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Supplementary methods 

Materials 

The bulk material MAX (Ti3AlC2) (200 mesh) was purchased from Laizhou Kai Kai Ceramic Materials Co., Ltd. Lithium 

fluoride (LiF) (> 99%) was purchased from Aladdin, and hydrochloric acid (HCl) (12 mol∙L−1) was purchased from 

Guangzhou Chemical Reagent, potassium chloride (KCl) (> 99%), sodium chloride (NaCl) (> 99%), lithium chloride (LiCl) 

(> 99%), calcium chloride (> 99%), magnesium chloride (MgCl2) (> 99%), and aluminum chloride were purchased from 

Aladdin. Nylon 66 substrates (pore size: 0.22 μm) were purchased from Tianjin Jinteng Co., Ltd. 1-Aza-18-crown-6 ether 

(CE) (> 97%) was purchased from Aladdin. Mixed standard samples and internal standard samples for ICP-MS were 

purchased from Thermo Fisher Scientific. 

Preparation of MXene (Ti3C2Tx) nanosheets 

MAX (Ti3AlC2) powder with a large lateral size was obtained as previously reported through the gravity sedimentation 

method [1]. Subsequently, large-sized MXene (Ti3C2Tx) nanosheets were obtained through etching with LiF and HCl mixed 

solutions. Firstly, 62 mL HCl (9 mol∙L−1) was obtained by mixing a certain amount of deionized water with 12 mol∙L−1 HCl. 

Subsequently, 2.5 g LiF and 2 g MAX power were added within 5 min at 50 °C for 30 h. Notably, the Teflon beakers were 

closed with plastic wrap and pricked with a small hole. Subsequently, the obtained slurry was washed with deionized water 

and centrifugated at 3500 to 6000 r∙min−1 until the pH of the supernatant reached 6–7. Then, the sediment was suspended in 

deionized water under argon and ultrasonicated in a water bath at 20 °C for 40 min. After standing overnight, the upper layer 

solution was centrifugated at 3000 r∙min−1 for 1 h. After that, the supernatant is the ideal large-sized MXene nanosheet 

solution. The concentration of the nanosheet solution can be obtained by the reduction method based on our previous work 

[2]. 

Preparation of pristine MXene (Ti3C2Tx) membranes and asymmetric MXene (Ti3C2Tx) membranes 

The pristine MXene membrane was obtained by depositing MXene nanosheets on the nylon 66 substrate by vacuum-

assisted filtration based on a previous report [2]. The membrane thickness could be adjusted by changing the concentration 

of nanosheets and the deposition time [3]. Crown ether (1 mg∙mL−1) and (2 mg∙mL−1) were dispersed in deionized water and 

then stored at low temperatures. The asymmetric MXene (Ti3C2Tx) membranes were obtained by CE infiltration into the stack 

of the deposited MXene (Ti3C2Tx) nanosheets through the concentration diffusion method. CE enters the pristine MXene 

(Ti3C2Tx) membrane forming the RL. After a certain CE-modification time, the further CE intrusion was stopped and the CE 

solution was removed by pipette carefully. The part of the pristine MXene (Ti3C2Tx) layer that is not modified by CE is called 

EL. Finally, the asymmetric MXene (Ti3C2Tx) membranes were dried in a vacuum for at least 24 h. What’s more, In order to 

ensure that all CEs present within the membrane have tight interaction with the channels, the membranes after CE 

modification were washed with deionized water several times, and soaked in deionized water for 6 h to remove the nomadic 

CEs that were not stably connected with MXene channel. Because the –NH– in CE (1-aza-18-crown-6) can form a Ti–N 

bond with Ti–OH of MXene (Ti3C2Tx), thus CE can be anchored in the MXene (Ti3C2Tx) channel stably. Therefore, the 

amount of interaction sites of the MXene nanosheets with CE determined the CE loading amount. Different concentrations 

of CE (1 and 2 mg∙mL−1) could change the modification rate of RL, or adjust different thicknesses of RL at the same time, 

but did not change the actual loading amount of CE retained in RL. Therefore, the CE solution (1 mg∙mL−1) was selected to 

build the Matthew membrane. 

