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[bookmark: _Toc140003142][bookmark: _Toc145686469]1. Supplementary Methods
[bookmark: _Toc140003143][bookmark: _Toc145686470]1.1 Sulfonation of PEEK
Poly (ether ether ketone) (PEEK) was sulfonated using concentrated H2SO4 based on the electrophilic substitution reaction.1 The purchased PEEK powder was first dried overnight at 100 ℃. Then, 15 g of the dried PEEK was added to a 250-mL three-neck flask containing 150 mL of concentrated sulfuric acid. The sulfonation reaction was conducted under rapid mechanical mixing (1000 rpm) to prevent powder agglomeration, and the reaction temperature was controlled at 35 ℃ using an oil bath. After a certain reaction time, sulfonated poly (ether ether ketone) (SPEEK) was precipitated by extruding the reaction solution into ice water. The polymer strip was thoroughly washed multiple times to remove excess sulfuric acid. Finally, SPEEK was dried overnight at 25 ℃ and for another 24 h at 80 ℃ in a vacuum oven.
[bookmark: _Toc140003144][bookmark: _Toc145686471][bookmark: _Hlk138871157]1.2 Design and fabrication of M-CEM membrane
SPEEK is a negatively charged ionomer with abundant sulfonic acidic groups available for cation transport. However, it cannot selectively separate monovalent cations in the electrodialysis (ED) process. To address this issue, we introduced the weakly positive ionomer polybenzimidazole (PBI) with basic groups and constructed a selective cation-transport channel through hydrogen-bond and electrostatic interactions. The protonation/deprotonation properties of PBI endow the membrane with an adjustable charged nanochannel that can be used for ion sieving.
High-performance monovalent cation exchange membranes (M-CEMs) were fabricated using the solvent evaporation method (Fig. S1). Initially, SPEEK and PBI solutions were prepared by separately dissolving 10 wt% ionomers in N-methyl-2-pyrrolidone (NMP) and stirring them for 12 h. These solutions were mixed in specific proportions to form insoluble gels via hydrogen bonding and electrostatic interaction between the two ionomers. To obtain a homogeneous casting solution, equimolar amounts of triethylamine-containing sulfonic acid groups were added dropwise to the solution, followed by vigorous stirring for 24 h. After ultrasonic defoaming for 30 min, the solutions were cast onto a glass plate using an automatic film applicator (1811GV, BEVS) at a casting speed of 2 mm·s−1 and with a gap of 300 μm. Subsequently, M-CEMs were fabricated by evaporating the solvent at 80 ℃ for 24 h; subsequently, the membranes were detached from the glass plate by immersing them in deionized water. Finally, the newly developed membranes were immersed in 1M HCl solutions for 24 h for protonation and were then stored in deionized water for testing and characterization.

[image: ]
[bookmark: _Toc140003145][bookmark: _Toc145686472][bookmark: _Hlk139216191]Figure S1. Schematic of the monovalent cation exchange membrane (M-CEM) fabrication using a solvent evaporation method.

[bookmark: _Toc140003146][bookmark: _Toc145686473]1.3 Characterizations
[bookmark: _Toc140000910][bookmark: _Toc140003147][bookmark: _Toc145686474]1.3.1 Nuclear magnetic resonance spectroscopy
[bookmark: _Hlk138874187]The hydrogen atoms in the functional groups of the polymers were detected by proton nuclear magnetic resonance (1H NMR) spectroscopy using DMSO-d6 as the solvent. The polymer was vacuum-dried to remove moisture before testing. 1H NMR spectra were recorded using an NMR spectrometer (AVANCE NEO 600M, Bruker) at 25 ℃ at a resonance frequency of 600 MHz. 
[bookmark: _Toc140000911][bookmark: _Toc140003148][bookmark: _Toc145686475]1.3.2 Scanning electron microscopy
Membrane surface morphologies were examined by field-emission scanning electron microscopy (SEM, Gemini 500, ZEISS) at 5 kV. Before conducting the measurements, the samples were coated with a thin layer of platinum to prevent charging.
[bookmark: _Toc140000912][bookmark: _Toc140003149][bookmark: _Toc145686476]1.3.3 Transmission electron microscopy
The topographic features of the microphase separation were jointly investigated by transmission electron microscopy (TEM, JEM-F200, JEOL). Prior to formal characterization, the membranes were first immersed in an aqueous solution of 0.5 M PbAc2 for 24 h. Subsequently, the samples were dried in an oven at 80 ℃ for 12 h. The membranes were encapsulated in epoxy resin and sectioned into slices with a thickness of 80 nm using an ultratome (EM UC6, Leica). The resulting membrane slices were deposited on a microgrid copper substrate. All the TEM images were captured at an accelerating voltage of 200 kV.
[bookmark: _Toc140000913][bookmark: _Toc140003150][bookmark: _Toc145686477]1.3.4 Atomic force microscopy
Surface morphology and roughness of the membranes were characterized by atomic force microscopy (AFM; Dimension Icon, Bruker). The AFM images were acquired at room temperature in the tapping mode by employing an RTESPA silicon probe with a spring constant of 40 N·m−1, resonant frequency of 200–400 kHz, and nominal tip radius of 8 nm. Phase images were captured in the phase image mode to distinguish the regions of microphase separation in the membranes. The average roughness (Ra) was calculated using the NanoScope software package and Equation (1).
	
