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ABSTRACT

Membrane-based desalination and other separation processes are suffering from a ubiquitous,

pernicious trade-off between selectivity and permeability, i.e., high selectivity comes at the expense

of reduced permeability, and vice versa. Here we show that applying an external electric field can

drastically enhance the salt rejection rate of two-dimensional nanofluidic channels from

approximately 84%—a level unsuitable for commercial use—to as high as 99.5%, while leaving the

water flow rate unaffected, thereby overcoming the permeability-selectivity trade-off. Through

extensive molecular dynamics simulations and free energy calculations, we reveal that the enhanced

selectivity arises from the field-induced reorientation of the hydration shells surrounding confined

ions within the nanochannels, which significantly modulates the electrostatic interactions between

the ions and their own hydration layers, thereby increasing the associated energy barriers. We

further show that this previously unidentified mechanism is universally applicable to all major

seawater ions, including Na+, Cl− , K+, Ca2+, Mg2+, I− and Br− , as well as to nanofluidic channels

made from graphene, hexagonal boron nitride and graphene oxide. This work offers a powerful

strategy to tune membrane selectivity without compromising permeability, offering substantial

potential to transform membrane-based separation technologies.

Keywords: Reverse osmosis, Nanoslit channel, Ion selectivity, MD Simulations

Introduction

Fresh water has been an increasingly scarce re-

source due to population growth, industrializa-

tion and climate change. Due to the vast amount

of seawater on Earth, desalinating the saline wa-

ter of seas and oceans to produce fresh water

has become an important strategy to meet the

demand for clean water supply [1]. Currently,

membrane-based technologies such as reverse

osmosis (RO), where water is pushed through

a semi-permeable membrane under pressures,

while salts and other solutes are retained, have

been widely used throughout the world for de-

salination and water treatment [2,3]. State-of-

the-art polymeric RO membranes such as thin-

film composite (TFC) membrane fulfill the salt

rejection process based on the difference in

rates of species (i.e., water and ions) to dis-

solve into and diffuse through the membrane ma-

terial, known as the solution-diffusion mecha-

nism [1]. However, these membranes typically

exhibit an inherent trade-off between permeabil-

ity and selectivity, i.e., a more permeable RO

membrane material usually exhibits a lower salt

rejection rate, and vice versa. Moreover, these

conventional membranes suffer from practical

challenges such as fouling [1], degradation [1,4],

and limited selectivity [5,6]. To overcome these

limitations, there has been significant interest in

the search for alternative membrane materials.

The observation of fast permeation of wa-

ter through various nanoporous materials, such

as porous graphene/MoS2 [7–16], graphyne [17,

18], carbon nanotubes (CNTs) [19–27], nanoslit

channels [28–31], and graphene oxide (GO)

membranes [32–35] has led to many proposals

to use these materials as novel RO membranes.

The rigid, well-defined nanopores in these mem-

branes allow smaller water molecules to pass

through, while larger particles are impeded due

to size exclusion. However, these membranes

typically have a nonuniform pore size distri-
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bution, leading to limited salt rejection when

used for desalination [35,36]. There have been

a number of attempts to promote selectivity of

nanoporous membranes through precisely con-

trolling pore size. For example, the interlayer

spacing of GO membranes can be modulated by

introducing or strengthening covalent bond, c–c

interaction, or electrostatic interaction between

the GO nanosheets [37,38]; uniform nanopores

can be formed within grain boundaries on MoS2

by precisely controlling MoS2 grains during

the synthesis through chemical vapor deposi-

tion [39]. Despite much progress, the forma-

tion of a high density of uniform nanopores

over large areas remains a major challenge for

these nanoporous membranes, limiting their sep-

aration performance. Therefore, bypassing the

need for precise pore size control and develop-

ing an easily implementable and universal strat-

egy to overcome the permeability-selectivity is-

sue presents a promising route for significantly

promoting the membrane performance. For this

purpose, various strategies involving the applica-

tion of external fields have been proposed to reg-

ulate ion selectivity of nanoporous membranes.

