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Abstract:
[bookmark: _Hlk76297735][bookmark: OLE_LINK24][bookmark: _GoBack] BTDA-TDI/MDI (P84) has been widely applied in gas separation, however, pinholes or defects on P84 membrane surfaces were formed in the membrane preparation process and directly weaken its separation performance. Herein, we developed an ultrafast polydimethylsiloxane (PDMS) layer-by-layer assembly strategy via spraying method to heal the defects of the P84 membrane. Firstly, a very short assembly time 20-30 s was achieved by a UV-curing method. Secondly, both the PDMS spraying concentration and cycle times were optimized to strengthen the healing ability of PDMS. The P84-PDMS membrane with 3 wt % PDMS spraying concentration and 2 spraying cycle times significantly improve the H2/CH4 selectivity from 62.99 to 231.92 with a satisfactory H2 permeance (20.85 GPU). The layer-by-layer PDMS assembly strategy for healing defects of P84 membrane displays outstanding comprehensive abilities, with an easy manufacturing based upon ultrafast curing and excellent gas separation performance based on the defect-free membrane structure. 
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1. Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Hydrogen (H2), as a clean energy source, is widely utilized in ammonia production, petro-chemical hydrogenation and methanol synthesis1-5. At present, the most prominent commercial sources of H2 is steam reforming of hydrocarbons. 
Novel emerging production technologies target fermentation6 or even thermal water-splitting7. Unfortunately, all of these traditional and emerging techniques produce by-product gases, such as methane (CH4), nitrogen (N2), carbon dioxide (CO2) and so on8-10. Considering that the separation and purification of H2 from the gas mixture is the necessary path for its actual use, since this downstream separation unit directly determines the process cost11. Developing a high-efficiency separation method to improve the production economy is hence pressing. Compared with other separation technologies, e.g. pressure swing adsorption (PSA) and cryogenic separation, membrane separation is considered as a green and sustainable process due to its fair energy consumption, good separation efficiency environmental sustainability12-14. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK7][bookmark: OLE_LINK10][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK17]Asymmetric membranes with a dense selectivity layer have been widely used in gas separation, and also showing the excellent performance15-18. Polyimide (PI)19, 20, cellulose acetate (CA)21, 22 and polysulfone (PSF)23, 24 membrane offer the advantages of low cost and easy industrialization, and have been widely utilized in preparing asymmetric membranes for gas separation. BTDA-TDI/MDI (P84) co-polyimide (as shown in Figure S1) is a promising candidate due to its outstanding chemical resistance, thermal stability and selectivity25-27. However, in the conventional preparation process of membranes, i.e. the phase inversion method, it is easy and inevitable to form pinholes or defects in the selective layer28-33. This key issue severely hampers the large-scale application of asymmetric membranes, and obtaining a defect-free selective layer is extremely important and urgent. To eliminate the defects of asymmetric membranes, some methods have been proposed like solvent post-treatment and sectionalized dry-wet phase inversion. Rezac et al.34 used dichloromethane vapor to post-treat the defective polyimide membrane, while the O2/N2 selectivity of the post-treated membrane increased from 3.1 to 5.0 and was attributed to the synergistic action of the selective skin layer plasticization coupled with surface-tension driven cohesive forces. Dai et al.35 prepared the Matrimid® asymmetric membranes via dry-wet phase inversion with sectionalized air gap i.e. dried air at the upper section and humidified air at the lower section. The N2 permeance of the obtained membrane could be increased to 2.58 GPU with a N2/SF6 selectivity of 41. 
Although much efforts have been devoted to heal the defects of asymmetric membranes, the operability is not well developed owing to the complex and multistep operation procedure, which severely limits the supply capability of membrane materials. Therefore, developing a simple and easily-operated method to heal asymmetric membrane defects has a great significance. 
[bookmark: OLE_LINK6]Recently, employing polymers to plug defects of membrane surfaces were proposed. Polydimethylsiloxane (PDMS) is considered the optimal material because of its outstanding permeability, thermostability and low cost. Li et al.36 prepared one kind of PDMS/PEI membrane via dip coating. The PDMS/PEI membrane showed an increased CO2/N2 ideal selectivity of 21 compared with 1.5 of the pristine PEI membrane, which is because a dip-coating PDMS layer can effectively heal the defects of the PEI membrane. Chong et al.30 prepared PDMS/PSF hollow fiber membranes for oxygen enrichment. The membrane possesses an increased O2/N2 selectivity of 12% compared with the pristine PSF membrane, owing to the effective defect healing of PDMS coated layer. Widiastuti et al.37 showed that the minor defects existed on the surface of a P84/ZCC membrane. There defects were successfully remediated with PDMS, resulting in an increased O2/N2 selectivity from 4.11 to 4.92 (19.71% improvement) was obtained. However, all the reported studies using PDMS as the filling material apply the time-consuming operation process, which is caused by the lengthy curing of PDMS (>180 min) based on the conventional thermal crosslinking38. Obviously, this cannot meet the practical requirement for the fast preparation of the defect-free P84 membrane mentioned above. Meanwhile, the phenomenon of pore penetration towards PDMS coating solution easily occurs during the long curing process due its great mobility, where the additional defects are formed so as to negatively effect on the membrane performance39. More importantly, it is also a great challenge to realize the high-speed preparation of defect-free membranes. In the light of the aforementioned analysis, it is urgent to develop an easy-operated healing method for the P84 membrane using the ultrafast curable PDMS.
The ultrafast and controllable curing of PDMS by the UV-crosslinking technology was recently demonstrated by our research group38, 40-42, where the curing time is 2-3 orders of magnitude lower than that of the reported values. In this study, we propose an ultrafast layer-by-layer assembly strategy towards PDMS for boosting H2 selective separation of the P84 membrane. As shown in Figure 1, the wet phase inversion technique is utilized to prepare the P84 membrane, then UV curable PDMS is synthesized and spayed on the surface of the P84 membrane to heal defects. Finally, the P84-PDMS membrane is UV irradiated, where a 20-30 s of assembly time of PDMS is realized. In order to entirely heal the defects of the P84 membrane, the PDMS spraying concentration and cycle times were optimized to strengthen the healing capability of PDMS.
[image: ]
[bookmark: _Hlk22153974]Figure 1. Schematics diagram of the ultrafast layer-by-layer assembly strategy for the preparation of the P84-PDMS membrane.

