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Appendix A: Calculation of A/B and A
Water permeance A (also called water permeability coefficient) and solute permeability coefficient B were calculated based on the solution-diffusion model [S1, S2] by the following equations:
		(S1)
		(S2)
[bookmark: _Hlk138179627]where Jw is the water flux, ΔP is the difference of hydraulic pressure across the membrane, Δπb and ΔCb are the differences in osmotic pressure and concentration between the bulk feed water and the permeate water, respectively, and Cp is the concentration of solute in the permeate. The modulus of concentration polarization, fcp, can be calculated by the following equation:
			(S3)where K is the mass transfer coefficient of solute (assumed to be 100 L m-2 h-1 if the exact value is not available [S3]).
[bookmark: _Hlk179543495]It is worthwhile to note that A/B and A were calculated based on pressure-driven filtration experiments. Data from forward osmosis, distillation, pervaporation, and electrodialysis were not used due to different driving forces for separation.
Nano-Micro Letters

S20/S33
Appendix B: Research studies of novel membrane materials
Table S1 Research studies of novel membrane materials
	
	Fabrication method
	A (L m-2 h-1 bar-1)
	A/B (bar-1) or selectivity related information
	Test conditions
	Fabricated (F) and/or tested (T) membrane area
	Stability
	Refs.

	AQP SLB
	AQPZ-incorporated lipid vesicles with positive charges were deposited on the polyelectrolytes membrane (prepared by layer-by-layer assembly) surface.
	6.06
	1.03
	Cross-flow (20 cm s-1), 0.5 g L-1 NaCl, 4 bar
	19.56 cm2 (T)
	The membrane operated stably for at least 36 hours. Triton X-100 treatment slightly influenced the flux and salt rejection of the membrane. The membrane had decreased flux and rejection when stored in phosphate-buffered saline for seven days, probably due to the degradation of the SLB.
	[S4]

	
	AQPZ-incorporated triblock polymer vesicles with disulfide functional groups were spread onto gold-coated solid substrates by covalent bonding.
	16.1 ± 3.3
	45.1 ± 4.2% NaCl rejection with a permeance of 8.2 ± 5.1 L m-2 h-1 bar-1
	Stirred dead-end (600 rpm), 5 bar, 0.2 g L-1 NaCl, 22 ± 1 ℃
	0.2 cm2 (T)
	
	[S5]

	
	AQPZ-incorporated triblock polymer vesicles were ruptured and UV polymerized to form a selective layer on a methacrylate-functionalized cellulose acetate substrate.
	34.19 ± 6.90
	32.86 ± 9.12% NaCl rejection
	Stirred dead-end, 5 bar, 0.2 g L-1 NaCl, 22 ± 1 ℃
	7.1 mm2 (T)
	
	[S6]

	
	AQPZ-incorporated proteoliposomes were coated by PDA and deposited onto a poly(amide-imide) substrate. The proteoliposomes were crosslinked with the substrate through PEI.
	
	95.0 ± 0.70% MgCl2 rejection with a flux of 36.6 ± 2.2 L m-2 h-1
	Stirred dead-end, 1 bar, 0.1 g L-1 MgCl2, 21.9 ℃
	28.26 cm2 (F)
	AQPZ maintained its activity at 343 K for 2 hours.
	[S7]

	
	The lipid bilayer containing AQPZ was covalently bonded to the PDA-coated PSF substrate by an amidation reaction.
	
	90% MgCl2 rejection with a flux of 25.3 L m-2 h-1
	Dead-end, 4 bar, 2 g L-1 MgCl2
	19.6 cm2 (T); 36 cm2 (F)
	Covalent bonding enhanced membrane stability. The membrane had slightly decreased flux and rejection when stored in phosphate-buffered saline for nine days.
	[S8]

	VA-CNT
	CNTs were vertically aligned by CVD and incorporated into polystyrene. The substrate was etched by HF acid. The excess polymer on the surface was removed by plasma oxidation to open the CNT tips. The membrane was functionalized with biotin and coordinated by streptavidin.
	
	The ionic flow was nearly blocked.
	Diffusion, 1.5 g L-1 Ru(NH3)6Cl3
	4 cm2 (F); 0.028 cm2 (T)
	
	[S9]

	
	Aligned multi-walled CNTs were incorporated into the polystyrene film.
	606
	~ 4% KCl rejection (diffusion experiment)
	Dead-end, 1 bar
	0.785 cm2 (T)
	
	[S10]

	
	Double-walled CNTs were vertically grown and embedded in silicon nitride. The substrate was etched by XeF2. Silicon nitride was etched by ion milling. CNTs were uncapped by reactive ion etching.
	284
	Transport 1.3 nm Ru2+(bipyr)3 species but block 2 nm Au particles
	Dead-end, 0.83 bar
	0.175 mm2 (F and T)
	
	[S11]

	
	Vertically aligned CNTs as synthesized by CVD. The substrate was removed by HF etching so that the CNTs could be compressed. The compressed CNTs were coated with epoxy resin. The two ends of the nanotubes in the membrane were opened by hand-cutting with a knife.
	2309
	Transport hexane, water, and dodecane
	Gravity-driven filtration
	4 cm2 (F); 0.72 cm2 (T)
	The epoxy matrix absorbed solvents such as dimethylformamide and ethanol.
	[S12]

	
	Vertically aligned CNTs were filled up with PDMS. The substrate was removed by mechanical peeling, and the membrane was sliced into thinner films.
	1203
	> 96.5% NaCl rejection
	Stirred dead-end, 10 g L-1 NaCl, 2 bar, 20 ℃
	1 cm2 (F)
	
	[S13]

	
	Vertically aligned CNTs synthesized by CVD on SiO2/Si substrate were filled up with polystyrene. HCl was used to remove the catalyst and delaminate the film from its substrate. Plasma treatment was used to open and functionalize the CNT tips with carboxylic and hydroxyl groups. The carboxylic groups were activated and reacted with amino groups in glycine.
	~ 650
	87-99% NaCl rejection
	Cross-flow (3 mL min-1), 25-27 ℃, 2.5 bar, 0.5-5 g L-1 NaCl
	1 cm2 (F)
	Withstand 10 bar
	[S14]

	
	SWCNTs were electrophoretically aligned and deposited on the positive electrode.
	
