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Supplementary Note 1. Experimental processes
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Figure S1. Schematic illustration of in-situ membrane-based reduction processes of VRGMs.
[image: ]
Figure S2. Schematic illustration of airbag system (a) and customized setup for vapor permeation measurement (b). Digital photograph of airbag system during vapor permeation measurement (c). Front view (d) and top view (e) of customized glass vials with solvents and membranes. Front view (f) and top view (g) of free-standing GOM on the lid of glass vial. (h) Screenshots of ImageJ program used for effective area measurements. The yellow line outlines the effective area.

The membrane photograph was processed using ImageJ, where the contrast and threshold were adjusted to an appropriate level, and the scale was calibrated using the scale bar in the photograph. 

Table S1. Polarities and saturated vapor pressures of water and organic solvents[1–4].
	Solvent
	Polarity
	Vapor pressure (kPa)
	Kinetic diameter (Å)

	Water
	1
	2.3388
	2.65

	Ethanol
	0.654
	5.95
	4.46

	DMSO
	0.444
	0.0556
	4.92

	Acetone
	0.355
	24.44
	4.6

	Chlorobenzen
	0.188
	1.1999
	5.9

	Hexane
	0.009
	17.6
	4.3











Table S2. Detailed data of solvent permeances of GOM, VRGM-Med and VRGM-Max against oxygen contents.
	Oxygen content
(atomic%)
	31.6
	27.5
	24

	Solvent
	Permeance
(µmol/h/mm2/kPa)

	Water
	1.19
	1.05
	0.64944

	Ethanol
	0.00938
	0.00449
	0.00352

	DMSO
	0.20731
	0.10795
	0.10474

	Acetone
	0.05207
	0.05586
	0.06914

	CB
	0.01853
	0.02943
	0.07003

	Hexane
	0.00424
	0.00625
	0.009





Supplementary Note 2. X-ray photoelectron spectroscopy (XPS)
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Figure S3. High-resolution XPS C1s (a) and O1s (b) spectra of GOM and VRGMs. XPS C1s spectra (black curve) showing C-C/C=C bond (red curve) at ~284.8 eV, C-O bond (blue curve) at ~286.7 eV and C=O bond (green curve) at ~288.1 eV. XPS O1s spectra (black curve) showing C=O (red curve) at ~531.3 eV and C-O (blue curve) at ~532.4 eV[5,6].










Table S3. The elemental composition of GOM and VRGMs deduced from XPS survey spectra and high resolution C1s and O1s spectra. The carbon to oxygen ratio (C/O ratio) is presented in atomic percentage. 
	Materials
	
	GOM
	VRGM-Low
	VRGM-Med
	VRGM-High
	VRGM-Max

	C/O ratio
	
	2.16
	2.52
	2.63
	2.81
	3.16

	Oxygen content (atomic %)
	
	31.6
	28.4
	27.5
	26.2
	24.0

	C1s (atomic %)
	C-C/C=C
	48.4271
	54.86079
	55.18894
	59.35658
	61.20455

	
	C-O
	40.067
	33.0668
	34.76873
	27.90575
	25.16537

	
	C=O
	11.5059
	12.07241
	10.04233
	12.73767
	13.63008

	O1s (atomic %)
	C-O
	83.94315
	73.36975
	74.90842
	66.88069
	64.35713

	
	C=O
	16.05685
	26.63025
	25.09158
	33.11931
	35.64287





Supplementary Note 3. Scanning electron microscopy (SEM)
[image: ]
[bookmark: _Hlk192086553]Figure S4. Surface SEM images of VRGM-Low (a), VRGM-Med (b), and VRGM-High (c). Cross-sectional SEM images of VRGM-Low (d), VRGM-Med (e) and VRGM-High (f). The white arrows indicate the thickness of the membranes[7].



[bookmark: _Hlk192086203]Supplementary Note 4. Contact angle measurements


Figure S5. The contact angle of different organic solvents on GOM and VRGMs, the error bars represent the standard deviation. 
The solvent wettability of the membrane surface can be characterized by the contact angle measurements. Figure S5 demonstrates the contact angle measurement results of GOM and VRGMs with water and organic solvents, the x-axis is sorted by solution polarity. The water contact angle of GOM is 41.53° and increases gradually to 63.51° of VRGM-Max, representing the increase of hydrophobicity of VRGMs due to the removal of hydrophilic oxygen functional groups. For organic solvents, the contact angle of ethanol cannot be detected in all studied membranes. Particularly, the hexane contact angles decrease from GOM to VRGM-Max.