Specifically, applying an external electric field

can drive ions either upstream against the wa-

ter flow or laterally toward the channel side-

walls, thereby enabling effective ion separation

and improved selectivity [40–43]. Other ap-

proaches include exploiting surface slip at the

liquid–graphene interface to enhance selectiv-

ity [44,45], applying an electromagnetic field to

induce ion precipitation [46], and introducing

net charged sites within nanochannels to selec-

tively repel specific ions [47]. However, these

approaches usually require complex channel de-

signs or are effective only for specific types of

ions.

In this work, we show that an external field

can polarize the hydration shells of confined

ions in two-dimensional nanoslit channels, sig-

nificantly enhancing the salt rejection, without

compromising water permeability. This novel

mechanism, applicable to all major seawater ions

including Na+, Cl− , K+, Ca2+, Mg2+, I− and

Br− , as well as to nanofluidic channels made

of graphene, hexagonal boron nitride (ℎ-BN)

and GO, offers a simple, yet universal way to

overcome the permeability-selectivity trade-off,

eliminating the need for complex channel de-

signs. Moreover, the ion selectivity can be

tuned by adjusting the field strength, enabling

active and programmable control over concen-

tration—a highly desirable feature for advanced

electrochemical systems.

Results

Enhanced salt rejection of nanoslit channels

under an electric field

In RO processes, the feed solution should be

pressurized and driven across a semipermeable

membrane containing an array of nanoslit chan-

nels, producing a purified permeate on the oppo-

site side, as shown in the top panel of Fig. 1a.

Owing to computational limitations that restrict

the accessible length and time scales in atomistic

simulations, we chose to simulate the RO pro-

cess based on an individual channel, as shown in

the bottom panel of Fig. 1a. Specifically, the sys-

tem contains a graphene nanoslit channel formed

by two parallel graphene sheets in contact with

two reservoirs filled with 1 M NaCl solution at

both ends of the channel (see details in Meth-

ods section). We primarily focused on a chan-

nel of 9.2 Å in height, and also considered wider

channels to verify the robustness of our findings.

A relatively high external pressure of 100 MPa

was applied in MD simulations to ensure con-

vergence of data in limited time scale, and addi-

tional simulations at 10 and 50 MPa shows qual-

itatively consistent results (Fig. S1). An elec-

tric field along the G direction was applied in

the membrane region. The field strength, � , was

ranged from 0.05 to 1.0 V/nm, which should be

experimentally accessible [48]. Other simulation

details can be found in Methods section.

We first carried out a series of simula-

tions with a system containing 1 M NaCl,

and plotted the salt rejection and water per-

meability as functions of the field strength

� in Figs. 1b and c, respectively. Herein,

the salt rejection rate was determined through

[1 − (=?,8/=8)/(=?,F/=F)]×100%, where =?,8

(=?,F) and =8 (=F) are the number of ions (wa-

ter molecules) passing through the nanoslit chan-

nel and in the bulk solution, respectively (see

Methods for details). In the absence of an

electric field, both Na+ and Cl− can permeate

through the nanoslit channel, with a relatively

low salt rejection rate at 84.33%. This observa-

tion aligns with the previous experiments show-

ing that only much narrower (∼3.4 Å) channels

can achieve perfect ion rejection [31]. With the

increase of � , the salt rejection increases sub-

stantially (Fig. 1b). In particular, under � =

1.0 V/nm, the salt rejection reaches 99.5%, com-

parable with those (>99%) for typical commer-

cial RO and nanofiltration membranes [49]. The

salt rejection can be further promoted to 100%

(Fig. S1), if the driving pressure is reduced to

50 or 10 MPa (still higher than those adopted

in commercial RO systems). At the same time,
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Figure 1. Enhanced salt rejection of nanoslit channels under an electric field. (a) Schematic illustration of the RO process

based on a membrane containing nanoslit channels (top panel). The bottom panel shows the molecular dynamics (MD) simulation

system of such a process whereby an individual nanoslit channel with an interlayer distance (channel height) of 9.2 Å is placed

between two reservoirs filled with 1 M NaCl solution. An external force is applied to water molecules located 15–25 Å from the left

side of the nanoslit channel (indicate with black arrows) to generate a pressure of 100 MPa (see Methods for details). An electric

field along the x axis is applied within the channel area. (b) (c) Salt rejection (b) and water permeability (c) versus the strength of

the electric field. (d) The free energy (the potential of mean force, PMF) profiles along the channel axis (z -axis) for water and Na+

with (green) and without (black) an electric field (E = 1.0 V/nm). (e) Free energy barrier (∆F ) as a function of field strength for water

molecules and ions. ∆F is defined as the difference between the average free energy in channel and bulk.