	~ 60% KCl rejection
	Dead-end, 10 kPa, 10 mM KCl
	
	
	[S15]

	Zeolite film
	α-alumina supported MFI-type zeolite membranes were synthesized by the in-situ crystallization method (a single hydrothermal treatment).
	0.0077
	0.013
	Cross-flow (0.2 mL min-1), 5.8 g L-1 NaCl, 25 ℃, 21 bar
	
	
	[S16]

	
	α-alumina supported MFI-type zeolite membranes were synthesized through in-situ crystallization. The synthesis process was repeated one more time to improve membrane density or eliminate intracrystalline pores.
	0.0065
	0.19
	Cross-flow (0.5 mL min-1), 5.8 g L-1 NaCl, 20.7 bar
	2.5 cm2 (T)
	
	[S17]

	
	
	0.015
	7.23
	Cross-flow, 5.8 g L-1 NaCl, 27.6 bar
	~ 11.0 cm2 (F and T)
	80-hour operation stability.
	[S18]

	
	
	0.014
	1.86
	Cross-flow (1.5 mL min-1), 0.58 g L-1 NaCl, 20.7 bar
	25.12 cm2 (F)
	
	[S19]

	
	MFI-type zeolite membranes were synthesized by seeding and secondary growth on α-alumina substrates.
	0.049
	0.57
	Cross-flow (1.0 mL min-1), 5.8 g L-1 NaCl, 27.6 bar
	
	
	[S20]

	
	Aluminum-doped ZSM-5 zeolite membranes were synthesized by seeding and secondary growth on the inner surface of tubular α-alumina substrates.
	0.21
	1.65
	Cross-flow, 5.8 g L-1 NaCl, 27.6 bar
	17.6 cm2 (F); 11 cm2 (T)
	16-hour operation stability. The membrane can be regenerated easily (toluene as an organic foulant).
	[S21]

	MOF film
	UiO-66 polycrystalline membranes were fabricated on alumina hollow fibers using an in-situ solvothermal synthesis method.
	0.14
	< 50% Na+ rejection
	Dead-end, 10.0 bar, 2 g L-1 NaCl, 20 ± 2 ℃
	4.0 cm2 (F)
	Excellent stability in deionized water and various saline water; 170-h operation stability
	[S22]

	
	ZIF-8 membrane was prepared by secondary seeded growth.
	
	6% NaCl rejection with a flux of 600 kg m-2 h-1
	Cross-flow, 1.5 bar, 3 g L-1 NaCl
	~ 5.1 cm2 (F)
	ZIF-8 membrane was structurally robust but interacted with seawater ions.
	[S23]

	
	Uio-66 membrane was synthesized by seed-assisted solvothermal synthesis method on the ceramic tube.
	
	49.8% Na+ rejection with a permeance of 0.34 L m-2 h-1 bar-1
	Dead-end, 10 bar, 1 g L-1 NaCl, 26 ℃
	
	180-h operation stability
	[S24]

	
	Aluminum MOF-303 membranes were prepared on α-Al2O3 substrates via an in-situ hydrothermal synthesis method.
	0.74
	33.2% NaCl rejection
	Dead-end, 5 bar, 1 g L-1 NaCl, 25 ± 2 ℃
	
	Stable in saline water; 60-h operation stability
	[S25]

	
	ZIF-8 film was in-situ grown on a tannic acid-coated PES substrate.
	3.6
	64.7% NaCl rejection
	Cross-flow, 5 bar, 2 g L-1 NaCl, 25 ℃
	36 cm2 (F)
	100-h operation stability and recycle stability
	[S26]

	
	TA-Zn2+ was prepared onto substrate by self-assembly and partially self-converted to facilitate the formation of ZIF-8 top layer.
	5.1
	55.2% NaCl rejection
	Cross-flow, 5 bar, 2 g L-1 NaCl
	25 cm2 (T); 36 cm2 (F)
	100-h operation stability
	[S27]

	COF film
	COF membrane was fabricated at a water-water interface and transferred onto PAN substrates or non-woven fabric substrates.
	4.57
	4.81
	Cross-flow, 1 g L-1 NaCl, 4 bar
	
	6-day operation stability
	[S28]

	
	The 3-amino-propyltriethoxysilane modified α-alumina tubes were first seeded with hydroxyl-functionalized COF crystals, and secondary grew in the COF mother solution. The formed COF membrane was modified by succinic anhydride to fabricate a carboxyl-functionalized COF membrane.
	1.65
	7.24
	Cross-flow, 2 g L-1 NaCl, 2 bar
	22.6 cm2 (T)
	Seven-day operation stability; Stable in acid (pH = 1) and alkaline (pH = 13) solutions.
	[S29]

	
	TpHz was grown on a PEI-modified PES substrate using a counter-diffusion method with two steps of growth.
	
	6.7% NaCl rejection with a permeance of ~ 100 L m-2 h-1 MPa-1
	Stirred dead-end, 1 g L-1 NaCl, 4 bar
	2.8 cm2 (F)
	
	[S30]

	
	Dopamine-modified PAN was used as substrate. The first layer of COF was in-situ grown on the substrate for 72 hours, and the secondary layer of COF was synthesized by a counter-diffusion method.
	13.1
	45.3% NaCl rejection
	Cross-flow (45 L h-1), 5 bar, 1 g L-1 NaCl
	3.14 cm2 (T); ~ 7 cm2 (F)
	168-h operation stability; The water permeance and Na2SO4 rejection did not change at 10 bar.
	[S31]

	
	The bi-layered COF nanofilms were synthesized using a two-step solvothermal synthesis strategy.
	
	95.7% Na2SO4 rejection with a flux of 1.7 L m-2 h-1; ~ 40% NaCl rejection
	Stirred dead-end (500 rpm), 3 bar, 1 g L-1 NaCl or Na2SO4
	> 4 cm2 (F)
	Good mechanical strength (bending)
	[S32]

	
	COF crystals were in-situ grown on a polyimide substrate with dopamine polymerization. Dopamine soldered the COF crystals.
	
	99.5% Na2SO4 rejection with a permeance of 51.3 L m-2 h-1 bar-1; 49.2% NaCl rejection
	Stirred dead-end, 1 g L-1 NaCl or Na2SO4, 5 bar
	21.2 cm2 (T)
	Excellent antifouling property; 100-h operation stability; Enhanced mechanical strength and thermal stability compared to pristine COF
	[S33]

	
	TpPa membrane was synthesized by counter-diffusion with acetonitrile added in the aqueous solution. A hydrolyzed PAN membrane was used as the substrate.
	