Supplementary Note 5. X-ray diffraction (XRD)
[image: ]
Figure S6. XRD patterns of GOM (a), VRGM-Med (b) and VRGM-Max (c) under dry, water-soaked, and hexane-soaked conditions.



Supplementary Note 6. Raman spectroscopy


Figure S7. Raman survey spectra from 1000 cm-1 to 3500 cm-1 of GOM and VRGMs. The peaks are D (~1340 cm-1), G (~1605 cm-1), 2D (~2680 cm-1), and D+G (~2920 cm-1), respectively[8,9]. 

The ID/IG ratio of GOM is 0.93. With the increase of VC concentrations, the ID/IG ratio increases from 1.07 for VRGM-Low to 1.39 for VRGM-Max. The AD’’ of GOM is 16%, followed by 12% of VRGM-Low, 10.54% of VRGM-Med, 9.53% of VRGM-High, and 7.43% of VRGM-Max, respectively.









Table S4. Fitting parameters calculated for GOM and VRGMs in the first order Raman spectra, xc represents the peak position, w represents the peak FWHM of peak, A% represents the peak area in percentage. 
	Material
	GOM
	VRGM-Low
	VRGM-Med
	VRGM-High
	VRGM-Max

	D* (Lorentzian)
	xc (cm-1)
	1195.2
	1181.7
	1180.7
	1180.6
	1180.7

	
	w (cm-1)
	46.2
	18.2
	58.0
	36.5
	92.0

	
	A%
	0.6
	0.2
	1.0
	0.4
	2.6

	D (Lorentzian)
	xc (cm-1)
	1350.8
	1347.1
	1350.9
	1345.3
	1347.2

	
	w (cm-1)
	115.4
	106.2
	108.5
	95.2
	81.6

	
	A%
	50.0
	55.8
	59.9
	61.4
	61.8

	G (Lorentzian)
	xc (cm-1)
	1586.3
	1582.2
	1590.8
	1591.7
	1590.8

	
	w (cm-1)
	80.0
	60.0
	59.6
	56.0
	48.5

	
	A%
	27.1
	19.4
	24.1
	24.0
	21.2

	D' (Lorentzian)
	xc (cm-1)
	1613.8
	1614.2
	1620.8
	1620.8
	1620.7

	
	w (cm-1)
	29.0
	39.9
	24.0
	23.7
	25.4

	
	A%
	5.3
	11.7
	4.5
	4.6
	7.0

	D'' (Gaussian)
	xc (cm-1)
	1520.0
	1502.5
	1535.3
	1535.1
	1536.2

	
	w (cm-1)
	267.8
	179.9
	139.4
	140.3
	122.3

	
	A%
	16.9
	12.9
	10.5
	9.6
	7.4





Supplementary Note 7. Vapor permeation measurement


Figure S8. Water vapor permeance of GOM with PVDF substrate, bare PVDF substrate, free-standing GOM and open aperture (1 mm2 effective area). 


Supplementary Note 8. Computational details
We use density functional theory (DFT) calculations to examine the hydrogen bond interactions between oxygen functionalities on GO (epoxy and hydroxyl) and the oxygen-containing solvents considered in this work. We also examine the dispersion interactions between the graphitic domains of GO and the solvents n-hexane, chlorobenzene, DMSO, acetone, and ethanol. In these simulations we use C54H18 graphene nanoflakes to model the graphitic regions of GO and C54H18O (representing a central epoxy group) and C54H18OH (representing a central hydroxyl group). The geometries and harmonic vibrational frequencies of all structures have been obtained from DFT calculations at the PW6B95-D3BJ/def2-SVPP level of theory.[10,11] Empirical D3 dispersion corrections are included using the Becke–Johnson damping potential.[12,13] Zero-point vibrational energies (ZPVEs) and enthalpic temperature corrections (H298–H0). All the equilibrium structures and complexes were verified to have all real harmonic frequencies. The electronic energies were refined using the PWB95-D3BJ/def2-QZVPP level of theory.[10,11] All calculations were carried out using the Gaussian 16 rev. C.01 program suite.
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