Monovalent metal ions permeation test 



-S2- 

The monovalent metal ions permeation test is based on a previous report [4]. The membrane was sealed by the rubber 

gasket in the middle of the home-made U-shaped groove. Then 50 mL metal ions solution of 0.2 mol∙L−1 was added on one 

side of the testing device, and the other side was filled with DI water (resistivity: 18.2 MΩ), and stirring was employed to 

avoid concentration polarization. For regeneration, the membrane will be gently washed with deionized water after one cycle 

of testing, and subsequently be soaked in deionized water in the homemade U-shape device for 12 h before the next cycle of 

testing. The calculation method of the ion concentration can be found in our previous work [5]. Table S1 shows the molar 

conductivity data Λm which is a constant for a specific ion solution, which can be measured by an ion conductivity meter.  

 
Table S1 
The molar conductivity data Λm of ions 

Ions Λm (S∙cm−1∙(mol∙L−1)−1) 

K+ 0.1285 

Na+ 0.0939 

Li+ 0.0915 

Ca2+ 0.1735 

Mg2+ 0.1816 

Al3+ 0.2175 

 

The ion concentration C (mol∙L−1) was determined according to 

𝐶 =
𝜆

𝛬m
(1) 

where λ (S∙cm−1) and Λm (S∙cm−1∙(mol∙L−1)−1) are ion conductivity and molar conductivity, respectively. The ion permeation 

rate Pi (mol∙m−2∙h−1) was calculated according to 

𝑃i =
(𝐶1 − 𝐶0) × 𝑉

𝐴 × 𝑡
(2) 

where C1 represents the real-time ion concentration of the solution (mol∙L−1), C0 is the initial ion concentration (mol∙L−1), V 

is the volume of the aqueous solution (mL), A is the effective membrane area (m2), and t represents a testing time interval (h). 

The ion permeation rate is the average value of the permeation rate during each time interval. 

The ion concentrations were measured through ICP-MS in the mixed metal ions testing system. The ion permeation rate 

formula is shown below: 

𝑃𝑀i
=
(𝑚i −𝑚0) × 𝑉

𝐴 × 𝑡
(3) 

𝑃i =
𝑃𝑀i

𝑀i
(4) 

where 𝑃𝑀i
 is mass permeation rate (g∙m−2∙h−1), mi is real-time mass ion concentration (ppm), m0 is initial mass concentration 

of ion (ppm), and Mi is atomic molar mass (mg∙mol−1). 

The ion selectivity (SF) can be calculated as follows: 

SF =
𝑝a
𝑝b

=
𝑃𝑀a

×𝑀b

𝑃𝑀b
×𝑀a

(5) 

Characterization 

Morphology and elemental distribution analysis of the MXene nanosheets and membranes were obtained through field 

emission scanning electron microscopy (FESEM; Hitachi SU8100) and energy-dispersive X-ray spectroscopy (EDX; Oxford 

EDS, with INCA software), respectively. The further characterization of the MXene nanosheets by transmission electron 

microscopy (JEOL JEM-2100F) and aberration corrected transmission electron microscope (Thermo Fisher Scientific Titan 

Themsis Z). The thickness of the MXene nanosheets and membrane surface morphology was achieved by atomic force 

microscopy (AFM) (Bruker Dimension Icon) under tapping mode at ambient conditions. Samples were treated on the 

monolayer mica and dried in a vacuum for further characterization. The lateral size distribution of MXene nanosheets was 

achieved by counting large-range AFM results of various regions. The water contact angles of membranes were achieved by 

Dataphysics, OCA40Micro. The chemical bonds within the membrane were obtained by fourier transform infrared 

spectroscopy (FTIR; Thermo Fisher Scientific, Nicolet IS50 Nicolet Continuum) and Raman spectroscopy (Horiba Jobin 

Yvon, HJY LabRAM Aramis). The phase structure of the membrane was analyzed by X-ray diffraction (XRD, Rigaku Smart 

Lab X-Ray Diffractometer) using Cu Kα radiation from 3° to 60° at the scanning rate of 10(° )∙min−1. The pristine MXene 

membrane and Matthew membrane were characterized by X-ray photoelectron spectroscopy (XPS) ESCALAB 250xi 

spectrometer (Thermo Fisher Scientific) with monochromatic Al Kα radiation (1486.6 eV) under a pressure of 2 × 10−9 Torr. 