	~ 18% NaCl rejection with a permeance of ~ 10.5 L m-2 h-1 bar-1
	1 bar, 1 g L-1 NaCl
	5.7 cm2 (F)
	Withstand 5 bar; 140-h operation stability
	[S34]

	Nanoporous graphene
	Single-walled CNTs and graphene were synthesized by atmospheric-pressure CVD and low-pressure CVD, respectively. Graphene was transported onto the freestanding CNT networks. A meso-SiO2 template was formed on the graphene surface, and an O2 plasma process was applied to remove the graphene located in the SiO2 to create pores in graphene. Finally, SiO2 was removed by HF vapor to make nanoporous graphene.
	110.6
	187.9
	Cross-flow (0.5 cm s-1), 2 g L-1 NaCl, 5 bar
	18 cm2 (F); 1.2 cm2 (T)
	Excellent mechanical performance (withstand ~8-10 MPa and bending); Excellent anti-biofouling property; pH stable (stable salt rejection at pH 3 after 24-hour osmotic operation)
	[S35]

	
	Single-layer graphene synthesized by CVD was transferred onto a silicon nitride microchip with a 5-μm-diameter hole. Nanopores were created in the suspended graphene layer by an oxygen plasma etching process.
	2.25 × 107
	~ 100% KCl rejection (> 98.8% KCl rejection)
	Gravity-driven filtration (0.16 bar), 40 ℃
	19.6 um2 (T)
	Plasma-treated graphene has much weaker mechanical strength than pristine graphene. The nanoporous graphene surface might be contaminated by polymethyl methacrylate residues and airborne contaminants.
	[S36]

	
	Reactive ion etching of oxygen was used to create pores in graphene. The nanoporous graphene was supported by silicon wafers with hole arrays as a mobile membrane to limit the defects in the graphene.
	
	58-100% NaCl rejection with a permeance of 4.34-5.90 × 107 L m-2 h-1 bar-1
	Gravity-driven filtration (~ 0.1 bar), 0.58 g L-1 NaCl
	1.44 mm2 (F)
	
	[S37]

	Stacked GO
	GO nanosheets were crosslinked by toluidine blue O.
	0.0000000555
	81% NaCl rejection
	Dead-end (330 rpm), 0.01 M NaCl, 298 K
	63.6 cm2 (F); 17.3 cm2 (T)
	7-day operation stability.
	[S38]

	
	GO dispersions prepared by a Hummers' method were mixed with graphene dispersions prepared by the electrochemical exfoliation method. The mixture was assembled as membranes with a forward-pressure system and post-processed by thermal-pressure reduction.
	
	51.2% NaCl rejection
	Dead-end, 0.1 mM NaCl
	
	24-h operation stability; stable in hypochlorous acid treatment; stable after 1-h ultrasonic vibration.
	[S39]

	
	GO was prepared by the modified Tours method. PEI-modified GO membrane was made by pressure-assembly stacking technique.
	14.125
	20% NaCl rejection
	Dead-end, 8.0 bar, 20 mM NaCl
	40 cm2 (T)
	12 h operation stability
	[S40]

	
	PEI-modified GO and polyacrylic acid were sequentially assembled onto a hydrolyzed PAN membrane. The nanohybrid membrane was immersed in a PVA solution and cross-linked by glutaraldehyde.
	
	((PEI-modified GO)/PAA)1/PVA/GA: 37.8 ± 0.2% NaCl rejection with a permeance of 12.4 ± 0.4 kg m-2 h-1 MPa-1
	Cross-flow, 5 bar
	21 cm2 (T)
	Improved mechanical stability and thermal stability
	[S41]

	
	
	
	((PEI-modified GO)/PAA)5/PVA/GA
43.2 ± 0.2% NaCl rejection with a permeance of 8.1 ± 0.2 kg m-2 h-1 MPa-1
	
	
	
	

	
	GO was prepared from graphite with Hummers' method. PDA-coated PSF substrate was soaked in 1,3,5-benzenetricarbonyl trichloride and GO solution alternatively to form a stacked GO membrane.
	8 - 27.6
	6 - 19% NaCl rejection
	Stirred dead-end, 3.4 bar, 1.2 g L-1 NaCl
	
	
	[S42]

	
	GO was prepared with a modified Hummers' method and reduced by base-refluxing (Wilson's method). GO was vacuum-filtrated onto a microfiltration substrate.
	21.8
	
	Dead-end, 5 bar, 1.2 g L-1 NaCl
	2.83 cm2 (T); ~12.8 cm2 (F)
	
	[S43]

	
	
	3.3
	~ 40% NaCl rejection
	
	
	
	

	
	GO was prepared by a modified Hummers' method. PAN and GO nanosheets were alternatively deposited on hydrolyzed PAN support to prepare a stacked GO membrane.
	1 - 3
	~ 15-50% NaCl rejection
	Cross-flow (0.4 L min-1), 1.2-5.8 g L-1 NaCl, 20.7 bar, 25 ± 0.5 ℃
	42 cm2 (T)
	
	[S44]

	
	A mixed solution of chitosan and GO nanosheets was vacuum-filtrated onto the PAN substrate to form a c-GO/PAN membrane.
	
	51.8% Na2SO4 rejection with a flux of 29.1 L m-2 h-1
	Cross-flow, 1.0 g L-1 Na2SO4, 8 bar, 25 ℃
	2.9 cm2 (T)
	Antifouling properties (against dyes); Good stability (ultrasonication in water)
	[S45]

	Stacked nanoporous GO
	Nanopores on GO nanosheets were created by H2O2 oxidation. Nanoporous GO nanosheets were vacuum filtrated onto a PES substrate and thermally reduced.
	
	~ 40% NaCl rejection with a permeance of 39.93 L m-2 h-1 bar-1
	Dead-end, 6 bar, 1.2 g L-1 NaCl
	8.55 cm2 (T)
	30-day operation stability
	[S46]

	
	Holey-graphene (hGO) was synthesized by removing defective carbons from pristine graphene sheets via oxidation and a modified Hummers' method. The hGO dispersions were filtrated onto polycarbonate support to form the hGO membrane.
	
