherent experimental evidence chain, substantiating the CO2-preferential binding mechanism responsible for the superior separation performance of the LDH-PILM.
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Supplementary Figure 25. DFT-calculated interaction energies of PIL with CO2, N2 and CH4.
To gain molecular-level insight into the selective affinity of PIL toward different gas molecules, DFT calculations were performed to evaluate the corresponding binding energies. As shown in Supplementary Figure 25, CO2 exhibits the shortest interaction distance with the PIL (2.663 Å), which is significantly smaller than those of N2 (3.358 Å) and CH4 (3.366 Å), indicating a much stronger intermolecular interaction. These results are further supported by the calculated binding energies, which decrease in the order of CO2 (-53.69 kJ·mol-1) > N2 (-40.49 kJ·mol-1) > CH4 (-22.58 kJ·mol-1). The substantially more negative binding energy of CO2 demonstrates its strongest affinity toward the PIL. Such preferential CO2 binding provides a thermodynamic basis for its enhanced adsorption and selective transport through the PIL-confined nanochannels, consistent with the experimentally observed superior CO2 separation performance.
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Supplementary Table 1. CO2/CH4 separation performance of LDH-PILM and other separation membranes reported in the literature for mixed gases.
	Membranes
	Testing Conditions
	CO2 Permeability
(Barrer)
	CO2/CH4
Selectivity
	Ref.

	MOF membranes
	
	
	
	

	UiO-66
	100 kPa, 25℃
	51
	26.9
	2

	PI-COOH/ UiO-66
	100 kPa, 35℃
	130
	24.2
	3

	IL@ UiO-66-NH2-TMC
	100 kPa, 35℃
	47
	35
	4

	CMS membranes

	6F-DABA-75-CM576
	400 kPa, 35℃
	3573
	51.5
	5

	P/100-600
	200 kPa, 35℃
	503
	56.5
	6

	Polysilsesquioxane CMS
	100 kPa, 35℃
	354
	56
	7

	Si-CHA
	100 kPa, 25oC
	400
	130
	8

	Si-CHA
	200 kPa, 25oC
	120
	480
	9

	A11-Silica CHA Nnocrystals
	100 kPa, 30℃
	780
	32
	10

	Polymer membranes

	Modified Polyamide
	100 kPa, 25oC
	8.06
	51
	11

	Polyamide
	200 kPa, 35oC
	1858
	18.9
	12

	Polyamide
	650 kPa, 35oC
	150.5
	27.5
	13

	2D-confined ILs lamellar membranes

	GO/[P6,6,6,14][Cl]
	100 kPa, 25oC
	82.9
	76
	14

	GO/[BMIM][BF4]
	100 kPa, 25oC
	68.5
	234
	15

	GO/2HNS/[BMIM][BF4]
	100 kPa, 25oC
	400
	194
	16

	MoS2/[BMIM][BF4]
	60 kPa, 25oC
	57.46
	43.52
	17

	MoS2/[BMIM][BF4]
	100 kPa, 20oC
	195
	174
	18

	WS2/[BMIM][BF4]
	100 kPa, 25℃
	47.3
	68.81
	19

	g-C3N4/[EMIM][AcO]
	100 kPa, 25℃
	1160.52
	48.41
	20

	This Work
	
	
	
	

	LDH-LDH-THA8[SiW11O39]
	
	1201.3
	177.3
	--




Supplementary Table 2. CO2/CH4 separation performance of LDH-PILM and other separation membranes reported in the literature for single gas.
	Membranes
	Testing Conditions
	CO2 Permeability (Barrer)
	CO2/CH4
Selectivity
	Ref.