The loading amount of CE was determined by thermogravimetric–mass spectrometry (TG-MS; Netzsch, STA 449F5; QMS 
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403) using an Al2O3 crucible at the heating rate of 10(° )∙s−1 in nitrogen. Metal ions concentration was achieved through 

inductively coupled plasma–mass spectrometry (ICP-MS; Thermo Fisher Scientific, iCAP RQ) with argon plasma as the 

excitation source, scandium was used as the internal standard element. 

Interaction simulation 

Part 1. Crown ether and ions interaction analysis 

The geometry optimization of complexes of crown ether and metal ions was performed with the energy minimization mode 

in LAMMPS under identical conditions unless otherwise stated. Energy minimization runs of the systems were performed 

using a conjugate-gradient algorithm with an energy-convergence criterion implemented in the LAMMPS code [6,7]. A 

tolerance of relative energies between minimization iterations is set at 2 × 10−5 with a force tolerance of 2 × 10−5 to ensure a 

sufficiently minimized system. 

Part 2. Electrostatic potential analysis of crown ether and ionic complex 

Based on the optimized geometry, the electron density of the complexes of crown ether and metal ions were calculated by 

the ORCA 5.0 quantum chemistry program package from the development team at the Max Planck Institute for Bioinorganic 

Chemistry at the wB97M-V/def2-QZVPP level [8–11] by means of high-resolution single point energy algorithm. Based on 

the calculated results of electron densities, the electrostatic potential map diagram was drawn by Multiwfn 3.8 program [12] 

and VMD 1.9.3 program [13]. 

Part 3. Molecular interaction force analysis of crown ether and ionic complex 

Fixing the MXene (Ti3C2Tx) layer and layer spacing, the crown ether molecular structure is optimized using the Lammps 

energy minimization mode. The independent gradient model based on the Hirshfeld partition (IGM) method [14] in the 

Multiwfn 3.8 program was employed to study the weak intermolecular interactions between the crown ether molecules and 

metal ions. 

Part 4. Geometric optimization of crown ether–ion complex and MXene (Ti3C2Tx) lamellar channel 

The geometry optimization of the crown ether–ion complex and MXene (Ti3C2Tx) lamellar channel was also performed 

with the energy minimization mode in Lammps. The tolerance of relative energies between minimization iterations is set at 

2 × 10−5 with a force tolerance of 2 × 10−5 to ensure a sufficiently minimized system. During the optimization process, the 

molecular coordinates of the MXene layer were fixed, while the crown ether molecular coordinates could be freely optimized. 

Part 5. Analysis of intermolecular forces between crown ether and MXene (Ti3C2Tx) lamellar channel 

The independent gradient model based on the Hirshfeld partition (IGM) method in the Multiwfn 3.8 program was employed 

to study the weak intermolecular interactions between the crown ether molecules and MXene (Ti3C2Tx). All isosurface maps 

of the non-covalent interactions were rendered by the VMD 1.9.3 program. 

Molecular dynamics simulations 

Classical molecular dynamics (MD) simulations were utilized in this study to understand the ion diffusion and the 

molecular sieving effect of the pristine MXene (Ti3C2Tx) membrane and the crown ether-modified MXene membranes. 