	< 90% NaCl rejection with a permeance of ~ 8-80 L m-2 h-1 bar-1

	Dead-end, 2.7-4.8 bar, 10 g L-1 NaCl
	17.3 cm2 (F); 615.8 mm2 (T)
	
	[S47]

	
	GO was vacuum filtrated onto the PDA-coated cellulose acetate substrate and crosslinked by diamine or cation to form a stacked GO membrane. Nanopores in the stacked GO membrane were created by ion beam.
	
	Enhanced K+ selectivity (mono-/di-valent metal ion selectivity)
	Diffusion
	4 cm2 (F); 0.785 cm2 (T)
	Excellent stability in water, acid, and alkali solutions.
	[S48]

	Stacked MXene
	Ti3C2Tx nanosheets were synthesized from Ti3AlC2 and delaminated. The MXene nanosheets were deposited on the ceramic substrate and subjected to a single calcination step.
	6.91
	0.55
	Cross-flow, 0.58 g L-1 NaCl, 3 bar
	27.6 cm2 (F)
	100-hour operation stability
	[S49]

	
	MXene nanosheets were prepared from Ti3AlC2 and delaminated via ultrasonication. MXene nanosheets were vacuum filtrated onto the PAN substrate and surface-coated with poly(ethylene imine).
	~ 8.79
	0.51
	2.9 g L-1 NaCl, 2 bar
	2.54 cm2 (T)
	
	[S50]

	Stacked MoS2
	MoS2 dispersions were produced by exfoliation of MoS2 powder in a solvent. MoS2 flakes were filtrated onto polyvinylidene fluoride support and functionalized by dyes.
	
	~ 20% NaCl rejection with a permeance of ~ 270 L m-2 h-1 bar-1
	Dead-end, 1 bar, 58.4 g L-1 NaCl
	~ 0.79 cm2 (F)
	Good mechanical property (bending); 6-month stability in water (no swelling)
	[S51]

	
	2D MoS2 layers were synthesized by CVD, transferred onto a PES substrate, and sealed by PDMS with a small, opened area for filtration.
	322.7 ± 27.2
	> 99.5% NaCl rejection (diffusion, 0.6 M NaCl)
	Dead-end, 1 bar
	~ 2 cm2 (F)
	
	[S52]

	
	MoS2 nanosheets were prepared by lithium intercalation and exfoliation in water. The formed single-layer MoS2 nanosheets were functionalized with organohalide reagents and made into membranes by vacuum filtration.
	
	82.5% NaCl rejection with a permeance of 33.7 ± 13.5 L m-2 h-1 bar-1
	Dead-end, 9 bar, 5.8 g L-1 NaCl
	9.62 cm2 (F); 1 cm2 (T)
	Limited swelling in water; 15-h operation stability (dead-end, 4 bar)
	[S53]

	
	MoS2 nanosheets were prepared from MoS2 flakes by solvent-assisted liquid exfoliation and decorated with peptides. Positive peptide-decorated and negative peptide-decorated porous MoS2 nanosheets were mixed and reacted for 20 min, then vacuum filtrated onto Anodisc alumina.
	
	63 ± 12% NaCl rejection with a permeance of 228 L m-2 h-1 bar-1
	Stirred dead-end, 29.2 g L-1 NaCl, 1 bar
	~ 10.9 cm2 (F); 4.91 cm2 (T)
	1-month operation stability; Good chlorine resistance; Improved fouling resistance (due to the hydrophilic nature of the membrane)
	[S54]

	
	MoS2 nanosheets were prepared by electrochemical lithium intercalation and exfoliation. MoS2 nanosheets were functionalized by organohalide reagents and filtrated onto a porous polymer substrate.
	
	MoS2-amide: 82% NaCl rejection with a permeance of 1.7 L m-2 h-1 bar-1
	Stirred dead-end, 1.8 g L-1 NaCl, 4 bar
	4.91 cm2 (F); 0.79 cm2 (T)
	Limited swelling in NaCl and dye solutions
	[S55]

	
	
	
	MoS2-ethanol: 64% NaCl rejection with a permeance of 11.5 L m-2 h-1 bar-1
	
	
	
	




Table S2 Research studies of TFN membranes
	
	Fabrication method
	A (L m-2 h-1 bar-1)
	A/B (bar-1) or selectivity related information
	Test conditions
	Fabricated (F) and/ or tested (T) membrane area
	Stability
	Refs.

	TiO2 TFN
	TiO2 nanoparticles were dispersed in an amine solution and incorporated into a polyamide layer through IP.
	2.94
	5.28
	Dead-end, 2 g L-1 NaCl, 5 bar
	
	Improved antifouling property
	[S56]

	
	Titanate nanotubes were synthesized from TiO2 nanoparticles by an alkaline hydrothermal method and surface modified with amino groups to form NH2-TNTs. The NH2-TNTs were dispersed in a TMC solution and embedded in the polyamide layer.
	2.39
	6.43
	Cross-flow (32.7 cm s-1), 1.2 g L-1 NaCl, 2.5 bar
	14.62 cm2 (T)
	
	[S57]

	
	TiO2 nanoparticles were dispersed in an MPD solution and incorporated into a polyamide layer through IP.
	3.05
	40.47
	Cross-flow (1 gallon min-1), 2 g L-1 NaCl, 15.5 bar
	348.39 cm2 (F)
	
	[S58]

	
	TiO2 nanoparticles were dispersed in a TMC solution and incorporated into a polyamide layer through IP.
	3.01
	66.31
	
	
	
	

	
	TiO2 nanoparticles were dispersed in TMC solution and incorporated into the polyamide layer through IP
	3.66
	2.59
	Cross-flow, 2 g L-1 NaCl, 20.7 bar
	
	Enhanced organic fouling resistance; Robust antibacterial efficiency
	[S59]

	Ag TFN
	MPD solution containing AgNO3 enabled the simultaneous in-situ formation of Ag nanoparticles within the polyamide layer.
	1.9 ± 0.1
	99.3 ± 0.2% NaCl rejection
	Cross-flow (1 L min-1), 2000 mg L-1 NaCl, 15.5 bar, 25 ℃
	100 cm2 (F); 14.5 cm2 (T)
	Enhanced antibacterial and antibiofouling properties.
	[S60]

	
	Ag/HPS were added into an aqueous solution and incorporated into the polyamide layer.
	4.9
	6.76
	Cross-flow, 2 g L-1 NaCl, 16 bar, 25 ℃
	24 cm2 (T)
	7-day operation stability; enhanced antibacterial and antifouling properties.
	[S61]