	(1)


where S is the scanning area of the silicon probe, and f(x, y) is the profile height function.
[bookmark: _Toc140000914][bookmark: _Toc140003151][bookmark: _Toc145686478]1.3.5 Attenuated total reflection-Fourier transform infrared spectroscopy
[bookmark: _Hlk141872063]The membrane chemistry was analyzed by attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet 6700, Thermo Scientific). The membrane samples were dried in a vacuum oven at 80 ℃ for 12 h to remove excess water. The ATR-FTIR spectra of the membranes were measured using a diamond crystal at an incidence angle of 45° and recorded with 32 scans per spectrum from 400 to 4000 cm−1 at the resolution of 4 cm−1. After each membrane analysis, a background spectrum was acquired, which was subsequently subtracted from the membrane spectrum using OMNIC analysis software.
[bookmark: _Toc140000915][bookmark: _Toc140003152][bookmark: _Toc145686479]1.3.6 X-ray photoelectron spectroscopy
The membrane surface composition was characterized by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific) with an Al Kα-ray source at 1486.6 eV. A broad scan of binding energy from 0–1400 eV was recorded at an energy step size of 1 eV. High-resolution scans were conducted in the C and N regions at an increment of 0.1 eV and a pass energy of 50 eV. The binding energies were referenced to the C 1s peak at 284.8 eV. The acquired data were processed using XPSPEAK software.
[bookmark: _Toc140000916][bookmark: _Toc140003153][bookmark: _Toc145686480]1.3.7 Wide angle X-ray scattering
Wide-angle X-ray scattering (WAXS) data were recorded using a Xeuss 3.0 instrument (Xenocs) equipped with a Cu Kα X-ray source operated at 50 kV and 0.6 mA. WAXS patterns were recorded using an Eiger2 R 1 M detector in the q range of 0.012–30 nm−1. The two-dimensional (2D) WAXS data were interpreted by one-dimensional correlation function analysis using Sasview software.
[bookmark: _Toc140000917][bookmark: _Toc140003154][bookmark: _Toc145686481]1.3.8 Contact angle measurements
Membrane surface hydrophilicity was investigated by measuring the surface contact angles using a goniometer (Drop Master 300, Kyowa Interface Science Corporation). The dried membrane samples were affixed to a glass slide using a double-sided adhesive tape. Then, 3-μL water was carefully dropped on the surface. Each membrane was measured six times at different locations, and the average value was obtained.
[bookmark: _Toc140000918][bookmark: _Toc140003155][bookmark: _Toc145686482]1.3.9 Zeta potential measurements
Membrane surface charging properties were determined using a surpass streaming potential analyzer (Surpass 3, Anton Paar) with 1 mM KCl as the background electrolyte. The measurements were conducted over the pH range of 3–10 at 25 ℃. The zeta potential (ζ) was calculated based on the following Helmholtz–Smoluchowski Equation:2
	
	(2)


where U and P denote the streaming potential and pressure, respectively; η, ε, and κ are the electrolyte viscosity, permittivity, and conductivity, respectively; ε0 is the vacuum permittivity.
[bookmark: _Toc140000919][bookmark: _Toc140003156][bookmark: _Toc145686483]1.3.10 Positron annihilation lifetime spectroscopy
The free volumes of the membranes were measured by positron annihilation lifetime spectroscopy (PALS). A 20 μCi 22Na positron source was sandwiched between membrane samples with thicknesses greater than 1 mm on each side. The PALS spectra were recorded using a fast coincidence spectrometer with a time resolution of 210 ps at room temperature, and the spectra were analyzed using MELT 4.0.
[bookmark: _Toc140003157][bookmark: _Toc145686484]1.4 Membrane property measurements
[bookmark: _Toc140000921][bookmark: _Toc140003158][bookmark: _Toc145686485]1.4.1 Swelling ratio and water uptake
To measure the swelling ratio (SR) and water uptake (WU), the membranes were immersed in 1 M HCl solution for the H-type transformation and soaked in deionized water for 24 h. The wet membranes were cut into dimensions of approximately 20 × 20 mm. Excess moisture on the membrane surface was removed using a filter paper before measuring the length () and mass () of the samples. Subsequently, membranes were dried in an oven at 80 ℃ for 24 h. After the water evaporated completely, the length () and mass () were measured again. Subsequently, the WU and SR of the membranes were obtained according to Equations (3) and (4), respectively.3 Each sample was tested thrice to obtain average values.
	
	(3)

	
	(4)


[bookmark: _Toc140000922][bookmark: _Toc140003159][bookmark: _Toc145686486]1.4.2 Ion exchange capacity
The IEC values of the membranes were obtained by typical acid-base titrations. H-type membranes (approximately 0.15 g) were weighed () and immersed in a 2 M NaCl solution for 24 h to ensure that Na+ completely replaced the hydrogen ions. Phenolphthalein was used as the titration indicator, and IEC was calculated using Equation (5).3
	
	(5)


where 𝑉𝑁𝑎𝑂𝐻 is the consumed volume of NaOH solution; 𝐶𝑁𝑎𝑂𝐻 is the concentration of NaOH (0.1 M); 𝑚 is the mass of the sample at the dried state. Each sample was tested thrice to obtain the average values.
[bookmark: _Toc140000923][bookmark: _Toc140003160][bookmark: _Toc145686487]1.4.3 Membrane potential and transference number
The membrane sample was immersed in 0.01 M KCl for 12 h, and then the membrane potential was tested using a two-compartment cell. 30 mL of 0.1 M KCl (solution 1) and 0.01 M KCl (solution 2) were added to the two compartments. The membrane potential (Em), the potential value at zero current on the current– voltage (I–V) curve, was recorded in the linear sweeping mode using an electrochemical workstation (PARSTAT 4000A, Princeton) with a pair of Ag/AgCl electrodes. The transport number (t+) was calculated using the Goldman–Hodgkins–Katz Equation as follows:4
	