the high permeability of water is found to be

nearly unaffected by the field in these simula-

tions (Fig. 1c). These findings suggest that the

external field can significantly promote the salt

rejection of the channel, without compromising

its permeability, thus to some extent breaking

the trade-off between water permeability and se-

lectivity (Fig. S2). Furthermore, our additional

simulations show that the electrically tunable se-

lectivity enhancement is robust in various sys-

tems, such as nanoslit channels with different

interlayer distances (Fig. S3) or h-BN as the

channel wall material (Fig. S4), GO membranes

(Fig. S5), systems employing KCl solution in-

stead of NaCl solution (Fig. S6), and simula-

tion setups employing piston-driven pressuriza-

tion (Fig. S7).

The ability of the electric field to promote

salt rejection can be further explored by com-

puting the free energy (the potential of mean

force, PMF) profiles for water and ion perme-

ation using the umbrella sampling (US) method

(see Methods for details), as shown in Fig. 1d.

The energy barrier (Δ�) was defined as the dif-

ference between the average free energy in the

channel and that in the bulk. For water, the en-

ergy barrier remains very low (∼1.00 kcal/mol),

regardless of the presence of a field, consistent

with the observed high water permeability and

its insensitivity to the field (Fig. 1c). In contrast,

under an external field of 1 V/nm, the energy

barrier for Na+ increases markedly from 2.63 to

7.03 kcal/mol. Given that the ion permeation

rate follows an exponential dependence on Δ�,

this sharp rise in the energy barrier aligns with

the significantly enhanced salt rejection shown

in Fig. 1b. To verify the robustness of our re-

sults, we also carried out additional simulations

incorporating polarization effects via the polar-

izable SWM4-NDP water model, which yielded

consistent trends in the PMF profiles (Fig. S8).

Having computed the PMF for Na+, we ex-

tended our analysis to nearly all major ion

species present in seawater through extensive

simulations (Fig. S9), and collected in Fig. 1e

the determined energy barriers for these ions un-

der various � . It is found that Δ� for all ions in-

creases with � , whereas that for water molecules

fluctuates around ∼1.00 kcal/mol and is inde-

pendent of � . These results suggest that a suf-

ficiently high electric field could, in principle,

achieve complete rejection of these ions.

Hydration-shell reorientation enhances

selectivity

We now examine the origins of ion selectivity

in detail. In the absence of an electric field,

the increase in free energy as the ion enters the

nanoslit channel can be attributed to the dehy-

dration process (Fig. S10), resulting in a salt re-

jection of 84.33%, a phenomenon that has been

widely investigated [17,24,26,50]. However, the

mechanism by which the electric field enhances

ion selectivity (from 84.33% to 99.5%) has re-

mained unclear. Because the applied electric
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Figure 2. Field-induced reorientation of ion hydration

shells. (a) Schematic illustration showing the first and second

hydration shells. For clarify, the bulk solution and the vertical

graphene walls are not shown. (b) Electric field-induced reori-

entation of water dipoles. The orientation angle θ is defined as

the angle between the dipole of a water molecule (green arrow)

and the line joining the Na+ to water oxygen. (c) Lateral Na+—

oxygen radial distribution functions (RDFs) versus the lateral

position rxz parallel to the confining walls with (w/ E ) and with-

out (w/o E ) an electric field (E = 1.0 V/nm). The first and second

hydration shell comprises water molecules with rxz satisfying

rxz ≤ 3.0 Å (vertical blue dashed line) and 3.0 < rxz ≤ 5.8 Å

(vertical black dashed line), respectively. (d) Distribution of θ

for water molecules in different positions around Na+ [placed

at (0,0)]. (e) Distribution of the Coulomb interaction energy (U )

between Na+ and water molecules around it. (f) and (g) Differ-

ences in θ and U caused by the action of an electric field. In

panels d-g, the blue and black dashed lines indicate the bound-

aries of the first and second hydration shells, respectively. It

should be noted that x and z here denote the relative positions

of water molecules in the hydration shell around the central ion.