	
	Ag nanoparticles formed on the PSF substrate by a reduction reaction. The Ag-modified PSF substrate went through an IP reaction.
	2.50 ± 0.21
	2.8
	Cross-flow, 2 g L-1 NaCl, 20 bar
	
	Enhanced antifouling property
	[S62]

	Silica TFN
	The silica nanoparticles were in-situ generated by the hydrolysis and condensation of SiCl4 in the organic solution and got incorporated into the polyamide matrix.
	9.7
	9.97
	Cross-flow, 25 ℃, 2 g L-1 NaCl, 5-30 bar
	19.6 cm2 (T)
	
	[S63]

	
	Functionalized silica nanoparticles were dispersed in an MPD solution and incorporated into a polyamide matrix.
	1.15
	1.17
	Cross-flow (4 L min-1), 2 g L-1 NaCl, 25 ± 1 ℃, 15 bar
	42 cm2 (T)
	
	[S64]

	
	Silica nanoparticles were added to the MPD solution and incorporated into the polyamide matrix.
	0.99
	1.1
	2 g L-1 NaCl, 17.2 bar
	18.1 cm2 (T)
	Enhanced thermal stability
	[S65]

	
	Dendritic mesoporous silica nanoparticles were added to the MPD solution and incorporated into the polyamide layer.
	4.17
	~ 6
	2 g L-1 NaCl, 25 ℃, 16 bar
	60 cm2 (T)
	120-h operation stability; Withstand 50 bar and 45 ℃; Enhanced anti-fouling property.
	[S66]

	
	Tetramethoxysilane was added to the organic phase to in-situ form silica nanoparticles within the polyamide layer.
	4.42
	8.91
	Cross-flow, 16 bar, 25 ℃, 2 g L-1 NaCl
	19.6 cm2 (T)
	Enhanced antifouling property; 48-h operation stability.
	[S67]

	GO TFN
	GO was prepared by Hummers' method. TiO2 was prepared by a hydrothermal method in which GO was partially reduced. rGO/TiO2 nanocomposite was dispersed into an MPD solution and embedded in a polyamide layer.
	4.14
	24.4
	Cross-flow, 2 g L-1 NaCl, 15 bar
	36 cm2 (T)
	Enhanced antifouling property and chlorine resistance
	[S68]

	
	GO, prepared by a modified Hummers' method, was dispersed in an MPD solution and then embedded in a polyamide matrix.
	2.29
	5.09
	Cross-flow, 15 bar, 2 g L-1 NaCl, 22 ℃
	14.75 cm2 (T)
	Improved antifouling property; Improved chlorine resistance; Withstand 35 bar; Stable at pH 2-12.
	[S69]

	
	GOQD/MPD suspension was deposited onto the PSF substrate by N2 pressure assistance and then reacted with TMC solution to form the polyamide layer.
	2.73
	8.72
	Cross-flow (17 cm s-1), 2 g L-1 NaCl, 16 bar
	19.6 cm2 (T)
	120-h operation stability; Enhanced fouling and chlorine resistance; Enhanced thermal stability.
	[S70]

	
	GOQD/AP nanocomposite was synthesized by a facile electrostatically driven method. The GOQD/AP nanocomposite was added to the MPD solution and incorporated into the polyamide layer.
	2.89
	6.67
	Cross-flow (0.44 m s-1), 16 bar, 2 g L-1 NaCl
	18.75 cm2 (T)
	36-h operation stability; Strong antibacterial property (due to silver phosphate, TFN-GOQD did not show good antibacterial property); Enhanced antifouling property; Improved thermal stability.
	[S71]

	
	GO was synthesized by modified Hummers' method. GO-ZnO nanocomposite was dispersed in an MPD solution for membrane fabrication.
	1.75
	1.99
	Cross-flow, 25 ℃, 20 bar, 2 g L-1 NaCl
	42 cm2 (T)
	Enhanced chlorine resistance; Improved anti-fouling performance.
	[S72]

	
	GO, prepared by a modified Hummers' method, was dispersed in an MPD solution and incorporated into the polyamide layer.
	1.78
	6.34
	Cross-flow, 20 bar, 2 g L-1 NaCl
	10 cm2 (T)
	Enhanced chlorine resistance; Improved antibacterial property and anti-biofouling property.
	[S73]

	
	Functional GO nanosheets were formed by binding octadecylamine (ODA) with oxygen-containing groups on GO. ODA@GO nanosheets were added to the TMC solution to form the membrane.
	2.99
	26.46
	Cross-flow (0.31 m s-1), 32 g L-1 NaCl, 55 bar, 25 ℃
	19.63 cm2 (T)
	
	[S74]

	
	GO was fabricated by the Staudenmaier method and added to the TMC solution to form the membrane.
	2.3
	1.15
	Cross-flow (8 cm s-1), 20 ℃, 2 g L-1 NaCl, 20.7 bar
	14.6 cm2 (T); 290 cm2 (F)
	Improved antimicrobial and antifouling (biofouling) properties.
	[S75]

	AQP TFN
	AQPZ-incorporated lipid vesicles were added into the MPD solution and then embedded in a polyamide layer on hollow fiber through IP.
	8
	11.6
	Cross-flow, 0.5 g L-1 NaCl, 5 bar, 23 ℃
	34.2 cm2 (F and T)
	Withstand 5 bar; Membrane maintained its water permeability and salt rejection after long-term fouling and four cycles of chemical cleaning with strong ionic surfactant.
	[S76]

	
	MPD solution with proteoliposomes reacted with TMC solution to form the polyamide layer.
	10.92
	13.6
	Cross-flow (0.3 m s-1), 2 bar, 0.5 g L-1 NaCl
	37.68 cm2 (F)
	Five-month operation stability
	[S77]

	
	
	3.14
	~8.1
	Cross-flow (10 cm s-1), 50 bar, 3.5 g L-1 NaCl, 25 ℃
	42 cm2 (T)
	Triton X-100 soaking experiment resulted in reduced water permeance of membranes (NaCl rejection remained unchanged). Running/soaking the membrane at pH 3 ruptured the vesicle or disabled the water channel function of embedded AQPs.
	[S78]

	
	
	1.79
	6.34
	Cross-flow (~ 10 cm s-1), 5 bar, 0.5 g L-1 NaCl, 25 ℃
	35 cm2 (F)
	
	[S79]

	
	