	(6)


where R, F, and T are the gas constant, Faraday constant, and room temperature, respectively; γ and c are the mean activity coefficient and solution concentration, respectively.
[bookmark: _Toc140000924][bookmark: _Toc140003161][bookmark: _Toc145686488]1.4.4 Quartz crystal microbalance measurement
To examine the water adsorption capability of M-CEM under varying pH conditions, quartz crystal microbalance (QCM) measurements were performed using a Q-sense Explorer (Biolin Scientific). The gold chips were immersed into mixed solvents (DI water: ammonium hydroxide: hydrogen peroxide = 5 v: 1 v: 1 v) at 75 ℃ for 15 min and dried at 80 ℃. The samples were prepared by spin coating the membrane-cast solutions onto gold chips. The polymer solution was dropped onto a gold clip, which was subsequently rotated at 2000 rpm and an acceleration speed of 1500 rpm for 1 min. Samples for QCM measurements were dried at 80 ℃ for 12 h. For a typical measurement procedure, the samples were placed into the testing module, and a natural solution acting as a background (0.1 M KCl) flowed through the testing module at a rate of 0.2 mL·min−1. After reaching the equilibrium of membrane water adsorption, the 0.1 M KCl solution in acidic/basic pH was introduced to the testing module to evaluate the water adsorption behavior of the protonated/deprotonated M-CEM.
[bookmark: _Toc140003162][bookmark: _Toc145686489]1.5 Electrochemical characteristics of the developed membrane
[bookmark: _Toc140000926][bookmark: _Toc140003163][bookmark: _Toc145686490]1.5.1 Ion conductivity
The ion conductivities of the membranes were studied by measuring their current-voltage (I-V) curves. The membranes were assembled in a four-compartment cell with four electrodes (CJ-MPMD-1; Hefei ChemJoy Polymer Materials Corporation). A pair of ruthenium-coated titanium electrodes was used to apply an electric potential, and the electrode chambers were isolated using two AMX membranes (Fig. S2). The two middle chambers were separated by the newly developed membrane and filled with 0.5 M salt solutions (KCl, NaCl, LiCl, CaCl2, MgCl2, and ZnCl2). During the experiments, a stepwise increase in current in the range of 0–100 mA was supplied by direct current (DC), and a pair of Ag/AgCl electrodes close to the membrane surface was used to record the transmembrane voltage (U). The ion conductivity (κ) of the membrane to be tested was calculated using Equation (7).5
	[bookmark: _Hlk134706805]
	(7)


where I is the ionic current measured at the applied voltage U; S and L are the active membrane area (7.07 cm2) and thickness of the testing membrane, respectively. 
[image: ]
[bookmark: _Toc140003164][bookmark: _Toc145686491]Figure S2. Schematic of the device used for ion conductivity measurements.

[bookmark: _Toc140000928][bookmark: _Toc140003165][bookmark: _Toc145686492]1.5.2 Permeating resistances of membrane and membrane interfaces
The responses of the membrane surface and interfacial boundary layers were evaluated by electrochemical impedance spectroscopy (EIS). EIS analysis was performed using an electrochemical workstation (PARSTAT 4000A, Princeton) at an amplitude of 10 mV over a frequency range of 0.01–105 Hz for a 0.5 M monovalent (KCl) and divalent (MgCl2) salt solution. The EIS Nyquist curves were fitted based on the Kelvin four-point method in the potentiostatic mode controlled using ZView2 Win software to evaluate the permeating resistance through the membrane and membrane interfaces against various ionic solutes.6
[bookmark: _Toc140003166][bookmark: _Toc145686493]1.6 Ion permeation measurements
In the configuration of the ion-selective single-cell (Fig. S2), the test membrane had an effective surface area of 7.07 cm2. Two adjacent standard commercial anion-exchange membranes (AEMs) and all the permselective cell plates were separated using silicone rubber gaskets to avoid leakage. The assembled single-cell configuration comprised four compartments: anode, diluting, concentrating, and cathode, sequentially from anode to cathode (Fig 4c). The concentrating compartment was filled with 200 mL of an NH4Cl solution (0.5 M). In the electrode compartment, 200 mL of a Na2SO4 solution (0.3 M) was circulated from the anode to the cathode compartment and back. All the solution streams were continuously circulated using peristaltic pumps at a constant flow rate of 100 mL·min−1. Before the ion permselectivity test, all the membranes were pre-soaked in the diluting compartment solution for more than 24 h to equilibrate the membrane samples in the test solution. An electric potential was applied between the two titanium electrodes coated with ruthenium oxide using DC power.
[bookmark: _Hlk139296556]For single-component electro-migration experiments, the diluting compartments were filled with 200 mL of a solution containing 0.5 M of the specific salt (KCl, NaCl, LiCl, CaCl2, MgCl2, ZnCl2, or AlCl3), whereas the electrostatic flow of ions in the single cell was investigated at a constant DC voltage of 5 V. For the multi-component separation experiments, the diluting compartment was filled with 200 mL of a mixed solution containing KCl, NaCl, LiCl, CaCl2, MgCl2, ZnCl2, and AlCl3 at a concentration of 0.1 M. The experiments were also conducted at a voltage of 5 V while maintaining a pH of 3 in the diluting compartment to ensure the protonation of PBI. The concentrations of monovalent and multivalent ions in the diluting and concentrating compartments were collected and tested by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, ARCOS, SPECTRO) at the start (t = 0 min) and end (t = 60 min) time points. The ionic permeation (Ji) of the ions across the test membranes was calculated from the concentration variation in the concentrate compartment according to Equation (8).7
	
	(8)


where t, V, and Am are the testing time, volume of the solution in the concentrate compartment, and effective area of the testing membrane, respectively;  and are the initial and final concentrations of the ions in the concentrating compartment, respectively. 
The permselective separation performances in single/multicomponent systems were calculated as the ratio of ionic permeation for monovalent to that of multivalent ions, as follows:7
	
	(9)


where  and  are the permeation rates of monovalent and multivalent ions, respectively;  and  are the average concentrations of monovalent and multivalent ions in the diluting compartment, respectively.
[bookmark: _Toc140003167][bookmark: _Toc145686494]1.7 Computational simulations
[bookmark: _Toc140000931][bookmark: _Toc140003168][bookmark: _Toc145686495]1.7.1 DFT calculations
[bookmark: _Hlk134623755][bookmark: _Hlk139030733][bookmark: _Hlk139032722]The charged state of the M-CEM unit (ionomer interactions via hydrogen bonding and electrostatic interaction) is adjustable in different pH environments owing to the amphoteric nature of the benzimidazole groups, which can form ions such as protic benzimidazolium under acidic conditions or anions such as benzimidazolide under basic conditions. To gain insight into the interaction between the SPEEK and PBI functional groups at the molecular scale, we quantified the electrostatic potential (ESP) distributions of M-CEMs structures using spin-polarized density functional theory (DFT).5 These calculations were performed under the scheme of generalized gradient approximation using the DMol3 module in BIOVIA Materials Studio. The electron exchange function was calculated using Perdew–Burke–Ernzerhof (PBE) method described by generalized gradient approximation (GGA); double precision numerical plus polarization (DNP) was used as the basis set. The solvent effect of the aqueous solution was considered using the conductor-like screening model (COSMO) method. The geometry optimizations were converged with forces less than 0.002 Hartree/Å, energies change less than 10−5 Hartree, and displacements less than 0.005 Å. The interaction energies of the ions with M-CEM units were determined using DFT calculations (Fig. S3). Energies were calculated as follows:5
	