2. [bookmark: OLE_LINK71]Experimental

2.1. Materials 
P84 powder was purchased from HP Polymer GmbH, Austria, and vacuum dried at 160 oC for 16 h before using. Polydimethylsiloxane (PDMS, 3000 cp) was purchased from Shandong Dayi Chemical Co. Ltd., China. Acetone (99%) and n-hexane (97%) were provided by Beijing Chemical Works, China. 3-Methacryloxypropylmethyldimethoxysilane (KH571, 98%) and 2-hydroxy-2-methylpropiophenone (photo-initiator 1173, 97%) were purchased from Macklin Biochemical Co. Ltd., China. N-Methylpyrrolidone (NMP, 98%), tetraethyl orthosilicate (TEOS, 97%), and dibutyltin dilaurate (DBTDL, 99%) were purchased from Xilong Scientific Co., Ltd., China.  
2.2.  Preparation of the P84 membrane
The P84 membrane was prepared via the wet phase inversion method. Specifically, a given certain amount of P84 powder was added into NMP and acetone mixture solution under stirring of 300 rpm at 50 oC for 48 h. Then, the obtained P84 polymer mixture was kept at 60 oC for 24 h to remove gas bubbles. It was subsequently was cast on a clean glass substrate and immersed into a coagulation bath filled with DI water after the evaporation of the cast solution at room temperature for a given time. The P84 membrane was soaked in fresh DI water for 2 days to remove the residual solvent and then dried in an oven at 60 oC for 24 h. Finally, solvent exchange was conducted by methanol and n-hexane for three times and 30 min each time.
2.3. P84-PDMS membrane preparation
[bookmark: _Hlk22562706]UV curable PDMS was prepared according to Si et al.38. The sprayed PDMS solutions were prepared based on Table 1. Then, ultrafast layer-by-layer assembly of PDMS was conducted to heal P84 membrane by the easily operated spray coating method. The spray system was set at a flow rate of 10 mL/min for 10 s with 2 bar of constant pressure provided by air compressor. The P84 membrane was spun at 100 rpm, and set a 50 cm of distance of the nozzle. After spraying, the obtained PDMS layer was irradiated under a 365 nm UV lamp for 2 min. The distance between the PDMS layer and the UV-lamp was set at 15 cm. As shown in Table 1, P84-PDMS composite membranes were named as P84-PDMS-1, P84-PDMS-3, P84-PDMS-5, P84-PDMS-7, P84-PDMS-10, respectively. P84-PDMS membranes with different cycle times were named as P84-PDMS-3A, P84-PDMS-3B, P84-PDMS-3C, P84-PDMS-3D, respectively.