	4.13
	3.53
	Cross-flow (~ 10 cm s-1), 0.58 g L-1 NaCl, 10 bar, 25 ± 1 ℃
	42 cm2 (T)
	Good chemical stability (after soaking in three cleaning agents, ethylenediaminetetraacetic acid, NaOH, and citric acid). Sensitive to temperature and pressure. Withstand 65 ℃. Long-term stability (100-day operation, real RO feed water from water reclamation process as feed, periodically cleaned): the recovery of water permeability was higher than 90%.
	[S80]

	
	
	1.61
	6.3
	Cross-flow, 55 bar, 2 g L-1 NaCl
	300 cm2 (F); 42 cm2 (T)
	Seven-day desalination stability (with seawater effluent as feed); The immobilization of proteoliposomes negligibly affected the mechanical strength of the overall polyamide layer.
	[S81]

	
	
	0.87
	5.1
	Cross-flow, 55 bar, 32 g L-1 NaCl
	
	
	

	
	AQPZ was stabilized with an amphiphilic peptide, added to the MPD solution, and incorporated into the polyamide layer.
	0.95
	2.3
	Cross-flow, 1 g L-1 NaCl, 13.8 bar, 25 ℃
	42 cm2 (T)
	
	[S82]

	AWC TFN
	I-quartet AWCs aggregates were dispersed onto PSF support and incorporated into polyamide.
	3.47 ± 0.89
	20.41
	Cross-flow (0.9 m s-1), 27 ± 1 ℃, 18 bar, 5.8 g L-1 NaCl
	22 cm2 (T)
	The membrane exhibited good mechanical and chemical stability in sodium dodecyl sulfate, ethanol, and citric acid solution.
	[S83]

	
	
	2.51 ± 0.21
	22.82
	Cross-flow (0.9 m s-1), 27 ± 1 ℃, 65 bar, 35 g L-1 NaCl
	
	
	

	
	
	6.9
	35
	Cross-flow (0.9 m s-1), 25 ± 0.5 ℃, 15.5 bar, 5.8 g L-1 NaCl 
	28.9 cm2 (T)
	The membrane had better fouling resistance than the XLE membrane.
	[S84]

	CNT TFN
	Carboxylated-SWCNT was inserted in liposomes and added to the MPD solution to form a polyamide layer.
	3.17
	4.6
	Cross-flow, 16 bar, 2 g L-1 NaCl
	24 cm2 (T)
	Enhanced fouling resistance; 48-hour operation stability
	[S85]

	
	CNT porins were added to the MPD solution and incorporated into the polyamide layer.
	5.08
	17.8
	Cross-flow, 2 g L-1 NaCl, 16 bar
	24 cm2 (T)
	Enhanced chlorine resistance.
	[S86]

	
	Functionalized CNTs were vacuum-filtrated onto the substrate and incorporated into a polyamide layer.
	1.71
	3.73
	Cross-flow, 2 g L-1 NaCl, 25-27 ℃, 15.5 bar
	40 cm2 (F)
	
	[S87]

	
	Functionalized CNTs were dispersed in an MPD solution and embedded in polyamide via IP.
	3.98
	8.50
	Cross-flow (2 L min-1), 15.5 bar, 25 ℃, 2 g L-1 NaCl
	42 cm2 (T)
	Withstand 500 psi
	[S88]

	
	
	3.73
	11.25
	Cross-flow, 2 g L-1 NaCl, 25 ℃, 15.5 bar
	
	Enhanced fouling resistance to BSA
	[S89]

	
	
	2.23
	3.86
	Cross-flow, 15 bar, 2 g L-1 NaCl
	36 cm2 (T)
	Enhanced antifouling properties
	[S90]

	
	
	3.31
	2.49
	Cross-flow (11.8 cm s-1), 25 ℃, 15.5 bar, 2 g L-1 NaCl
	400 cm2 (F); 22.44 cm2 (T)
	Slightly enhanced biofouling resistance
	[S91]

	Zeolite TFN
	Zeolite nanoparticles were dispersed in an organic solution and embedded into a polyamide layer.
	3.46
	1.07
	Stirred dead-end, 2 g L-1 NaCl, 15.5 bar
	13.8 cm2 (T)
	
	[S92]

	
	
	2.08
	12.47
	Cross-flow, 55.2 bar, 32 g L-1 NaCl
	19.4 cm2 (T)
	
	[S93]

	
	
	1.22
	0.89
	Cross-flow, 12.1 bar, 2 g L-1 NaCl, 25 ℃
	35 cm2 (T)
	Enhanced thermal stability
	[S94]

	
	
	2.99
	7.24
	Cross-flow (90 L h-1), 2 g L-1 NaCl, 16 bar, 25 ℃
	144 cm2 (F); 38.5 cm2 (T)
	
	[S95]

	
	
	2.57
	1.64
	Cross-flow (~ 20 cm s-1), 2.5 bar, 0.5 g L-1 NaCl, 20 ± 0.5 ℃
	42 cm2 (T)
	
	[S96]

	
	
	5.11
	4.00
	Cross-flow, 2 g L-1 NaCl, 16 bar, 25 ℃
	
	Stability in pH = 5 acid and multivalent cation solutions
	[S97]

	
	
	2.46
	3.96
	2 g L-1 NaCl, 16 bar, 25 ℃
	44 cm2 (T)
	
	[S98]

	
	TFN: Zeolite-A nanoparticles were dispersed in a TMC solution and incorporated into the polyamide layer via IP.
	~ 1.95
	~ 1.35
	Stirred dead-end, 0.58 g L-1 NaCl, 15.5 bar
	13.85 cm2 (T)
	Improved resistance to physical compaction
	[S99]

	
	nTFN: Zeolite-A nanoparticles were incorporated into the PES substrate and polyamide layer.
	~ 4.57
	~ 1.99
	
	
	
	

	
	Zeolite nanoparticles were dispersed in an MPD solution and incorporated into a polyamide layer via IP.
	7.25
	12.26
	Cross-flow, 15.5 bar, 25 ℃, 2 g L-1 NaCl
	113.8 cm2 (F); 28.6 cm2 (T)
	

	[S100]

	
	Zeolite nanoparticles were dispersed in an MPD solution and incorporated into a polyamide layer via IP.
	3.53
	3.79
	Cross-flow (2.5 L min-1), 20.7 bar, 1.5 g L-1 NaCl
	14.62 cm2 (T)
	
	[S101]

	MOF TFN
	MOF nanoparticles were dispersed in a TMC solution and incorporated into a polyamide layer via IP.