Simulations with NVT ensemble (N: constant particle number; V: volume; T: temperature) were performed using Lammps 

(version 17 Feb 2022) [7,15] to calculate the ion and water diffusion coefficients, the ion–CE interactions, and the ion 

permeation rate. The temperature was maintained at 298.15 K by the Nosé–Hoover thermostat [16] method during all 

simulations. Stoermer–Verlet time integration algorithm [16] was used with a time step of 1 fs to integrate the equations of 

motion. The standard 12/6 Lenard–Jones potential [17] E1, shown in Eq. (6), was applied to the pairwise non-bonded 

molecular interactions between atoms i and j. The Coulomb potential [16] E2, given by Eq. (7), computes the pairwise long-

range interactions between two charged atoms i and j by performing a standard Ewald summation [16]. 
12 6

1 c4   E r r
r r
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      (6) 
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      (7) 

where r is the intermolecular distance between atoms i and j, ɛ is the depth of the potential well, σ is the distance between 

atoms when E1 equals 0, rc = 9 Å is the cutoff distance with a buffer width of 0.5 Å, Ce is an energy-conversion constant, qi 
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and qj are the charges on the two atoms. The parameters σ and ɛ were calculated based on the Lorentz–Berthelot combining 

rules in Eq. (8). 
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 
   


     (8) 

Force field parameters for individual atoms, σi, and ɛi, are usually fitted from the experimental data or obtained by ab initial 
calculations. The parameters used in this work are listed in Table S2. 

 
Table S2 

The non-bonded force field parameters used in this work [18–20]. 

I σi (Å) ɛi (kcal∙mol−1) qi (e) 

Ti′ 1.9565 0.6087 0.68 

O 3.1656 0.1554 −0.64 

C 3.5000 0.0660 −0.74 

Ti 1.9565 0.6087 1.04 

C_CE 3.8754 0.0390 0.1197 

N_CE 3.5012 0.1670 −0.4278 

O_CE 3.5532 0.1554 −0.4278 

H_CE 2.4500 0.0380 0.0471 

K+ 4.9346 0.0003 1.0 

Na+ 3.3305 0.0028 1.0 

Cl− 4.4460 0.1070 −1.0 

O_w 3.1656 0.1554 −0.8476 

H_w 0 0 0.4238 

 

The OPLS Force Field [18,19] was used for the non-bonded interaction between atoms. The rigid SPC/E model [20] was 

used as the water model. The bonded force field parameters were taken from Muckley’s work [20]. 

Part 1. Free energy barriers 

The free energy barrier simulations were set up as shown in Fig. S28(a). The simulation box consisted of two MXene 

(Ti3C2Tx) sheets, of which a CE molecule was connected to one, and two chambers were filled with water molecules of a 

density of 1 g∙cm−3. A single ion (K+ or Na+) was placed in the middle of the left-hand chamber. First, the diffusion path of 

ions was divided evenly into 40 portions, the ion was then restrained in the middle of each portion by applying a moving 

spring force along the z-direction with a spring constant of 24 kcal∙mol−1∙Å−1 and a pulling velocity of 0.00001 Å∙fs−1. Then, 

individual simulations were run at each ion position. The potential of mean force (PMF) [21] was computed from the average 

value of the running integral over the pulling force in the pulling direction after an initial equilibration period of 1 ps. The 

free energy barrier for the ions to overcome equals the maximum energy difference. Figure. S30 shows PMF, the calibrated 

PMF calculated from the difference between the original PMF and the average PMF of an ion passing through the 7.5 Å 

pristine MXene (Ti3C2Tx) membrane. The shape of the PMF curves of K+ and Na+ had a similar trend, and results clearly 

showed peaks when the two ions were passing by the CE molecule bonded to the MXene (Ti3C2Tx). 

Part 2. Permeation behaviors 

The simulation scheme of pulled ion migration (Fig. S29) is similar to the free energy barrier simulation. Other than a 

constant pulling velocity, a constant force of 1.2 kcal∙mol−1∙Å−1 was applied to the studied ion. The transport time and distance 

interactions are computed and shown in Fig. S27. 

Part 3. Ion diffusion coefficients 

The diffusion coefficients are calculated from mean squared displacement (MSD) from which the diffusion coefficients D 

were obtained by Eq. (9), the Einstein’s relation. 

 21

6
D z t

t
      (9) 

where z(t) is the position change of the particle from time t to t + t, and the angled brackets denote ensemble averaging.  