[bookmark: _Hlk22562787]Table 1 Composition of PDMS solution of different P84-PDMS membranes.
	Membrane
	MA-PDMS/g
	n-hexane/g
	1173/g
	Spray coating cycle times

	P84-PDMS-1
	0.1
	9.9
	0.8
	1

	P84-PDMS-3
	0.3
	9.7
	0.8
	1

	P84-PDMS-5
	0.5
	9.5
	0.8
	1

	P84-PDMS-7
	0.7
	9.3
	0.8
	1

	P84-PDMS-10
	1.0
	9.0
	0.8
	1

	P84-PDMS-3A
	0.3
	9.7
	0.8
	2

	P84-PDMS-3B
	0.3
	9.7
	0.8
	3

	P84-PDMS-3C
	0.3
	9.7
	0.8
	4

	P84-PDMS-3D
	0.3
	9.7
	0.8
	5



2.4. [bookmark: OLE_LINK67][bookmark: OLE_LINK68] Characterization
[bookmark: _Hlk22564574][bookmark: _Hlk22520887][bookmark: OLE_LINK63][bookmark: OLE_LINK64]The FTIR spectra of membranes were determined via a Fourier transforms infrared spectrometer (Varian-3100, Varian Inc., USA). Real-time infrared spectroscopy (a Nicolet 5700 device combined with MCT/A detector and extended range KBr beam splitter) and Modular Compact Rheometer (MCR 302 WESP, Anton Paar) were employed to conduct UV-curing kinetics of PDMS. Scanning electron microscopy (SEM, SU8020, Hitachi, Japan) was used to observe the membranes surface and cross-section. Energy dispersive spectrometry (EDS) elemental mapping was taken using an energy dispersion of X-ray system equipped with a window connected to a HORIBA EX-350 operating at 130 kV. The surface morphology of membranes was tested with an atomic force microscope (AFM) (Dimension® Icon ™, Bruker Corp., Germany). The free volumes properties of PDMS layers of the P84-PDMS membranes were tested via positron annihilation lifetime spectroscopy (PALS, EG&G ORTEC, USA). Samples with different PDMS concentrations are sandwiched with the positron source (22Na, 5×105 Bq). The PALS was tested by an EG&G ORTEC fast-fast coincidence system with 210 ps resolution, while a LT-v9 program was used to solve the spectrum. The relationship between the free volume cavity radius r3 and ortho-positronium pick-off lifetime τ3 was as follows41, 43, 44: 
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]                  (1)
where ∆r refers to the electron layer thickness (0.1656nm). The fractional free volume was defined as:
                                                (2)
2.5.  Gas permeation tests
Gas permeation tests, including H2, N2, CO2 and CH4 were conducted via a custom-constructed constant-volume/variable-pressure equipment at 35 oC with a feed pressure of 1 bar. In the steady-state region, the single gas permeation rate refers to the increased permeation pressure with time on the downstream side (dp/dt) was calculated as follows32, 45, 46:
                                       (3)
[bookmark: OLE_LINK91][bookmark: OLE_LINK69][bookmark: OLE_LINK70]where p refers to the permeability of the membranes (×10−10 cm3(STP) cm/cm2 s cmHg), P and L represent the membranes permeance (1 GPU=1×10−6 cm3(STP)/cm2 s cmHg) and membrane thickness (m), respectively. A is membrane area (m2); and P2 refers to the upstream chamber pressure (psia) of the feed gas, whereas P1 is the atmospheric pressure. T and V represent the experimental temperature (K) and the downstream chamber volume (cm3), respectively. The ideal selectivity (α) for gas i to gas j can be calculated using the following equation:
                                                       (4) 