	(10)


where X represents the ionic solutes K+, Na+, Li+, Mg2+,  is the energy between the ions and M-CEM unit, and  is the energy of the ions away from M-CEM unit.
[image: ]
[bookmark: _Toc140003169][bookmark: _Toc145686496]Figure S3. Interaction energies between ions and the M-CEM unit.

[bookmark: _Toc140000933][bookmark: _Toc140003170][bookmark: _Toc145686497]1.7.2 Porosity analysis
[bookmark: _Hlk134265812][bookmark: _Hlk139030469][bookmark: _Hlk139029253][bookmark: _Hlk139029274]Zeo++ software was employed to analyze the pore size distributions of membrane structures constructed using molecular dynamics (MD) simulations.8 SPEEK and PBI polymer chains were packed into cubic cells with side lengths of 40 Å. Three different membrane cells were constructed: pure SPEEK chains (representing the SPEEK membrane), SPEEK and PBI chains in a weight ratio of 80:20 (representing M-CEMS/A-OH ), and SPEEK and protonated PBI chains in a weight ratio of 80:20 (representing M-CEMS/A-20%). Geometry optimization of the cells was performed using the COMPASS II force field and ultrafine convergence level in the Forcite module of BIOVIA Materials Studio. The structures were then relaxed through annealing simulations with temperature cycling between 300 K and 1500 K at a temperature interval of 2 K for five heating–cooling cycles. At each temperature interval, the systems were equilibrated using a 2-ns NPT MD simulation. Another 5-ns NVT MD simulation at 300 K was conducted to ensure the thermal equilibrium of the cells. The pore size distributions of the resulting structures were determined using Zeo++ with a probe radius of 1.2 Å.
[image: ]
[bookmark: _Toc140003171][bookmark: _Toc145686498]Figure S4. Simulated membrane models for porosity analysis.

[bookmark: _Toc140000935][bookmark: _Toc140003172][bookmark: _Toc145686499]1.7.3 Water distribution surrounding groups 
[bookmark: _Hlk139030508]To investigate the hydration state of the charged functional groups, a mixture of polymer chains and water at a weight ratio of approximately 20:80 was packed into cubic cells. Geometry optimization was performed using the COMPASS II force field in the Forcite module. The systems were equilibrated using 1-ns NPT MD simulations, followed by 1-ns NVT MD simulations at 300 K.9 The trajectories obtained from the NVT ensemble were then utilized to analyze the radial distribution functions (RDFs, g(r)) of water molecules surrounding the functional groups on the ionomers. The corresponding coordination numbers (CNs) were also calculated using the following equation:10
	
	(11)

	
	(12)


where ρ is the density of water molecules within the cells. To calculate the hydration state of the sulfonic acid groups, the g(r) refers to the RDF of oxygen atoms in the functional groups with hydrogen atoms in the surrounding water molecules. To calculate the hydration state of the imidazole groups, the g(r) represents the RDF of the hydrogen atoms in the N-heterocyclic ring and the oxygen atoms in the surrounding water molecules.
[image: ]
[bookmark: _Toc139394732][bookmark: _Toc140003173][bookmark: _Toc145686500]Figure S5. Amorphous cells containing water molecules and polymer chains for the hydration state simulations of functional groups.

[bookmark: _Toc140000937][bookmark: _Toc140003174][bookmark: _Toc145686501]1.7.4 Ions passed through charged nanochannels
[bookmark: _Hlk139039466]To explore the permeation of ions through M-CEM, the simplified structures with functional channels were constructed for MD simulations.11 A neutral carbon nanotube was employed to create a structured channel, with all fixed groups ideally positioned on the same layer to facilitate the exploration of ion-group interactions (instead of ion-wall interactions). Configurations were constructed representing SPEEK and M-CEM in acidic, neutral, and basic states, respectively (Fig. S6). The K+ and Mg2+ were chosen as examples to illustrate the mechanism of separation between monovalent and divalent ions. The ion concentration in the simulated box was maintained at 0.1 M (further details are provided in Table S3). After the equilibrium configuration via geometry optimization and NPT MD simulation (5 ns), a non-equilibrium MD simulation was subsequently performed for 500 ns under an electric field of 3 V·nm−1 along the z-axis. To investigate the movable region in which ions pass through fixed groups, 2D density maps of ion trajectories were collected between Z values of 4.3 nm and 4.7 nm (the center of the functional groups was located at 4.5 nm). In addition, RDFs were used to quantify the relative positions between the ions and groups, which were also calculated from the former MD simulations. All simulations were performed using GROMACS 2022.3. The Lennard-Jones potential parameters were adopted from CHARMM36 force field, and the TIP4P-Ew four-site potential model was employed for water molecules.12 Periodic boundary conditions were applied in all directions, and the positions of carbon atoms were restrained with a force constant of 1000 kJ·mol−1·nm−2. LJ interactions were assessed using a cutoff distance of 1.2 nm, whereas electrostatic interactions were calculated using the particle-mesh Ewald method with a grid spacing of 0.12 nm.13
[image: ]
[bookmark: _Toc140003175][bookmark: _Toc145686502]Figure S6. Side view of the simulation box used to investigate ion transport in membranes and top view of nanochannel modified with (a) sulfonic acid groups, (b) sulfonic acid groups and deprotonated imidazole groups, (c) sulfonic acid groups and imidazole groups, and (d) sulfonic acid groups and protonated imidazole groups.