Part 4. Permeation behaviors 

The simulation scheme of ion permeation, shown in Fig. S28(b), consists of a feed chamber, a permeate chamber, and a 

Matthew membrane in between, separating the two chambers. Three sheets represent the Matthew membrane. The knot 

membrane is designed as three layers of MXene (Ti3C2Tx) sheets. The interlayer spacing between the right and the middle 
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sheets is 6.5 Å whereas between the left and the middle sheets is 7.5 Å. CE molecules are attached between the left and the 

middle sheet. The feed chamber was initially filled with 2 mol∙L−1 KCl and NaCl solutions (120 K ions, 120 Na ions, 240 Cl 

ions, and 8046 water molecules), whereas the membrane and the permeate chambers were filled with 1 g∙cm−3 pure water 

(8046 molecules). The cross-sectional area of the box is 915 Å2 (ax = 61 Å, ay = 15 Å) 

The system first undergoes a 10 000-step steepest-decent energy minimization. It was then run under an NVT ensemble, 

randomly selecting initial velocities. During the simulation, the positions of the MXene (Ti3C2Tx) sheets were fixed while the 

CE molecules and other atoms remained movable. Periodic boundary conditions were applied to x- and y-directions and non-

periodical boundary conditions were applied to the z-direction. A constant force of 0.1 kcal∙mol−1∙Å−1 is added to the ions to 

facilitate the ion permeation. The number of permeated ions was counted during 10 ns permeation time, and the permeability 

of Na+ and K+ were measured over the quasi-steady state. Membrane selectivity is then calculated as the ratio of the 

permeability of K+ and Na+. Fig. 5(a) and Fig. S30(a) show the corresponding permeation and selectivity results. Similar 

simulations were also performed with pristine MXene (Ti3C2Tx) membrane and MXene–CE membrane as a comparison. 

 
Supporting figures 

 
Fig. S1. Preparation process of the Matthew membrane. The layered MXene (Ti3C2Tx) stack is treated with a CE solution. The CE intercalated 

(upper) part is called RL and the non-modified (lower) part is called EL. When the CE infiltration was stopped after 60 min, the two layers showed 

almost the same thickness. 
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Fig. S2. Characterization and size distribution of raw material MAX (Ti3AlC2) particles before and after gravity sedimentation. (a) SEM images 

of MAX before gravity sedimentation. (b) SEM image of MAX particles settled at the bottom after gravity sedimentation. The figure below shows 

the size distribution of corresponding particles. 

 

 
Fig. S3. Lateral size distribution of the MXene (Ti3C2Tx) nanosheets. The lateral size is 1.8–16.2 μm, while > 85% of flakes have a lateral size 

between 1.8 and 6.6 μm. 
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Fig. S4. Thickness analysis of the MXene (Ti3C2Tx) nanosheets. From these AFM measurements, the thickness of a monolayer MXene flake is 

estimated to be 1.5 nm. 

 

 
Fig. S5. EDX analysis of the MXene (Ti3C2Tx) nanosheets from TEM results. The EDX result of TEM indicates Al layer is completely etched. 
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Fig. S6. Elemental distribution analysis of the MXene (Ti3C2Tx) nanosheet. (a) TEM image of the MXene (Ti3C2Tx) nanosheets. (b) Mixed and 

single (c) Ti, (d) F, (e) C, (f) Al, (g) O elemental distribution maps of the MXene (Ti3C2Tx) nanosheets. 

 

 
Fig. S7. Minimum energy configurations of ion–crown ether complex. (a) Na+–CE. (b) K+–CE. This shows the stable structure of the ions bonding 

to the CE ring. Here, Na+ is closer to the center of the CE ring plane because its atomic radius is right. K+ is a little bit farther from the center of 

the CE ring plane because of the larger atomic radius. 