3. Result and Discussion

3.1. [bookmark: OLE_LINK26] UV-crosslinking kinetics of PDMS
UV-crosslinking kinetics of PDMS is studied by the real-time infrared spectroscopy and photo-rheology. The curing of PDMS chains is determined by the polymerization of C=C group (1637 cm-1)38, 40, 47. As shown in Figure 2a, the peak related to C=C is gradually decreased under UV irradiation within 20 s. This 20 s of crosslinking time is shortened by 3 order of magnitude shorter than that of the reported values to PDMS48, which is expected to ultrafastly heal the defects of the P84 membrane formed in phase inversion. Specially, the curing situation of PDMS spraying solutions with different concentrations is further evaluated by photo-rheology. As displayed in Figure 2b, the storage modulus G’ of PDMS spraying solutions almost keeps constant without UV irradiation, whilst it is sharply increased under UV irradiation. The time reaching the plateau focuses on 20-30 s, which is consistent with the result of real-time infrared spectroscopy37. It is found that after reaching the plateau, the storage modulus G’ of PDMS spraying solutions is increased from 45 Pa to 3600 Pa with the increase of PDMS concentration. It can be explained that the amount of PDMS increase with the increase of PDMS concentration, then a denser PDMS polymer network will formed after UV irradiation, so as to result in an increased G’49. Furthermore, tan(delta)=G’/G’’ is calculated to evaluate the phase transformation from liquid to solid of PDMS. Tan(delta) values are sharply decreased to below 0.3 within 20-30 s under UV irradiation, showing that the sprayed PDMS liquid is fully converted to its solid state42, 50. Thus, the layer-by-layer assembly process of PDMS is ultrafastly realized, and can solve the key issue, i.e. the long curing time of PDMS. 
[image: ]
Figure 2. (a) Real-time infrared spectroscopy of PDMS coating solution and (b) the photo-rheology of PDMS spraying solutions with different concentration. 

3.2.  Optimization of the PDMS spaying concentration
The spaying concentration of polymer51-53 determines the size and amount of atomized droplets so as to influence the membrane morphology and separation performance52. To entirely heal the defects of the P84 membrane, the spraying concentration of PDMS is optimized to strengthen its healing ability.
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]3.2.1 Characterization of membranes 
[bookmark: OLE_LINK18][bookmark: OLE_LINK30][bookmark: OLE_LINK21][bookmark: OLE_LINK22]FTIR spectra were determined to investigate the chemical composition of membranes. As shown in Figure 3, the P84 membrane and all P84-PDMS membranes possess the absorption peaks at wavenumbers of 1780 cm−1, 1715 cm−1, 1350 cm−1 and 720 cm−1, according with the structure of P84 polyimide (Figure S1)37. The absorption peaks at 1780 cm−1 and 1715 cm−1 belong to the asymmetric and symmetric vibrations of C=O, respectively. The peak at 1350 cm–1 correspond to the C-N while the band at 720 cm−1 attributed to C=O bond from the P84 polyimide. Moreover, the spectrum of PDMS layer and P84-PDMS composite membranes shows the typical Si-C, Si-O-Si and Si-O adsorption peaks at 1407, 1088, and 871 cm–1, respectively, which is consist with the structure of PDMS38, 54. In light of the above analysis, the sprayed PDMS is firmly adhered onto the surface of P84 membrane via the ultrafast layer-by-layer assembly strategy. 
[image: ]
[bookmark: _Hlk22149650]Figure 3. FTIR spectra of P84 membrane, PDMS layer and P84-PDMS membranes with different spraying concentration.