All the data presented were obtained in simulations whereby the

ion was deliberately constrained inside the nanochannel, allow-

ing us to collect sufficient data for reliable statistics.

field is neither aligned with the channel axis

nor perpendicular to the nanoslit walls, previ-

ously proposed mechanisms relying on these

field orientations-such as ion separation driven

by an electric force opposing the water flow [41],

ion trapping induced by electric forces normal

to the channel walls [40], and field-induced in-

terfacial slip [44], do not apply in the present

system. Meanwhile, the free-energy profiles for

channels of different lengths suggest that, in the

absence of an electric field, the baseline energy

barrier located at the channel entrance is nearly

independent of channel length (Fig. S11). In the

presence of an electric field, however, the energy

barrier in shorter channels is slightly lower than

in longer channels, indicating that the enhanced

barrier is not related to the channel entrance, but

rather originates from a novel confinement–field

synergy within the nanoslit channel, as will be

demonstrated below.

It is known that ion selectivity in nanocon-

fined geometries may also be associated with the

reorganization of hydration shells [51]. To ex-

amine this possibility, we analyzed the influence

of the electric field on ion hydration structures

(Fig. 2a to f) by conducting simulations in which

an ion was deliberately constrained inside the

nanochannel (in analogy to umbrella sampling

simulations). We first calculated the lateral ra-

dial distribution functions (RDFs) between Na+

ions and the oxygen atoms of water molecules

inside the nanoslit channel, specifically for Na+

ions constrained around I = 0.5 Å (Fig. 2c), and

found that the resulting RDF profiles are nearly

identical in the presence and absence of an ap-

plied electric field. In addition, we evaluated the

coordination number of water molecules in the

Na+ hydration shells along the transport path-

way (Fig. S10), and found that the hydration

number remained essentially unchanged, regard-

less of the field strength applied. This finding

allows us to rule out the dehydration effect—

a common mechanism proposed in prior stud-

ies [26,50,52]—as the explanation for selectiv-

ity enhancement (from 84.33% to 99.5%) in the

present work.

It has been recently shown that the field-

induced reorientation of water molecules around

confined ions can drastically affect the channel

selectivity [48]. Taking again Na+ as an exam-

ple, we explore below how the orientation an-

gles \ of water molecules in its hydration shells

respond to the external field, with \ defined as

the angle between the water dipole vector and

the vector connecting Na+ to the oxygen atom of

the water molecule (Fig. 2b). The Na+ was also

deliberately constrained inside the nanochannel

during the calculation, allowing us to collect suf-

ficient data for a reliable evaluation of \. In the

absence of electric fields, water molecules in the

first hydration shell preferentially orient their O

atoms toward the Na+ ion, with H atoms point-

ing away, as indicated by \ values exceeding

150
◦ (left panel in Fig. 2d). This configuration

results from the strong Coulomb interaction be-

tween the cation and the partial charges carried

on water oxygen and hydrogen atoms. A sim-

ilar, though less pronounced, orientation is ob-
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Figure 3. Enhanced Coulomb interaction energy as the origin of the increased energy barrier. (a) The top (bottom) panel

shows the average Coulomb interaction energy (U ) between a water molecule (Na+ ion) and the surrounding water molecules within

rxz < 12 Å at different z -positions along the channel axis. (b) Average orientation angle (θ) of the water molecules within the first

and second hydration shells of Na+. The orientation angle θ is defined as the angle between the dipole of a water molecule and the

line joining the Na+ to water oxygen. (c) Schematic illustration of ion hydration structures in bulk solution and inside the channel,

with or without an applied electric field.

served in the second hydration shell, as reflected

by the relatively lower \ values. Beyond the first

and second hydration shells, water molecules ex-

hibit random orientations, resulting in an average

\ around 90
◦ (see left panels in Fig. 2b and 2d).

Upon application of an electric field, the \

distribution changes remarkably (right panels in

Fig. 2b and 2d), with the extent of reorientation

varying by location. Within the first hydration

shell, water molecules experience subtle reorien-

tation. This is again the signature of strong elec-

trostatic interactions between the ion and these

waters, preventing the water molecules from be-

ing reoriented. In contrast, water molecules in

the second hydration shell and beyond tend to

align their dipoles with the field direction. This

leads to a decrease in \ for water molecules to

the left of the ion (G < 0) and an increase for wa-

ter molecules to the right (G > 0; see right panel

in Fig. 2b). This spatial inhomogeneity in reori-

entation is directly evidenced by the distribution

of the change in \ (Δ\) plotted in Fig. 2f.

