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Detailed calculation methods

Calculation of hydrodynamic resistance of Membranes: A typical resistance model, where the
resistance of the skin layer, Ry;,, is an inherent property of the thin film of the substrate membrane, is
employed for the hydrodynamic resistance calculations. The pure MXene and CNT-MX selective layer
are first assumed to be the skin layers of the Nylon membrane before their hydrodynamic resistance

are calculated using Equation S1:

Jon nP (S1)

where skin (bar) is the transmembrane osmotic pressure difference across the skin layer, J, (Lm~h!)
is the water flux, n (m?/s) is the viscosity of water and P (Lm~h-'bar!) is the water permeance of the
membrane'. By substituting the water permeability coefficients obtained from Figure S5a, the
hydrodynamic resistances exerted by the CNT-MX membranes, Renromx, are obtained and normalized
against the resistance of the pure MXene membrane, Ryxene.

Calculation of the permeation parameter (K'): The Darcy’s law states the liquid flow mechanism in

porous media, and the permeate flux through membrane can be calculated by the following Equation

S2.2.3
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where Q (L/h) is the flux, K is the proportionality coefficient, A(m?) is membrane area, TMP(bar) is
the transmembrane pressure, pu (mPa-s) is the viscosity of fluid, and R (m) is transport resistance. In

our experiment, the water permeance P (Lm~h-'bar),

ATMP uR R (S3)

thus, the permeation parameter, K' = K/u; here, for convenient comparison, the units of K and K’ are



ignored. Then, the relation between water permeance and membrane thickness can be expressed as

Equation S4:

1
Log (—) =LogR-Log K
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MD simulations: models and methods

In this work, the geometric structures of the MXene Ti;C,Ty structure had been used in materials
project database. Therefore, the MXene Ti;C,Tx nanonanosheets had been determined by crystal
structure of Ti3C,Ty. The Lennard-Jones (LJ) Potential function had been employed to calculate our
systems. In our simulation, a number of water (H,O) molecules were placed in the MXene Ti;C,Ty
between two nanonanosheets. The size of MXene nanonanosheet was 7.39nm x 3.85nm (along x-y
direction) in the primary simulation box, and a periodic boundary condition was applied. In addition,
the other models is multi-walled carbon nanotubes (CNT) are embedded into MXene Ti;C,Ty. between
layers. To obtain a global minimum energy configuration, a geometry optimization is first performed
using the method of steepest-descent energy minimization with a convergence criteria of 0.00001
kcal/mol. The two unit cells are then allowed to equilibrate over NVT simulations (isothermal-isobaric
ensemble) at a room temperature of 300 K and atmospheric pressure of 101 KPa for 20 ns with a time
step of 1 fs. The requilibration molecular systems of the pure polymer matrix and tetranuclear complex
can be obtained after a geometry optimization. These simulation processes are aimed to remove
internal stresses in the polymer matrix. In addition, the adsorption energy between MXene Ti;C,Ty
nanosheet and H,O molecules was calculated by considering the summary of short-range interactions
and LJ interactions at last 5ns simulation. The molecules considered are nearest with the surface of
MXene nanosheet. The diffusion coefficient (D) is calculated by mean square displacement, which has

been obtained by the dynamic simulations.



Fig. S1. (a) Photography of Ti;C, Ty nanosheets dispersion showing the Tyndall scattering effect. (b)

SEM images of Ti3AIC, particles showing a typical brick-like structure with tightly stacked layers.
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Fig. S2. XRD pattern of Ti3;C, Ty nanosheets and Ti;AlC, particles



Fig. S3. SEM image for large scale Ti;C,Ty nanosheets
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Fig. S4. Frequency histograms of Ti;C, Ty lateral size.
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Fig. S5. FTIR spectra for Ti;C, Ty nanosheets.
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Fig. S6. (a) Zeta potential of CNTs, MXene and CNTs/MXene mixture. (b) Photography of

MWCNTs/MXene mixture showing uniform dispersion with the Tyndall scattering effect.
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Fig. S7. TEM images and the diameter distribution profiles of the CNTs.
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Fig. S8. SEM images of (a) pure Nylon substrate and (b) NaOH pre-treated Nylon substrate. It is found
that the surface of Nylon substrate becomes smoother after NaOH treating, which is in favor of the

uniform sheet deposition with ordered stacking.



Fig. S9. Digital photography of 45%CNT-MX membrane with excellent flexibility.
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Figl0. TEM image of the cross-sectional view of the 45%CNT-MX membrane, showing distinct
fusiform structure.



Fig. S11. FESEM images of the cross-sectional view of (a) 25%CNT-MX and (b) 60%CNT-MX

membranes.
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Fig. S12. FESEM images of surface views for membranes.
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Fig. S13. AFM images for (a) pure MXene, (b) 25%CNT-MX, (c) 45%CNT-MX and (d) 60%CNT-

MX membranes, respectively.
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Fig. S14. The TGA curves of various membranes.