[bookmark: OLE_LINK56]The surface and cross-section morphology of the membranes are observed in Figure 4. P84-PDMS membranes show the more lumps on the surface compared with P84 membrane. Because when the freshly sprayed PDMS layer is transferred to the UV irradiation, the crosslinking reaction among PDMS chains will start. In this case, the movement ability of PDMS chains is limited over irradiation time, where chains are not fully rearranged55, 56. Further, the partial three-dimensional gel structure is formed57. The difference among the gel structures results in the formed lumps. In addition, it is found that the formed lump on membrane surface become larger when the spraying concentration of PDMS is continuously increased (Figure 5). This can be explained as follows. The increased concentration of PDMS causes the increase of viscosity, further leading to the formation of larger atomized droplets52. The increase of the atomized droplets size results in the large diversity of the partially cured morphology of PDMS. Furthermore, the increased spraying concentration leads to the decrease of interfacial tension so as to hinder the spread of PDMS chains through the P84 membrane surface51. As shown in the Figure 5, atomizing PDMS droplets spray coated on the surface of the P84 membrane will be cured rapidly under UV irradiation. With the increase of spraying concentration of PDMS, both the increased atomizing PDMS droplets size and the decreased surface tension jointly promote the enlargement of lumps on the surface of P84-PDMS membranes. Additionally, the thickness of the PDMS layer is shown in SEM images with high magnification (Figure 4). The thickness increases from 0.25 m to 2.64 m caused by the increased amount of the curable PDMS (Figure S2a). 
[image: ]
[bookmark: _Hlk73540662][bookmark: OLE_LINK49][bookmark: _Hlk75193402]Figure 4. SEM images of surface, cross-section with low magnification and high magnification of (a-c) P84, (d-f) P84-PDMS-1, (g-i) P84-PDMS-3, (j-l) P84-PDMS-5, (m-o) P84-PDMS-7 and (p-r) P84-PDMS-10 membranes.
[image: ]
Figure 5. Schematics diagram of spraying with different spraying concentration.

The EDS-SEM mapping images of both surface and cross-section of membranes is shown in Figure 6. There is no Si element distribution on the surface of the P84 membrane while it is detected on P84-PDMS membranes owning to the adhered PDMS on P84 membrane surface. The percentage of the Si element is accordingly increased with the increase of PDMS spraying concentration (Table S1). In addition, Si is uniformly distributed within the membrane surface, while no aggregation of Si is found in the P84 membrane. Since the curing process of PDMS is realized within the ultrashort time, the formation of the solid structure effectively prevents uncured PDMS permeating into P84 membrane57. The thickness of the PDMS layer is positively correlated with the spraying concentration, which is consistent with the results of the SEM images (Figure 4).
[image: ]
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Figure 6. Surface and cross-section of P84 and P84-PDMS membranes: (a) surface and (c) cross-section SEM image of the membranes and corresponding (b) surface and (d) cross-section EDS mapping images of Si. 

The transport behavior of molecules is determined by the free volume property of the compact structure, referring to the atomic-scale open spaces distributed throughout the membrane layer58. The effect of spraying concentration of PDMS on the free volume property is evaluated by PALS technology. As shown in Table 2, the lifetime τ3 is sensitive to the free volume cavity size r3 and intensity I3 is related to the concentration of accessible free volume cavity59. When PDMS concentrations are increased from 1 wt% to 10 wt%, I3 is monotonously increased from 3.05 to 3.28, which corresponds to a more accessible network cavity. Although the concentration is increased from 1 wt% to 10 wt%, the lower concentration level easily leads to the formation of loosely packed chains of PDMS, rather than the entangled structure42, 60. Considering the more PDMS chains taking part in the crosslinking reaction and forming the network cavities, I3 displays the monotonous increasing tendency61, 62. Besides, r3 shows a monotonous increase tendency from 0.366 nm to 0.391 nm. PDMS in spraying solution almost keeps the low concentration, which is helpful for the chains extension and avoided the severe chains packing. Thus, the interstitial cavities in the crosslinked sites are increased, resulting in the promotion of r362, 63. Apparently, H2 (0.145 nm), N2 (0.182 nm) and CH4 (0.19 nm) molecules can easily pass through the free volume cavities because of the smaller kinetic radius41. 
Table 2 Free volume of different concentration of PDMS coating layers.
	The concentration of MA-PDMS (%)
	τ3 (ns)
	I3 (%)
	r3 (nm)
	FFV (%)