[bookmark: _Toc140000939][bookmark: _Toc140003176][bookmark: _Toc145686503]1.7.5 Potential of mean force for ion migration
To further investigate the hydrogen bonding interactions or ionic electrostatic repulsion/attraction toward target ion permeation, we further conducted a series of MD simulations to elucidate the potential of mean force (PMF) of ions migrating along the z-axis.5 Models for PMF simulations were the same as those used in the previous ion migration study (Fig. S6) except that only one ion was included in the simulation cell. The PMFs for K+ and Mg2+ ions passing through the channels were determined via umbrella sampling and calculated using the weight histogram analysis method. The ion reaction coordinates were spanned from Z = 2.5 nm to Z = 6.5 nm, with a force constant of 10000 kJ·mol−1·nm−2. Each PMF simulation included tens of umbrella sampling windows. Each window lasted for 10 ns of MD simulation at 300 K, and the final 6 ns were utilized for analysis. The PMF represents the free energy variation due to ion transport along the pathway, indicating the energy barrier of ions through the functional nanochannel in this simulation. The ideal K+/Mg2+ selectivity was estimated using the Arrhenius Equation as follows:14
	
	(13)





[bookmark: _Toc140003177][bookmark: _Toc145686504]2. Supplementary figures
[image: ]
[bookmark: _Toc140003178][bookmark: _Toc145686505]Figure S7. (a) Schematic chemical structures of PEEK sulfonation, and (b) degree of sulfonation and ion exchange capacity of SPEEK versus sulfonation reaction time.

Note: The degree of sulfonation (DS) of SPEEK was determined by titration and 1H NMR spectroscopy. As shown in Fig S7b, the DS and ion exchange capacity (IEC) of SPEEK are positively correlated with the sulfonation reaction time. Typically, the excessive sulfonation of SPEEK may have a negative impact on membrane stability, whereas a lower DS may induce degraded ionic conductivity. Therefore, SPEEK with a DS of 60% is typically chosen to fabricate ion exchange membranes. A sulfonation reaction time of 18 h was selected, and the 1H NMR spectrum of the resultant SPEEK is shown in Fig S8.


[image: ]
[bookmark: _Toc140003179][bookmark: _Toc145686506]Figure S8. 1H NMR spectrum of SPEEK.

Note: The DS of the SPEEK used in this study was determined by 1H NMR spectroscopy. However, owing to the high mobility of the sulfonic acid proton, the sulfonic acid group could not be directly recorded by 1H NMR. Instead, the number of hydrogen atoms at the HA position (with a chemical shift of approximately 7.5 ppm) is equal to that of the sulfonic acid protons. The DS of SPEEK is calculated using the following formula:15 
	



	(1)





[image: ]
[bookmark: _Toc140003180][bookmark: _Toc145686507]Figure S9. 1H NMR spectrum of commercial PBI.

Note: The commercial PBI was characterized by 1H NMR spectrum; the peak at 12.9 ppm can be attributed to the N-H protons at the imidazole ring, and the peaks observed in the range of 7.0~8.5 can be assigned to the aromatic protons.16



[image: ]
[bookmark: _Toc140003181][bookmark: _Toc145686508]Figure S10. FTIR spectra of SPEEK and M-CEMs.

Note: FTIR spectroscopy was used to characterize the surface chemistry of SPEEK with varying PBI loadings. The spectra of the membranes were acquired in the ATR mode with a diamond crystal as the background. The intensity of the characteristic carbonyl bond (1640 cm−1), ether bond (1411, 1218, and 1153 cm−1), and sulfonic acid group (1255, 1074, and 1012 cm−1) from SPEEK polymer chains decreased with increasing of PBI proportions in the membrane.17 In contrast, an emerging absorption band at 808 cm−1 increased, associated with the heterocyclic ring vibration belonging to the imidazole ring in PBI.18 These findings confirmed the successful incorporation of PBI into the membrane matrix. Additionally, the absorption bond located at 1180 cm−1 represented the imidazole groups in the NH+ form, whereas the absorption bond at 1184 cm−1 corresponded to sulfonic acid groups overlapped with the PBI polaron bond, resulting in a broadened band at 1180 cm−1.6 This observation provides evidence of hydrogen-bonding and electrostatic interactions between the sulfonic acid groups in SPEEK and the imidazole groups in PBI.
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[bookmark: _Toc140003182][bookmark: _Toc145686509]Figure S11. Elemental mappings of C, O, S, and N of the M-CEM as shown in the SEM image and the corresponding energy dispersive X-ray (EDX) spectrum.

Note: The surface elemental composition of M-CEMS/A-20% was determined using SEM-EDX at 10 kV. The results indicated that nitrogen and sulfur were well distributed on the surface of the membrane, demonstrating excellent compatibility between the oppositely charged SPEEK and PBI ionomers.
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[bookmark: _Toc140003183][bookmark: _Toc145686510][bookmark: _Hlk133134373]Figure S12. Full XPS spectra of the SPEEK membrane and M-CEMs.

Note: The full XPS profiles provide insights into the impact of PBI incorporation on the elemental composition of the M-CEM surfaces. With increased PBI loading, the N peak increased while the S peak decreased, demonstrating excellent miscibility between the imidazole complex and sulfonic acid groups of the PBI and SPEEK ionomers. The emerging peak of Na in M-CEMS/A-OH confirmed sodium ion exchange with the sulfonic acid groups in M-CEM, demonstrating its deprotonated state under alkaline conditions. 
 


[image: ]
[bookmark: _Toc140003184][bookmark: _Toc145686511]Figure S13. Ion exchange capacity of M-CEMs and the pristine SPEEK membrane.

Note: Fig. S13 demonstrated that the IEC of M-CEMs decreased with increasing PBI content. This can be attributed to the decrease in free sulfonic acid groups after the reaction with free imidazole complexes. 