The weight loss occurring at about 350-460 °C is ascribed to the pyrolysis of the oxygen-containing
functional groups that produce CO, and other gases .It is noticeable that the CNT-MX membranes
show a low degree of weight loss except 60% CNT-MX, suggesting the excellent thermal stability,
which might be due to the consume of oxygen-containing functional groups during fabrication process
and the stronger interaction of interactions of hydrogen bonds between MXene nanosheets and CNTs.
As for 60% CNT-MX, the higher weight loss is mainly due to the structure damage by the overloading
CNTs.



Fig. S15. TEM images of of top-sectional views for 45%CNT-MX membrane.
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Fig. S16. XRD pattern of pure MXene and CNT-MX membranes.
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Fig. S17. N, adsorption-desorption isotherms of pure MXene, 25% CNT-MX, 45% CNT-MX and 60%

CNT-MX membranes at 333 K, respectively.
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Fig. S18. Water permeance and rejection rates of CV for NaOH treated Nylon membrane.
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Fig. S19. Hydrodynamic resistance of the heterostructured CNT-MX membrane with diverse CNTs

loadings normalized by that of the pure MXene membrane.
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Fig. S20. Plot of membrane thickness vs materials loading, showing a practically linear relationship.



Fig. S21. FESEM images of cross-sectional view of 45% CNT-MX membranes with different
thickness.
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Fig. S22. Variation of the water permeance as a function of the membrane thickness. The pressure

applied here was 1 bar.
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Fig. S23. a) Water flux, b) permeance and c) rejection rate of CV with applied pressure for the
45%CNT-MX membranes.
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Fig. S24. Separation performance of 45%CNT-MX membranes for CV feed solution after immersing
into in aqueous solution for 30 h.
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Fig. S25. UV-vis absorption spectra of various dyes before and after using 45% CNT-MX
membranes immerse for 3 hours
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Fig. S26. Rejection rate of CV and RB for pure CNTs membrane.
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Fig. S27. Zeta potential for 45% CNT-MX membrane with the variation of pH value.
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Fig. S28. Schematic illustration for the structure of the transport channels.
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Fig. S29. UV-vis absorption spectra of the feed, the permeate and the retentate of a) BY, b) CR, ¢)
CV, d) RB, e) AF, f) MO, g) MnB and h) RhB solution after filtration by 45% CNT-MX membrane.
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Fig. S30. Comparison of separation performance between 45% CNT-MX and various previously

reported membranes. Detailed information about those membranes are listed in Table S2



Table S1. The chemical structures, molar weights and dimensional parameters of various dyes.

Mw Chemical 3D molecule Dimension FElectrical

Dyes (g/mol) structure structure (nm) property

Brilliant Yellow m
(BY) 625.6 ) 2.64 —
Congo Red _
(CR) 6967 o M 2.56 x 0. 735 .
Crystal Violet £
(V) 408 & 2,04 "
Rose Bengal -
(RB) 1017.6 ﬁ 1.2 x1.546 —
Acid Fuchsine
(AF) 585.5 w 1.94 —
Rhodamine B
(RdB) 479.0 ﬁ 1.4x1.87 —
Methyl Orange
(MO) 327.3 w 1.13 x 0.42° —
Methylene Blue
(MnB) 373.9 m 1.25x0.51° +




Table S2. Comparison of the separation performance for various membranes

. ) . Water
Membrane Thickness Solute Size Rejection permeation Reference
(nm) (nm) (%) (L m? h'! bar!)
S-rGO-18 18 EB 3.1 100 90.2 4

uGNMs(GO) 53 MnB 1.5 99.8 3.26 8
GO-RF8 500 MnB 1.5 94 130 9
Shear-aligned 150 MnB 15 99.5 71 10
GO
HLGO 8 MnB 1.5 95.5 48 11
GO 70 MnB 1.5 96 2.8 11
RGO-

12
MWCNT(50) 570 MnB 1.5 95 28
CDs-GO/MCE 2500 MnB 1.5 94.1 439 12
GO 2500 MnB 1.5 99.9 53 13
MoS, membrane 1700 EB 3.1 90 245 14
MoS, membrane 2000 EB 3.1 90 160
COF-LZU1 400 MnB 1.5 99 760 5
COF-LZU1 400 MnB 1.5 99 500 5
COF-LZU1 400 AF 1.7 91.4 570 5
COF-LZU1 400 rhB 1.8 99 380 5
g-C3Ns 190 thB 1.8 90 11.9 15
membrane
SWCNT-

16
intercalated GO 160 th 1 8 99 175
SWCNT- 40 thB 1.8 97.4 720 16

intercalated GO

WS, membrane 500 EB 3.1 93 450 17
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