	1
	6.71    
	3.05
	0.366
	1.38

	3
	8.05
	3.13
	0.371
	1.72

	5
	13.14
	3.26
	0.380
	3.02

	7
	15.74
	3.28
	0.381
	3.64

	10
	20.65
	3.43
	0.391
	5.17



3.2.2 Separation performance 
[bookmark: OLE_LINK66][bookmark: OLE_LINK72][bookmark: OLE_LINK73]Figure 7a displays the single-gas permeability of H2, CO2, N2, and CH4 passing through the P84 membrane and P84-PDMS membranes with different spraying concentration of PDMS as a function of the kinetic diameter of the gas molecules. The gas permeance of all membranes gradually decreases with the increase of the gas molecular size, since the larger gas molecule is generally hampered toward its diffusion coefficient64. Furthermore, gas permeability and selectivity of the P84 and P84-PDMS membranes with different spraying concentration can be seen in Figure 7b. The H2 gas permeance of all P84-PDMS membranes decreases from 61.83 GPU to 3.57 GPU with the increase of the PDMS concentration, while the P84-PDMS membranes is lower than that of P84 membrane (66.40 GPU). PDMS coated on the surface of P84 membrane will provide extra diffusion resistance for gas molecules to pass P84-PDMS membranes30, 32, although the PDMS layer will not seriously hinder the gases passing through the P84-PDMS membranes due to its appropriate free volume cavities as shown in Table 2. Additionally, the SEM and EDS characterizations in Figure 4 and Figure 6, the thickness of PDMS layer increased with the increase of PDMS coating solutions (from 0.25 m to 2.64 m (Figure S2a)). The higher PDMS concentration can lead to a lower gas permeance due to increased diffusivity of resistance caused by the thicker PDMS layers formed. Similar results have also been obtained in other reports28, 29. The H2/CH4 selectivity of the P84 and P84-PDMS membranes increases from 62.99 to 175.08 firstly and then remained nearly 180 almost constant with the increased PDMS concentration. This can be explained as follows. As shown in Figure 5, P84-PDMS membranes are UV-irradiated immediately after spray coating atomizing PDMS droplets onto the P84 membrane surface. Then the PDMS molecular movement ability over UV irradiation can be limited and the crosslinking PDMS easily form a three-dimensional gel structure after ultrafast UV curing process57. Therefore, the PDMS do not have enough time to stretch out and rearrange fully, leading to the formation of lumps as shown in Figure 455, 56. The higher PDMS concentration the higher viscosity, resulting in a larger atomizing PDMS droplets size52. Lager atomizing PDMS droplets size will cause the more PDMS coated the P84 membrane surface. The percentage of Si element increased with the increase of PDMS coating solution concentration (table S1). When the PDMS concentration is low (1 wt %, P84-PDMS-1 in Figure 5), the formed PDMS layer after UV irradiation of small atomizing PDMS droplets may be unable to completely cover the defects on the P84 membrane65, 66. Hence, the P84-PDMS-1 membrane shows a slightly decreased H2 permeance of 61.83 GPU and slightly increased H2/CH4 selectivity of 82.21 compared with the P84 membrane (H2 permeance of 66.40 GPU and H2/CH4 selectivity of 62.99). With the increase of PDMS concentration, the atomizing PDMS droplets size increases. When PDMS concentration exceeds 3 wt %, the H2/CH4 selectivity of P84-PDMS membranes sharply increases to more than 170. Since the increased atomizing PDMS droplets size will promote the coverage of PDMS layer on the P84 surface53, most of the pinhole and defects may be healed by ultrafast layer-by-layer assembly strategy. Interestingly, the selectivity of P84-PDMS-3, 5, 7, and 10 is levelled off as the PDMS concentration increases. This trend is because most of pinhole defects on the surface of P84 membrane have been healed by relatively high PDMS concentration (over 3 wt %) and thus their selectivities are limited by the intrinsic selectivities of the P84 materials32. In summary, 3 wt % is selected as an appropriate PDMS concentration for the study of spraying cycle times.

[image: ]
Figure 7. (a) Relationship between Single-gas permeability of membranes and its molecular kinetic diameters; (b) gas permeability and selectivity of P84 membrane and P84-PDMS membranes with different spraying concentration.