[image: ]
[bookmark: _Toc140003185][bookmark: _Toc145686512]Figure S14. Transparent and clean photograph of M-CEM indicates its successful fabrication via hydrogen bonding and electrostatic interactions.
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[bookmark: _Toc140003186][bookmark: _Toc145686513]Figure S15. (a) Positron annihilation lifetime spectra of pristine SPEEK membrane (red), regular M-CEM (blue), and deprotonated M-CEM (green); and (b) σ-Ps lifetime distributions calculated using the MELT program.

Note: Free volumes of the membranes were probed by PALS. A 22Na positron source was sandwiched between the two membrane samples. The positronium atom collided with the membrane pore walls and was annihilated, releasing γ-rays that could be recorded using suitable detectors. The lifetime of the positron was used to determine the free volume of the samples using the MELT software. The M-CEM and deprotonated membranes exhibited pore size distributions similar to the pristine SPEEK membrane.
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[bookmark: _Toc140003187][bookmark: _Toc145686514]Figure S16. Free volume distributions of pristine SPEEK membrane (orange), regular M-CEM (blue), and deprotonated M-CEM (green) simulated using the Zeo++ program.

Note: Simulated membrane structures were relaxed by annealing MD simulations. The pore size distributions of both SPEEK and M-CEMs exhibited an inappreciable difference, with the main peaks at approximately 2.5 Å.
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[bookmark: _Toc140003188][bookmark: _Toc145686515]Figure S17. Surface SEM images and enlarged images of (a) SPEEK membrane, (b) M-CEMS/A-10%, (c) M-CEMS/A-20%, and (d) M-CEMS/A-25%.
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[bookmark: _Toc140003189][bookmark: _Toc145686516]Figure S18. AFM images of (a) SPEEK membrane, (b) M-CEMS/A-10%, (c) M-CEMS/A-20%, and (d) M-CEMS/A-25%.
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[bookmark: _Toc145686517]Figure S19. High-resolution TEM images of (a) M-CEM, (b) SPEEK membrane.


[image: ]
[bookmark: _Toc140003190][bookmark: _Toc145686518]Figure S20. Water contact angles of M-CEMs and the pristine SPEEK membrane.

Note: M-CEMs exhibited relatively hydrophobic properties (Fig. S19), owing to the presence of less hydrophilic PBI.19 The strengthened interactions between both SPEEK and PBI ionomers led to the consumption of more sulfonic acid groups, thereby resulting in better hydrophobic properties with decreased water contact angles, decreased water uptake amounts (Fig. S20), and better anti-swelling ratios (Fig. S21).
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[bookmark: _Toc140003191][bookmark: _Toc145686519]Figure S21. Water contents of M-CEMs and the pristine SPEEK membrane.
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[bookmark: _Toc140003192][bookmark: _Toc145686520]Figure S22. Swelling ratios of M-CEMs and the pristine SPEEK membrane.
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[bookmark: _Toc140003194][bookmark: _Toc145686521]Figure S23. I–V curves of the pristine SPEEK membrane (blue lines) compared with those tested without any membrane in the 0.5 M salt solution of (a) KCl, (b) NaCl, (c) LiCl, (d) CaCl2, (e) MgCl2, and (f) ZnCl2.
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[bookmark: _Toc140003195][bookmark: _Toc145686522]Figure S24. Nyquist plots of the SPEEK membrane and M-CEM in KCl and MgCl2 solutions. 

Note: EIS data were analyzed using the electrochemical analysis software ZsimpWin and fitted using a typical equivalent electrical circuit model of (RM(QEDLREDL)(QDBLRDBL)), which corresponds to the diffusional and geometrical resistance at varying frequencies.7 Notably, the EIS plot for M-CEM in 0.5 M MgCl2 solution displayed a significant semicircle, indicating a large ion transport impedance at the interface. Based on the fitting results, the resistances of Mg2+ passing through the membrane, electrical double layer (EDL), and diffusional boundary layer (DBL) were estimated to be 24.28, 250.6, and 316.6 Ω, respectively. The observed changes in the impedance for Mg2+ compared to K+ could be ascribed to the enhanced positive charges on the channel walls and the secondary resistance owing to the charged layer on the membrane surface. 
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[bookmark: _Toc140003196][bookmark: _Toc145686523]Figure S25. Ion flux of M-CEM and the pristine SPEEK membrane in single-component electro-migration experiments conducted at a constant voltage of 5 V.

[bookmark: _Hlk139979932]Note: The ion-transport properties of the membranes were examined using ED with single-component aqueous solutions. For the pristine SPEEK membrane, the ion flux of the single-ion system followed the order of K+ > Na+ > Li+ > Ca2+ >Mg2+ > Zn2+ >Al3+ (Fig. S25). In the case of M-CEM, the fluxes of monovalent ions in the single-ion system were comparable in magnitude to those in the SPEEK membrane. In contrast, a significant difference was observed in the flux of multivalent ions, which decreased by two or three orders of magnitude. Because all salts share the same anion species (Cl-), such condition differences could be translated into ideal ion selectivities of 128 for K+/Mg2+, 120 for Li+/Mg2+, and 5424 for K+/Al3+. These values were considerably higher than those of the pristine SPEEK membrane. The calculated diffusion coefficients of the ions in M-CEM were lower than those in the SPEEK membrane, which were relatively close to those observed in the bulk solution (Fig. S26). These findings indicated the presence of a distinct nanochannel barrier, primarily influenced by the hydrated ion diameter and the intensity of the ion electric charges. 
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[bookmark: _Toc140003197][bookmark: _Toc145686524]Figure S26. Ion diffusion coefficients of metal ions through the SPEEK membrane, M-CEM, and bulk solution.
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[bookmark: _Toc140003198][bookmark: _Toc145686525]Figure S27. I–V curves of M-CEMs and the pristine SPEEK membrane in (a) 0.5 M KCl and (b) 0.5 M MgCl2; (c) calculated ion conductivities of membranes; (d) ion fluxes of membranes and their (e) permselectivities of mono-/multivalent ions. 
[bookmark: _Hlk105581320]Note: M-CEMs with varying PBI loading amounts were investigated using I–V curves and electrodialysis tests with multicomponent ion solutions (Fig. S27). The M-CEMs exhibited comparable transport rates of the monovalent ion K+, which decreased from 0.026 S·m−1 for SPEEK to 0.014 S·m−1 for M-CEMS/A-20%. In contrast, significantly different transport rates were observed for the divalent ion Mg2+; the conductivity of M-CEMS/A-20% (1.4×10-4 S·m−1) was two orders of magnitude lower than that of SPEEK (0.027 S·m−1). ED measurements were conducted at a constant current density of 5 mA/cm2. A mixed solution containing four different ions (KCl, NaCl, LiCl, and MgCl2) at a concentration of 0.1 M was prepared as a dilute solution. With increasing PBI content, M-CEMs also exhibited simultaneous increments in the monovalent ion flux and mono-/multivalent ion selectivity. However, further increasing the PBI content undermined ionic permeance, as demonstrated by M-CEMS/A-25%. This can be attributed to the aggregation of the excessively positively charged PBI ionomer, which converted the negatively charged membrane matrix into its positively charged counterpart. 
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[bookmark: _Toc145686526]Figure S28. Zeta potential of M-CEMs and the pristine SPEEK membrane at a pH of 3.
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[bookmark: _Toc140003193][bookmark: _Toc145686527]Figure S29. (a) Membrane potentials as determined by I–V curves and (b) the corresponding cation transference numbers of M-CEMs and pristine SPEEK membrane.