	4.02
	8.55
	Cross-flow (0.37 m s-1), 15.5 bar, 2 g L-1 NaCl, 23 ℃
	33.5 cm2 (T)
	
	[S102]

	
	
	4.99
	9.67
	Cross-flow, 2 g L-1 NaCl, 20.7 bar, 25 ℃
	17.3 cm2 (T)
	
	[S103]

	
	
	3.33
	10
	Dead-end, 2 bar, 1 g L-1 NaCl
	9.5 cm2 (T)
	
	[S104]

	
	
	4.46
	21.19
	Cross-flow, 2 g L-1 NaCl, 15.5 bar, 25 ℃
	
	Enhanced boron rejection
	[S105]


	
	
	7.03
	28.77
	Cross-flow, 32 g L-1 NaCl, 55 bar, 25 ℃
	
	
	

	
	
	3.38
	3.38
	Cross-flow (~ 22 cm s-1), 2 g L-1 NaCl, 16 bar, 24 ± 1 ℃
	20.02 cm2 (T)
	Water-stable; Antibacterial properties and anti-biofouling properties (which may be attributed to the copper in the MOF)
	[S106]

	
	ZIF-8 was in-situ grown on Noria-PEI modified PSF substrate. IP reaction was performed on top.
	4.42
	9.70
	Cross-flow, 2 g L-1 NaCl, 15.5 bar, 25 ℃
	0.014 m2 (F); 18.5 cm2 (T)
	Enhanced antifouling property; Sixty-hour operation stability
	[S107]

	
	2D-MOF nanosheets were dispersed in an MPD solution and incorporated into the polyamide layer via IP.
	8.83
	29.75
	Cross-flow, 4 g L-1 NaCl, 20 bar, 25 ± 2 ℃
	24 cm2 (T)
	Enhanced antifouling property; 48-hour operation stability
	[S108]

	
	ZIF-8 nanocrystals are grown in-situ on substrates and wrapped into a polyamide layer.
	4.74
	14.70
	Cross-flow, 15.5 bar, 25 ℃, 2 g L-1 NaCl
	18.5 cm2 (T)
	Enhanced fouling resistance
	[S109]

	COF TFN
	COF was dispersed in an MPD solution and incorporated into the polyamide layer via IP.

	3.87
	2.13
	10 bar
	19.5 cm2 (T)
	Withstand 24 bar
	[S110]

	
	
	0.50
	6.09
	Cross-flow (35 L h-1), 10 bar, 25 ℃, 2 g L-1 NaCl
	28.3 cm2 (T)
	
	[S111]

	
	MPD was added to the COF suspensions and reacted with TMC to form a polyamide layer on top of the PSF substrate.
	
	97.63% NaCl rejection with a permeance of 2.2 L m-2 h-1 bar-1
	Cross-flow (60 L h-1), 1 g L-1 NaCl, 6 bar, 23 ± 1 ℃
	11.34 cm2 (T)
	Enhanced antimicrobial properties and chlorine resistance
	[S112]

	MXene TFN
	Ti3C2Tx, prepared from Ti3AlC2, was dispersed into an MPD solution and incorporated into a polyamide layer via IP.
	2.96
	7.20
	Cross-flow, 2 g L-1 NaCl, 16 bar, 25 ℃
	70 cm2 (T)
	Enhanced anti-fouling and chlorine resistance
	[S113]

	
	MXene nanosheets were prepared by selective etching of the aluminum layer from Ti3AlC2 and modified with tannic acid. The nanosheets were added to the MPD solution and incorporated into the polyamide layer via IP.
	2.4 ± 0.1
	96% NaCl rejection
	Stirred dead-end, 2 g L-1 NaCl, 20 bar, 25 ℃
	14.6 cm2 (T)
	Improved fouling resistance
	[S114]

	MoS2 TFN
	MoS2 nanosheets were prepared from MoS2 flakes by solvent-assisted liquid exfoliation. MoS2 nanosheets were dispersed in the organic phase and incorporated into the polyamide layer via IP.
	8.04
	15.42
	Cross-flow (60 L h-1), 2 g L-1 NaCl, 15.5 bar, 25 ℃
	247 cm2 (F); 42 cm2 (T)
	Improved fouling resistance; Loss of MoS2 nanosheets in the retentate, poor dispersion in the polyamide matrix; Twenty-hour operation stability
	[S115]


Note: AQPZ Aquaporin-Z; TMC Trimesoyl chloride; BSA Bovine serum albumin; PES Polyethersulfone; PEI Polyetherimide; PVA Polyvinyl alcohol; PDMS Polydimethylsiloxane
Appendix C: Rubrics for radar charts
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Fig. S1 Rubrics for permeance, selectivity, membrane cost, scale, and stability
The rubrics used for developing the radar charts are shown in Fig. S1. The higher the score in each dimension, the better the membrane is. The scores of permeance and selectivity are based on A and A/B values, respectively. Conventional TFC membranes typically have a water permeance in the range of 1-5 L m-2 h-1 bar-1 and a selectivity in the range of 5-30 bar-1, which results in a score of 3 for permeance and 4 for selectivity. NaCl rejection (R) is used as a supplementary indicator for the selectivity score when the A/B value is not available. Based on the solution-diffusion model [S1, S2], R is related to A/B through the following equation:
		(S4)
[bookmark: _Hlk180861309][bookmark: _Hlk180855879][bookmark: _Hlk181897866][bookmark: _Hlk179903103][bookmark: _Hlk180861324][bookmark: _Hlk179917282][bookmark: _Hlk141466433]Membrane cost can be systematically scored based on two critical considerations: the cost of materials involved and the cost of membrane fabrication. Conventional TFC polyamide membranes, scoring 5 in membrane cost, serve as a good benchmark for the evaluation of other membranes (Fig. S2). Typical TFC membranes can be routinely fabricated in large-scale roll-to-roll production without involving any costly chemicals or fabrication steps. Similar production lines can be adopted for TFN membranes, although the dispersion of nanofillers could cause additional complications. Some TFN membranes may involve expensive nanofillers but often at low dosages (e.g., 30 µg cm-2 for CNT [S116] and 50 µg cm-2 for COF [S112]), which could cause moderate increases in the material cost. Therefore, TFN membranes are still relatively competitive with respect to the overall membrane cost, leading to a high score in the range of 4 - 4.5 depending on the cost of nanofillers. In contrast, most novel G3 membranes involve either demanding fabrication processes (e.g., VA-CNT [S117] and nanoporous graphene [S35]) or expensive materials (e.g., AQP SLB [S118-S120] and nanoporous graphene [S35]), leading to less competitive scores for membrane cost. The score for scale is based on the membrane area. As a useful reference, a standard RO module (i.e., a “4080 element”) with approximately 40 m2 is assigned a score of 4 – representing good readiness for pilot testing and potential practical implementation Since conventional TFC membranes are produced in millions of m2, a score of 5 is given. Membranes with smaller areas are scored based on: 1 for miniature scale (< 1 mm2), 2 for small coupon scale (on the order of 1 cm2), and 3 for large coupon scale (10 s to 100 s cm2).