3.3.  Optimization of the PDMS spaying cycle times
Expected for the spraying concentration, the spraying cycle times are the other important parameter in the spraying process67. To entirely heal the defects of the P84 membrane, spaying cycle times of PDMS are optimized to strengthen its healing ability. 
3.3.1 Characterization of the membranes
[bookmark: OLE_LINK74]FTIR spectra of P84-PDMS membranes with different spraying cycle times are shown in Figure 8. Results are consistent with P84-PDMS membranes produced at different spraying concentrations. The surface and cross-section morphology of membranes are observed in Figure 9. There are some ridges on the surface of all membranes prepared by different spraying cycle times (2-5). The ridges get bigger and bigger with the increase of spraying cycle times. The P84-PDMS membranes prepared at different spraying cycle times are illustrated in Figure 10. The P84-PDMS-3 membrane with an incomplete and discontinuous PDMS healing layer is firstly prepared. Then atomizing PDMS droplets are coating on the surface of P84-PDMS-3 membrane by spray coating. Due to the action of electrostatic forces68, atomizing PDMS droplets gradually agglomerate and further fill and cover the gaps and channels of the incomplete and discontinuous PDMS healing layer69, 70. Subsequently the obtained membrane will be UV irradiated to realize the ultra-fast curing of PDMS healing layer. Therefore, the ridges can be formed on the P84-PDMS-3A surface. For increasing spraying cycle times, the atomizing PDMS droplets will be more inclined to accumulate on these ridges around, causing the ridges to ‘grow’. The thickness of the PDMS healing layers grow in thickness due to the increased spraying cycle times, and grows from 0.71 m to 1.28 m, as shown in Figure S2b.
[image: ]
Figure 8. FTIR spectra of P84 membrane, PDMS layer and P84-PDMS membranes with different spraying cycle times.
[image: ]
Figure 9. SEM images of surface, cross-section with low magnification and high magnification of (a-c) P84-PDMS-3A, (d-f) P84-PDMS-3B, (g-i) P84-PDMS-3C, (j-l) P84-PDMS-3D membranes.
[image: ]
Figure 10. Schematic diagram of spraying with different spraying cycle times.

As shown in Figure 11, a large concentration of the Si element can be detected on the P84-PDMS-3A and P84-PDMS-3D membranes owing to the PDMS multiply spray coating. The percentage of Si element increased with the increase of spray cycle times (table S1). Furthermore, Si element is uniformly distributed in PDMS healing layer, suggesting the incomplete and discontinues PDMS healing layer is effectively filled after multiple spray coating. The thickness of the PDMS layer increases with the increased spraying cycle times, which is consistent with the results of SEM image (Figure 9).
[image: ]
Figure 11. Surface and cross-section of P84 and P84-PDMS membranes: (a) surface and (c) cross-section SEM image of the membranes and corresponding (b) surface and (d) cross-section EDS mapping images of Si element.

[bookmark: OLE_LINK75][bookmark: OLE_LINK76]The ridges and grains appearing at the P84-PDMS membrane surface mentioned above are further characterized via surface roughness. As shown in Figure S3, the P84 membrane has a lower Ra value of 1.45 nm compared with the P84-PDMS-3A (4.51 nm). This increased roughness can be attributed to the ‘growth’ of ridges caused by fill and coverage of atomized PDMS droplets in the gaps and channels of the incomplete and discontinuous PDMS healing layer, which is consistent with results observed in SEM (Figure 4 and Figure 9). The increased in the membrane surface roughness will enhance the probability of gas molecules to contact with the membrane thus maintaining relatively high gas permeability for P84-PDMS membranes71, 72.

[bookmark: OLE_LINK34][bookmark: OLE_LINK35]3.3.2 Separation performance
The relationship between single-gas permeability of the P84-PDMS membranes with different spraying cycle times and different gas molecular kinetic diameters is shown in Figure 12a. The gas permeance of all membranes gradually decreases with the increase of the gas molecular size owing to the decreased diffusion coefficient64. As shown in Figure 12b, the H2 permeance of all membranes decrease from 20.85 to 3.13 with the increase of spraying cycle times, which can be attributed to continuous and complete PDMS healing layer on the surface of P84-PDMS membranes. The PDMS healing layer will provide extra diffuse resistance for gas molecular to pass P84-PDMS membranes30, 32. In addition, SEM (Figure 9) and EDS (Figure 11) show that the thickness of PDMS layer increased with the increase of spray cycle times (from 0.71 m to 1.28 m (Figure S2b)). The thickness of PDMS layer increases with the increase of spraying cycle times, thus resulting to greater diffusivity of resistance28, 29. It is obviously that the H2/CH4 selectivity of P84-PDMS-3A increase sharply from 175.08 to 231.92 compared with P84-PDMS-3 membrane. Since the PDMS healing layer on the surface of P84-PDMS-3 membrane is incomplete and discontinuous (Figure 10). However, continuous and complete PDMS healing can be achieved via layer-by-layer assembly spray coating method. As shown in Figure 10, after spray coating the atomizing PDMS droplets on the surface of P84-PDMS-3 membrane, atomizing PDMS droplets gradually stick together, and further fill and cover in the gaps and channels of incomplete and discontinuous PDMS healing layer69, 70. Subsequently continuous and complete PDMS healing are obtained by UV ultrafast curing. The formed PDMS layer can almost completely heal defects on the P84 membrane to boost the gas separation performance. Therefore, the H2/CH4 selectivity of P84-PDMS-3A is much than P84-PDMS-3 membrane. Moreover, the H2/CH4 selectivity of P84-PDMS-3B, P84-PDMS-3C, and P84-PDMS-3D keep almost unchanged with the spraying cycle times increases. It can be explained that the selectivity of P84-PDMS membranes is limited by the intrinsic selectivities of P84 materials after healing all defects on the surface of P84 membrane32. 
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[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: _Hlk73706830]Figure 12. (a) Relationship between Single-gas permeability of membranes and the molecular kinetic diameters; (b) gas permeability and selectivity of P84-PDMS membranes with different spraying cycle times.