Note: When both sides of the ion-exchange membranes are treated with salt solutions of different concentrations, membrane potentials are generated. The ion transference number can be calculated based on the membrane potential, which is obtained by measuring the potential at zero current. The M-CEMs exhibited significantly higher potential in the range of 41.6–43.3 mV, as compared with that of the pristine SPEEK membrane (28.0 mV). This corresponded to an increase in the cation transference number from 0.81 to 0.97 after the formation of hydrogen bonding and electrostatic interactions with PBI.
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[bookmark: _Toc140003200][bookmark: _Toc145686528]Figure S30. Hydration-free energy of cations.
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Figure S31. Interaction energies between cations and the M-CEM unit.
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[bookmark: _Toc140003201][bookmark: _Toc145686529]Figure S32. Probability distribution of (a) K+ and (b) Mg2+ in the pristine SPEEK membrane channel.

Note: Cations cannot be selectively separated in the pristine SPEEK membrane channel because numerous sulfonic acid groups are evenly distributed. These sulfonic acid clusters facilitate the transfer of all cations. MD simulation results revealed a symmetric pathway for mono- and divalent cations passing through the sulfonic acid-functionalized nanochannel (Fig. S32). Cations exhibited a uniform distribution around the fixed groups owing to electrostatic attraction, thereby enabling rapid cation migration under an electric field.
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[bookmark: _Toc140003202][bookmark: _Toc145686530]Figure S33. RDF analysis of K+/Mg2+ ion solutes with N atoms from (a) alkaline, (b) natural, and (c) acidic electrostatic states passing through the pore channel of M-CEM.

[bookmark: _Hlk145493548]Note: RDF analysis of MD simulations was employed to examine the spatial relationship between the fixed groups and cations. During the transport of cations through the functionalized nanochannels, K+ ions always exhibited a higher probability of distribution around the imidazole groups in the three channels. In contrast, Mg2+ ions were at a significantly larger distance from the imidazole groups (Fig S32 (c)). This could be attributed to the enhanced electrostatic repulsion after protonation of the imidazole groups. Thus, the protonated imidazole complexes acted as barriers, severely compressing the passageways of multivalent cations owing to the upgraded hindrance effects, resulting in better permselectivity of M-CEM in acidic solutions.


[bookmark: _Toc140003203][bookmark: _Toc145686531]3. Supplementary Tables
[bookmark: _Toc140003204][bookmark: _Toc145686532]Table S1. Basic parameters of cations
	Cations
	Bare diameter (Å)
	Hydrated diameter (Å)
	Hydration free energy (kJ mol-1)

	K+
	2.66
	6.62
	-295

	Na+
	1.90
	7.16
	-365

	Li+
	1.20
	7.64
	-475

	Ca2+
	1.98
	8.24
	-1505

	Mg2+
	1.30
	8.56
	-1830

	Zn2+
	1.48
	8.60
	-1955

	Al3+
	1.00
	9.50
	-4525




[bookmark: _Toc140003205][bookmark: _Toc145686533]Table S2. Comparison of the ion flux and permselectivity of different membranes
	Membrane
	
	Ion flux
(mol·m-2·h−1)
	
	Permselectivity
	

	
	Feed solution
	
	Ref

	
	
	K+
	Na+
	Li+
	
	K+/Mg2+
	Na+/Mg2+
	Li+/Mg2+
	K+/Al3+
	
	
	
	