 

 
Fig. S8. Electrostatic potential (ESP) of CE–ion complexes. The color scale bar on the left of ESP represents the electrostatic potential values 

corresponding to different colors. 1 a.u. = 27.21 eV = 627.51 kcal∙mol−1 = 2625.5 kJ∙mol−1. 
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Fig. S9. Surface morphology analysis of pristine MXene (Ti3C2Tx) membrane and Matthew membrane. (a) Surface SEM image of the pristine 

MXene (Ti3C2Tx) membrane and (b) Matthew membrane. (c) AFM result of the pristine MXene (Ti3C2Tx) membrane’s and (d) and Matthew 

membrane’s surface. (e) 3D morphology AFM image of the pristine MXene (Ti3C2Tx) membrane’s and (f) Matthew membrane’s surface. 

 

 
Fig. S10. XPS analysis of the pristine MXene (Ti3C2Tx) membrane. The XPS survey spectrums with the etching depth of 200 nm in the pristine 

MXene (Ti3C2Tx) membrane. (a) Al 2p. (b) C 1s. (c) Ti 2p. (d) F 1s. (e) N 1s. (f) O 1s. 
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Fig. S11. XPS analysis of the Matthew membrane. The XPS survey spectrums with the etching depth of 200 nm (located in RL) in the Matthew 

membrane. (a) Al 2p. (b) C 1s. (c) Ti 2p. (d) F 1s. (e) N 1s. (f) O 1s. 

 

 
Fig. S12. Etching XPS analysis of the pristine MXene (Ti3C2Tx) membrane along with etched depth. (a) N 1s results of the pristine MXene 

(Ti3C2Tx) membrane as the function of etched depth. (b) Ti and N element ratio with the etched depth in the pristine MXene (Ti3C2Tx) membrane. 
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Fig. S13. Comparison of XPS results of N 1s in the top surface and etch depth of 200 nm in the pristine MXene (Ti3C2Tx) membrane. From the 

results of etched XPS, there is no signal of CE molecules in the pristine MXene (Ti3C2Tx) membrane. 

 

 
Fig. S14. SEM analysis of the top and bottom surface of the pristine MXene (Ti3C2Tx) membrane. (a) SEM image and (b–g) corresponding EDX 

results of Ti, C, O, F, and N in the top surface of the pristine MXene (Ti3C2Tx) membrane. (h) SEM image and (i–n) corresponding EDX results 

of Ti, C, O, F, and N in the bottom surface of pristine MXene (Ti3C2Tx) membrane. Scale bar: 50 µm. 
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Fig. S15. SEM analysis of top (RL) and bottom (EL) surfaces of the Matthew membrane. (a) SEM image and (b–g) corresponding EDX results 

of Ti, C, O, F, and N in the top (RL) surface of Matthew membrane. (h) SEM image and (i–n) corresponding EDX results of Ti, C, O, F, and N 

in the bottom (EL) surface of the Matthew membrane. Scale bar: 50 µm. 
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Fig. S16. SEM images and mapping analysis comparison of the cross-section of the pristine MXene (Ti3C2Tx) membrane and Matthew membrane. 

(a) Photo and (b) cross-section SEM image of curved pristine MXene (Ti3C2Tx) membrane, corresponding elemental distribution mapping of (c) 

Ti, and (d) N in cross-section of the pristine MXene (Ti3C2Tx) membrane. (e) Photo and (f) cross-section SEM image of curved Matthew membrane, 

corresponding elemental distribution mapping of (g) Ti, (h) N in Matthew membrane. 

 

 
Fig. S17. Water contact angle analysis. (a) Scheme of pristine MXene (Ti3C2Tx) membrane and Matthew membrane. (b) Images and results of 

WAC The top surfaces exhibit different water contact angles of the pristine MXene (Ti3C2Tx) membrane (EL) and Matthew membrane (RL), 

while showing similar properties of the bottom surfaces (both EL), respectively. 
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Fig. S18. (a) FTIR and (b) Raman analysis of the pristine MXene (Ti3C2Tx) membrane and Matthew membrane. 