3.4.  Comparison of the performance with literature findings
Table 3 and Figure 13 show the comparison of the H2/CH4 separation performance of the P84 membrane and P84-PDMS-3A membrane with literature data. It is evident that the novel P84-PDMS-3A membrane exhibits a better separation performance with high permeance and selectivity. The ultrafast PDMS curing process moreover offers significant industrial prospects due to its simple operation and high efficiency. Hence, the developed P84-PDMS membranes via ultrafast layer-by-layer assembly strategy has a high potential in gas separation applications.
Table 3 Comparison between literature reported polymeric membranes and this study for H2/CH4.
	Membrane
	Testing conditions
	Pure gas permeance (GPU)
	Permselectivity
	Ref.

	
	P (bar)
	T (o C)
	H2
	CH4
	H2/CH4
	

	[bookmark: _Hlk73664412]Matrimid®
	2
	35
	1.75
	0.02
	75.1
	

	6FDA-durene
	3.5
	35
	43.51
	2.43
	17.9
	73

	6FDA-durene
	3.5
	35
	39.31
	2.31
	17.1
	74

	IL-Pebax 1657
	2
	30
	3.91
	0.51
	1.98
	75

	TR-POBI
	1
	35
	63
	0.77
	80.61
	76

	wSBC-PEI
	2
	35
	0.87
	0.06
	16.8
	77

	PDMS/PEI
	1
	25
	7.81
	0.3
	26
	78

	PDMS/PEI
	1
	25
	4.88
	0.051
	96
	79

	P84
	1
	25
	47.5
	15.12
	3.14
	80

	P84
	1
	35
	12.7
	0.093
	136
	81

	P84
	1
	35
	10.6
	0.18
	59.7
	82

	P84
	1
	50
	12
	0.16
	73
	83

	P84
	1
	35
	66.4
	1.05
	62.99
	This work

	P84-PDMS-3A
	1
	35
	20.85
	0.089
	231.92
	This work
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Figure 13. Performances of reported and P84-PDMS-3A membranes for H2/CH4 separation.

4. Conclusions
In this study, P84-PDMS membranes were prepared by an ultrafast layer-by-layer assembly strategy. The formation of PDMS healing layer with appropriate spraying concentration and spraying cycle times can perfectly heal the defective P84 membrane. The relationship between the gas separation performance of the P84-PDMS membranes and both spraying concentration and spraying cycle times is studied. The results showed that the P84-PDMS-3A membrane prepared by 3 wt % PDMS spraying concentration and 2 spraying cycles possesses the best gas separation performance. The H2 permeance of P84-PDMS-3A membrane is 20.85 GPU and the selectivity P84-PDMS-3A membrane for H2/CH4 and H2/N2 was 231.92 and 98.77, respectively, which possess a satisfactory performance compared with another asymmetric polymer membranes. Additionally, the ultrafast PDMS curing process possesses great industrial prospects due to its simple operation and high efficiency compared with the traditional PDMS coating method. The layer-by-layer PDMS assembly strategy for defects healing exhibits outstanding comprehensive abilities, embodying both the easy operation based on ultrafast curing and excellent gas separation performance. It can provide a high-potential technique for preparing composite membranes with perfect gas separation performance.  
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