	M-CEM
	
	1.35
	0.68
	0.36
	
	56.1
	28.5
	15.1
	286
	
	0.1 M mixed salt solution
	
	This 
work

	CMP@100-20c
	
	0.11
	0.09
	0.08
	
	1.67
	1.43
	1.27
	134
	
	0.01 M single salt solution
	
	20

	i-CMP
	
	0.08
	0.04
	0.03
	
	40.4
	20.9
	17.2
	260
	
	0.01 M single salt solution
	
	21

	QAIPA-20
	
	0.47
	1.12
	0.33
	
	24.8
	41.3
	8
	\
	
	0.1 M mixed salt solution
	
	22

	ICMQ/S_35
	
	2.23
	1.71
	1.20
	
	7.91
	6.19
	4.61
	\
	
	0.1 M mixed salt solution
	
	23

	P-COOH-QSQ
	
	\
	\
	0.16
	
	\
	\
	5.16
	\
	
	0.1 M mixed salt solution
	
	24

	PPy-1-10C
	
	\
	1.12
	0.65
	
	\
	15.7
	1.42
	\
	
	0.05 M mixed salt solution
	
	25

	PANI-Q12
	
	\
	1.30
	1.18
	
	\
	4.07
	1.75
	\
	
	0.05 M mixed salt solution
	
	26

	M-CEM
	
	\
	\
	0.09
	
	\
	\
	7.80
	\
	
	0.1 M mixed salt solution
	
	27

	ENF-Q3
	
	\
	\
	2.08
	
	\
	\
	11.3
	\
	
	0.1 M mixed salt solution
	
	28

	TpBDMe2
	
	0.20
	0.17
	0.05
	
	765
	680
	217
	\
	
	0.1 M single salt solution
	
	29

	TpBDMe2
	
	0.21
	0.13
	0.04
	
	213
	96.2
	35.8
	\
	
	0.1 M mixed salt solution
	
	29

	Graphene
	
	0.66
	0.25
	\
	
	15.6
	5.98
	\
	\
	
	0.5 M single salt solution
	
	30

	N-doped graphene
	
	0.10
	0.03
	\
	
	111
	27.8
	\
	\
	
	0.1 M single salt solution
	
	31

	GO-PPD
	
	0.09
	0.06
	\
	
	7.14
	4.87
	\
	\
	
	0.1 M mixed salt solution
	
	32

	GO-PEI(70k)
	
	0.20
	0.13
	\
	
	44.9
	42.3
	\
	\
	
	0.5 M mixed salt solution
	
	33

	GO
	
	2.50
	2.50
	\
	
	1.20
	1.20
	\
	\
	
	0.2 M single salt solution
	
	34

	FGOM-1
	
	0.06
	0.04
	\
	
	9.70
	6.50
	\
	\
	
	0.1 M single salt solution
	
	35

	FGOM-15
	
	0.004
	0.003
	\
	
	11.0
	10.3
	\
	\
	
	0.1 M single salt solution
	
	35

	FGOM-30
	
	0.002
	0.001
	\
	
	50.0
	31.1
	\
	\
	
	0.1 M single salt solution
	
	35

	FGOM-60
	
	0.0009
	0.0004
	\
	
	90.3
	40.3
	\
	\
	
	0.1 M single salt solution
	
	35

	GO
	
	\
	0.83
	0.32
	
	\
	3.77
	1.45
	\
	
	0.1 M single salt solution
	
	36

	KCl-controlled GO
	
	\
	0.48
	0.04
	
	\
	36.9
	3.15
	\
	
	0.1 M single salt solution
	
	36

	rGO
	
	0.19
	0.08
	0.02
	
	169
	48
	12
	212
	
	0.1 M mixed salt solution
	
	37

	PET
	
	0.002
	0.003
	0.036
	
	39.6
	60.6
	634
	\
	
	1 M mixed salt solution
	
	38

	PET 
	
	0.034
	0.015
	0.014
	
	16.7
	20.9
	21.2
	\
	
	1 M mixed salt solution
	
	39

	CC3 membrane
	
	0.87
	0.10
	0.08
	
	160
	120
	100
	\
	
	0.1 M mixed salt solution
	
	40

	MXene
	
	0.004
	0.005
	0.066
	
	1.72
	2.10
	26.7
	\
	
	0.2 M mixed salt solution
	
	41

	Mxene 
	
	0.94
	1.53
	1.40
	
	5.88
	9.56
	8.75
	15.7
	
	0.2 M single salt solution
	
	42

	Mxene/GO 
	
	0.02
	0.01
	0.06
	
	\
	\
	\
	2.77
	
	0.2 M single salt solution
	
	43




[bookmark: _Toc140003206][bookmark: _Toc145686534]Table S3. Composition of simulation boxes for investigating cation transport in membranes
	cell
	Box size (Å)
	Fixed groups
	Waters
	Ions

	a-1
	2.98×3.20×10
	4 sulfonic acid
	2242
	61 K+, 57 Cl-

	a-2
	2.98×3.20×10 
	4 sulfonic acid
	2271
	31 Mg2+, 58 Cl-

	b-1
	2.98×3.20×10
	2 sulfonic acid, 2 deprotonated imidazole
	2242
	61 K+, 57 Cl-

	b-2
	2.98×3.20×10 
	2 sulfonic acid, 2 deprotonated imidazole
	2271
	31 Mg2+, 58 Cl-

	c-1
	2.98×3.20×10 
	2 sulfonic acid, 2 imidazole
	2246
	59 K+, 57 Cl-

	c-2
	2.98×3.20×10 
	2 sulfonic acid, 2 imidazole
	2274
	30 Mg2+, 58 Cl-

	d-1
	2.98×3.20×10 
	2 sulfonic acid, 2 protonated imidazole
	2250
	57 K+, 57 Cl-

	d-2
	2.98×3.20×10 
	2 sulfonic acid, 2 protonated imidazole
	2277
	29 Mg2+, 58 Cl-




[bookmark: _Toc145686535]4. Supplementary Movies 
[bookmark: _Toc145686536]Movie S1. Transfer of Mg2+ ion through SPEEK membrane model
[bookmark: _Toc145686537]Movie S2. Transfer of Mg2+ ion through M-CEM model 
[bookmark: _Toc145686538]Movie S3. Transfer of K+ ion through SPEEK membrane model 
[bookmark: _Toc145686539]Movie S4. Transfer of K+ ion through M-CEM model

Note: MD simulations of ion transfer were performed to further elucidate the mass transport mechanism of M-CEM in electrodialysis under an electric field of 0.1 V·nm-1. We observed that cations (K+, Mg2+) exhibited rapid movement towards the cathode through the SPEEK membrane facilitated by numerous sulfonic acid groups (Movie S1 and S3). However, a notable energy barrier must be overcome against the transport of multivalent Mg2+ ions through an electrostatic interaction channel, leading to their effective retention by the M-CEM over an extended period during the MD simulation (Movie S2). In contrast, the presence of charged imidazole groups did not significantly influence the movement of K+ ions. Consequently, the mono/divalent ions could be effectively separated.
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