[bookmark: _Hlk180855959][image: 电脑屏幕的照片上有字
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Fig. S2 Comparison of membrane cost
[bookmark: _Hlk180856024][bookmark: _Hlk180861110]The score for stability is derived from the mechanical stability, thermal stability, chemical stability, and fouling stability of membranes (Table S3). If the membrane has poor mechanical properties or chemical stability (e.g., unstable in water), the lowest score of 1 is assigned to this membrane since it can unlikely be applied for practical applications. Otherwise, the score is determined by adding a credit or imposing a penalty in comparison with the benchmark TFC membranes (see Table S3 for details, with a baseline score of 3 assigned to TFC membranes, considering their poor chlorine resistance and high fouling propensity). If the score is ≤ 2 based on basic requirements, extended requirements are not considered. Otherwise, scores are added if the membrane has special properties, such as thermal- or acid-stability. Figure 4 adopts a dark-red region to represent the current state (based on available experimental data) and a light-red region (based on theoretical estimates). For evaluating the current state with respect to stability, credits will be assigned only if experimental evidence of improved stability (e.g., chlorine/fouling resistance, Table S3) has been demonstrated. However, to evaluate the ultimate potential, credits will be applied to theoretical stability based on the fundamental properties of materials.
[bookmark: _Hlk180419398]Table S3 Rubrics for stability
	Basic requirements (in comparison with conventional TFC membranes)

	
	Reported properties
	Actions on score

	Mechanical stability
	Withstand ≥ 10 bar (reasonable mechanical stability)
	None

	
	Cannot withstand 10 bar or has compromised mechanical stability
	-1

	Thermal stability
	Withstand ≥ 45 ℃ (reasonable thermal stability)
	None

	
	Cannot withstand 45 ℃
	-1

	Chemical stability
	Enhanced chlorine resistance
	+0.5

	
	[bookmark: _Hlk179907020]Does not degrade under chlorine attack
	+1

	
	[bookmark: _Hlk179907028]Compromised chemical stability (e.g., oxidization under ambient conditions)
	-1

	Fouling stability
	[bookmark: _Hlk179907732]Enhanced fouling resistance
	+0.5

	Extended Requirements

	
	Reported properties
	Actions on score

	Thermal stability
	high thermal stability
	+1

	Chemical stability
	stable in acidic (pH ≤ 1) or basic (pH ≥ 13) solutions
	+1




Table S4 Stability of G3 membranes
	Membranes
	Mechanical stability
	Thermal stability
	Chemical stability
	Fouling stability

	AQP SLB
	Operation pressure ≤ 5 bar; lipid mobility
	N.A.
	Potential degradation of lipid layer [S4] and protein denaturation
	N.A.

	VA-CNT
	Withstand at least 10 bar [S14]
	Withstand 45 ℃ [S121]
	CNT tips were functionalized in hypochlorite exposure [S122]; VA-CNT membrane could be stable in acid and basic solutions.
	Supposed to be anti-biofouling due to the antimicrobial properties of CNTs

	Zeolite film
	Withstand at least 10 bar [S17]
	Withstand 80 ℃ [S123]
	Isomorphous replacement [S124] in which Al3+ and Si4+ in zeolites are replaced by other elements; supposed to have good chlorine resistance.
	N.A.

	MOF film
	Withstand at least 10 bar [S22, S24]
	Withstand 50 ℃ [S22]
	Stable in hypochlorite solutions [S125]. In SAPO-34, Al was partially replaced by other elements [S23].
	N.A.

	COF film
	Withstand at least 10 bar [S126]
	Withstand 76 ℃ [S127]; supposed to be thermal stable
	[bookmark: _Hlk179904185]Stable in acid and basic solutions [S29, S128]; supposed to have good chlorine resistance;
	N.A.

	Nanoporous graphene
	Problematic mechanical stability and lack of experience in handling such thin film
	Withstand 40 ℃ [S36]
	Supposed to be stable in acid and alkali aqueous solutions.
	Graphene is considered an antibacterial material, but the fouling propensity of nanoporous graphene lacks deep investigation.

	Stacked GO/ stacked nanoporous GO
	Interlayer spacing can be altered by operation pressure [S45]
	N.A.
	Interlayer spacing can be altered by solution chemistry [S129, S44]; stable in acid and basic solutions [S48]; supposed to have good chlorine resistance as GO is oxidized.
	Disputable [S130]

	Stacked MXene
	Lack of data on operation pressure ≥ 5 bar
	N.A.
	[bookmark: _Hlk179904257]Interlayer spacing can be altered by solution chemistry [S131-S133]; stable in hypochlorite solutions [S134]; MXenes are easily oxidized under ambient conditions [S135].
	Good antifouling and antibacterial properties [S136]

	Stacked MoS2
	Withstand at least 9 bar [S53]
	N.A.
	[bookmark: _Hlk179904270]Stable in hypochlorite solutions [S54]; MoS2 is easily oxidized under ambient conditions [S137].
	N.A.



Appendix D: Separate radar charts for each TFN membrane
[image: ]
Fig. S3 Separate radar charts for each TFN membrane. (a) TiO2 TFN membrane, (b) Ag TFN membrane, (c) silica TFN membrane, (d) GO TFN membrane, (e) AQP TFN membrane, (f) CNT TFN membrane, (g) zeolite TFN membrane, (h) MOF TFN membrane, (i) COF TFN membrane, (j) MXene TFN membrane, (k) MoS2 TFN membrane
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Fig. S4 A radar chart for TFWC membrane
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