	Surpported ILs Membranes

	PVDF/[C4mim][BF4]
	70 kPa, 30℃
	390
	113
	21

	PVDF/[C2mim][CF3SO3]
	200 kPa, 30℃
	486
	23.1
	22

	PVDF/[C12mpyr][NTf2]
	100 kPa, 21℃
	351
	14
	23

	PES/[C2mpy](PFOc)SO3
	75 kPa, 21℃
	897.5
	6.6
	24

	PI-[Benz][Ac]
	1000 kPa, 25oC
	19.36
	37.92
	25

	Polymer membranes

	(LDH/FAS)n-PDMS
	100 kPa, 25℃
	387.4
	62
	26

	VAP
	60 kPa, 30℃
	1370
	29.2
	27

	PI/[C4mim][NTf2]
	200 kPa, 35℃
	1000
	2
	28

	PEO-PBT+PEG-DBE
	30 kPa, 30oC
	750
	11.2
	29

	Pebax/PEG50
	60 kPa, 30oC
	151
	15.5
	30

	Mixed matrix membranes

	MOF-5/Matrimid
	200 kPa, 35oC
	20.2
	45
	31

	Pebax-MX-0.1
	400 kPa, 25oC
	123
	21.9
	32

	PIL-IL 75
	100 kPa, 25oC
	525
	18
	33

	Matrimid ZIF-8
	400 kPa, 22oC
	12.96
	41.5
	34

	Pebax/GO
	300 kPa, 25oC
	100
	26
	35

	Polyactive/GO
	50 kPa, 25oC
	143
	21
	36

	Pebax/[Hmim][NTf2]/Al2O3]
	1000 kPa, 25oC
	173.9
	24.29
	37

	MOF membranes

	PDA/UiO-66
	100 kPa, 25oC
	892
	28.9
	38

	ZIF-69
	100 kPa, 25℃
	11947
	4.6
	39

	ZIF-8
	100 kPa, 35oC
	911
	2.9
	40

	ZIF-62 glass
	100 kPa, 25oC
	2602
	36.6
	41

	2D-confined ILs lamellar membranes

	GO/[Bmim][BF4]
	100 kPa, 20oC
	71.9
	234
	15

	MoS2/[Bmim][BF4]
	100 kPa, 25oC
	92.9
	43.5
	17

	WS2/[Bmim][BF4]
	400 kPa, 25oC
	18.9
	68.8
	19

	Mica/[Bmim][BF4]
	100 kPa, 25oC
	91.2
	28.6
	42

	BN/[P6,6,6,14][FeCl4]
	100 kPa, 25oC
	227
	38
	43

	GO/[P6,6,6,14][FeCl4]
	100 kPa, 25oC
	3.73
	76
	14

	This Work

	LDH-THA8[SiW11O39]
	70 kPa, 25℃
	1882.0
	186.3
	--




Supplementary Table 3. CO2/N2 separation performance of LDH-PILM and other separation membranes reported in the literature for single gas.
	Membranes
	Testing Conditions
	CO2 Permeability (Barrer)
	CO2/N2
Selectivity
	Ref.

	Surpported ionic liquid membranes

	PVDF/[C4mim][BF4]
	70 kPa, 30℃
	390
	35
	21

	PVDF/[C2mim][CF3SO3]
	200 kPa, 30℃
	486
	34
	22

	PVDF/[C12mpyr][NTf2]
	100 kPa, 21℃
	351
	28.4
	23

	PES/[C2mpy](PFOc)SO3
	75 kPa, 21℃
	897.5
	12.3
	24

	Polymer membranes

	(LDH/FAS)n-PDMS
	100 kPa, 25℃
	387.4
	86
	26

	VAP
	60 kPa, 30℃
	1370
	31.9
	27

	PI/[C4mim][NTf2]
	200 kPa, 35℃
	1000
	4
	28

	PEO-PBT+PEG-DBE
	30 kPa, 30oC
	750
	40
	29

	Pebax/PEG50
	60 kPa, 30oC
	151
	47
	30

	Mixed matrix membranes

	MOF-5/Matrimid
	200 kPa, 35oC
	20.2
	39
	31

	Pebax-MX-0.1
	400 kPa, 25oC
	123
	96
	32

	PIL-IL 75
	100 kPa, 25oC
	525
	35
	33

	Matrimid® ZIF-8
	400 kPa, 22oC
	12.96
	21.3
	34

	Pebax/GO
	300 kPa, 25oC
	100
	91
	35

	Polyactive/GO
	50 kPa, 25oC
	143
	73
	36

	Pebax/[Hmim][NTf2]/Al2O3]
	1000 kPa, 25oC
	173.9
	77.98
	37

	MOF membranes

	PDA/UiO-66
	100 kPa, 25oC
	892
	51.6
	38

	ZIF-69
	100 kPa, 25oC
	11947
	6.3
	39

	ZIF-8
	100 kPa, 35oC
	911
	2.7
	40

	ZIF-62 glass
	100 kPa, 25oC
	2602
	34.5
	41

	2D-confined ILs lamellar membranes

	GO/[Bmim][BF4]
	100 kPa, 20oC
	71.9
	382
	15

	MoS2/[Bmim][BF4]
	100 kPa, 25oC
	92.9
	131.4
	17

	WS2/[Bmim][BF4]
	400 kPa, 25oC
	18.9
	153.2
	19

	Mica/[Bmim][BF4]
	100 kPa, 25oC
	91.2
	
	42

	BN/[P6,6,6,14][FeCl4]
	100 kPa, 25oC
	227
	
	43

	GO/[P6,6,6,14][FeCl4]
	100 kPa, 25oC
	3.73
	
	14

	MX/IL
	
	275.1
	28.5
	44

	This work

	LDH-LDH-THA8[SiW11O39]
	0.7 bar, 25℃
	1882.0
	98.3
	--
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