 

 
Fig. S19. TG-MS analysis of the pristine MXene (Ti3C2Tx) membrane and Matthew membrane. (a) Weight loss curve of series MXene (Ti3C2Tx) 

membranes with various loading amounts of crown ether by adjusting CE-modification time. (b) Weight losing ratio as a function of CE-

modification time. (c) Mass spectrometry analysis of the Matthew membrane with various modification time (for the pristine MXene (Ti3C2Tx) 

membrane, the CE-modification time is 0). 

 

 
Fig. S20. The home-made U-shaped device for ions permeation tests. The salt solution and deionized water were placed on two sides, respectively. 

The measuring electrode was placed on the deionized water side. Continuous stirring minimizes concentration polarization. 
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Fig. S21. Analysis of 120 min-MXene (Ti3C2Tx) membrane in dry and wet state. (a) XRD of 120 min-MXene membranes in dry and wet state. 

(b) Effective interlayer spacing of 120 min-MXene and 60 min-MXene membranes in dry and wet state. 

 

 
Fig. S22. CE-modification time dependence curve of the membrane separation performance. Here, various modification time were applied to 

verify the optimum K+-selectivity performance of the asymmetric membranes. It is worth noting that the asymmetric membrane obtained with the 

best performance is named Matthew membrane, and the others are called asymmetric composite membranes. 

 

 
Fig. S23. Ion permeation tests. Ion conductivity curve of K+ and Na+ through the pristine MXene (Ti3C2Tx) membrane and Matthew membrane 

with testing time. 
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Fig. S24. Analysis of ICP-MS for preparation of standard curve. (a) Standard curve of K+ and (b) Na+. (c) Mass concentration of internal standard 

element (Sc) corresponding to standard points (50 ppb, 200 ppb, 500 ppb, 1000 ppb, and 10 000 ppb). The dotted line represents the constant 

concentration of the internal standard element (Sc) (500 ppb). 

 

 
Fig. S25. ICP-MS results of the K+ and Na+ permeation rate through the pristine MXene (Ti3C2Tx) membrane and Matthew membrane for mixed 

salt solution (KCl and NaCl). (a) Mass concentration curve of K+ and Na+ as a function of testing time. (b) Permeation behaviors of K+ and Na+ 

as a function of testing time. (c) Mass concentration of internal standard element (Sc) as a function of testing time (50 ppb, 200 ppb, 500 ppb, 

1000 ppb, and 10 000 ppb). The dotted line represents a constant concentration of internal standard element (Sc) (500 ppb). 
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Fig. S26. Ion sieving performance of the pristine MXene (Ti3C2Tx) membrane and Matthew membrane as a function of pH. (a) Permeation rates 

of K+ and Na+ as the function of pH. (b) K+/Na+ selectivity as a function of pH. 

 

 
Fig. S27. Stability analysis of the Matthew membrane in acid and alkali environment. (a) XRD results of the Matthew membranes after immersion 

in acid and alkali solution, respectively. (b) Images of the Matthew membranes immersing in acid and alkali solution for different time, respectively. 

 

 
Fig. S28. Preferential affinity for K+ of the Matthew membrane. Matthew membrane was immersed in 0.1 M mixed salt solution (KCl and 

NaCl) for 24 h. Then it was dried for Energy-Dispersive X-ray spectroscopy (EDX) characterization. (a) The SEM image of the top surface (RL) 

of Matthew membrane. (b-d) EDX results of elemental mapping distribution of K+ and Na+. 
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Fig. S29. Interaction energy analysis of K+ and Na+ during transportation along with confinement membrane channels. (a) K+–O interaction. (b) 

Na+–O interaction. 

 

 
Fig. S30. Molecular dynamic simulation scheme of membrane channels. (a) A snapshot of the simulation scheme used to compute PMF, free 

energy barriers, and the transport time of ions passing the CE when applied a constant force. (b) A snapshot of the simulation scheme used in ion 

permeation simulations. Na+ ions in red, K+ ions in blue. 
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Fig. S31. Schemes of ions transport from one side to another side of the channel modified with crown ether, including migration time from 

entrance to crown ether and exit of the channel. (a) K+, (b) Na+. (c) Transport distance comparison of K+ and Na+ as a function of time from one 

side to another side of the channel modified with crown ether. 

 

 
Fig. S32. K+/Na+ selectivity of various membranes and relative PMF analysis. (a) Selectivity of K+/Na+ through the pristine MXene (Ti3C2Tx) 

membrane, MXene–CE membrane, and Matthew membrane, respectively. (b) PMF of K+ and Na+ passing around CE molecule. Inset: A 

magnification of K+ and Na+ passing around CE located at around 37.8–45.8 nm. (c) The corresponding energy barrier of K+ and Na+ passing 

around the CE molecule. 
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Fig. S33. Mean square displacement analysis of water in two regions. Mean square displacement comparison of H2O in Region 1 and Region 2 

demonstrates that water diffuses faster in the Matthew membrane than in the MXene–CE membrane.  

 

 
Fig. S34. Mean square displacement comparison of H2O and ions in bulk solution and enhancement layer (EL). The results show the faster water 

and ions transport in EL than that in bulk solution.  

 

Supporting tables 

Table S3 

K+/Na+ sieving performance comparison of various membranes. 

Membrane Driving model Permeation rate of K+ 

(mol∙m−2∙h−1) 

K+/Na+ selectivity Ref. 

GO Diffusive dialysis 0.11076 3.1 [22] 

PCE-PEG Diffusive dialysis 0.55–27.71 ~1.33 [23] 

PIM-DEGDA Diffusive dialysis 0.2677 1.53 [23] 

PRGO Diffusive dialysis 0.175 2.33 [24] 

GO-EDA Diffusive dialysis 0.085 1.77 [25] 

GO-PDA Diffusive dialysis 0.06 1.33 [25] 

GO-BDA Diffusive dialysis 0.044 1.419 [25] 

GO-HMDA Diffusive dialysis 0.18 2.25 [26] 

GO-PPD Diffusive dialysis 0.09 1.45 [26] 

N-GO Diffusive dialysis 0.09 4.6 [27] 

GO External electric field 0.4 1.33 [28] 

GO-PA Diffusive dialysis 0.023 1.643 [29] 

PB-polymer Diffusive dialysis 0.42 1.4 [30] 

GO/rGO Diffusive dialysis 0.006 1.5 [31] 

PET polymer External electric field 0.002 0.67 [32] 

i-CMPs Diffusive dialysis and 

external electric field 

0.065 2.167 [33] 

MXene Diffusive dialysis  0.94 0.614 [34] 
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PIM-EA-TB Diffusive dialysis 10 1.429 [35] 

PIM-BzMA-TB Diffusive dialysis 1 1 [35] 

N-GO Diffusive dialysis 0.18 1.5-1.8 [36] 

Ion beam-GO Diffusive dialysis 0.00143 2.2 [37] 

COF Diffusive dialysis 0.19 1.118 [38] 

Polymer membrane Diffusive dialysis and 

external electric field 

14 1.167 [39] 

Ga-In Diffusive dialysis 0.00257 1.7 [40] 

Crown-ether crystals External electric field 1 0.0847 [41] 

CPOS channel External electric field 0.0994 31 [42] 

CC3 membrane Diffusive dialysis 1.9 1.5 [43] 

Tailor-cut MXene 

membrane 

External electric field 0.428 4 [44] 

MoS2 Diffusive dialysis 0.013 1.625 [45] 

MOF+15C-5 External electric field 0.00005 0.005 [46] 

MXene-EDTA 

membrane 

Diffusive dialysis 0.85 2.8 [47] 

Matthew membrane Diffusive dialysis 0.124 ~9 This work 

 

Table S2 

The affinity energy of ions and crown ether were calculated by molecular dynamics optimization. 

 Na+ K+ 

Crown ether (kcal∙mol−1) 36.296161 36.296161 

Ions_8H2O (kcal∙mol−1) −6.266584 −6.307746 

Crown ether_M_8H2O (kcal∙mol−1) 16.765064 16.036687 

Affinity energy (kcal∙mol−1) −13.264513 −13.951728 
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