It is well established that the water reorienta-

tion in ions’ hydration shells may alter the in-

teraction between water and ions, thereby in-

fluencing the free energy barrier for ion per-

meation [53]. Here, we primarily focus on

the changes in the Coulomb interaction energy

(*), because it is shown to be much stronger

than the van der Waals (vdW) interaction energy

(Fig. S12). As shown in Fig. 2e, very strong

attractive (negative) interactions exist between

Na+ and water molecules within the first hydra-

tion shell, which are insensitive to the action of

the external field. The interaction becomes much

weaker for water in the second hydration shell

and beyond, which, however, can readily be al-

tered by the field. For instance, under the ac-

tion of the field, a repulsive (positive) interaction

emerges between the ion and water to its left (red

region in right panel of Fig. 2e), a feature ab-

sent in the field-free case (left panel). These spa-

tially varying changes in the interaction energy

align well with the reorientation behavior of wa-

ter molecules depicted in (Fig. 2d). In addition,

a direct comparison of the field-induced changes

in \ and * (denoted as Δ\ and Δ* shown in

Figs. 2f and 2g, respectively) reveals a strong

correlation between \ and*: * tends to increase

in regions where \ increases, and decrease where

\ falls.

We then placed the Na+ ion at different I

position along the channel axis and computed

the average Coulomb energy * and \ between

this ion and surrounding water molecules (see

Methods for details), as shown in the bottom

panel of Fig. 3a and Fig. 3b. Unexpectedly,

the reorientation of water molecules within the

ionic hydration shell is fully consistent with

the enhanced Coulomb interactions between the

ion and the surrounding hydration-shell water

molecules along the transport pathway. As

the electric field increases, the average \ in-

side the channel gradually decrease, whereas

the Coulomb interactions progressively increase.

More interestingly, the profiles of the interac-

tion energy look incredibly similar to the PMF

profiles (see Fig. 1d and Fig. S9); both profiles

increase with the applied field strength. Nev-

ertheless, the increase in the free-energy barrier

appears smaller than that in the interaction en-

ergy, which can be attributed to ensemble aver-

aging applied during the free-energy calculation,

as well as to contributions from entropy and sol-

vent reorganization [54].

The correlation between the PMF, \, and

the Coulomb interaction profiles reveals a clear

molecular-level mechanism of the found ion re-

jection, as sketched in Fig. 3c. In the absence of

an electric field, the dehydration process at the

channel entrance establishes a baseline energy

barrier (2.63 kcal/mol), corresponding to the ob-
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served 84.33% salt rejection. Under an applied

electric field, the field-induced reorientation of

the ion’s hydration shell enhances the Coulomb

interactions between the ion and the surrounding

water molecules, imposing an additional energy

cost of 7.03 kcal/mol, raising the salt rejection

from 84.33% to 99.5%. In contrast, the average

Coulomb interaction between water molecules

inside the channel remains nearly unaffected by

the electric field (top panel of Fig. 3a), indicat-

ing that the free energy barrier for water enter-

ing the nanoslit channel from the bulk solution

remains unchanged. Additionally, the applied

electric field is insufficient to alter the overall

water density or the number of hydrogen bonds

(reflecting the viscosity), as shown in Fig. S13.

Consequently, it does not affect the water perme-

ability.

Discussion

To rule out the possibility that the observed

mechanism arises as an artifact of the applied

electric field, we carried out the following ver-

ification analyses. The trend of the strength-

ened Na+-water interaction and the nearly un-

changed water-water interaction under an elec-

tric field is also confirmed by our DFT calcula-

tions (Fig. S14). In the main simulations pre-

sented in this work, the external electric field

was applied along the G-direction. We also

carried test simulations with the field direction

not strictly along the G-direction (see Fig. S15).

The results showed that only the G-component

of the field contributed to enhanced salt rejec-

tion, while the H-component (perpendicular to

the channel wall) had no significant effect. This

is because water dipoles can easily reorient along

the direction parallel to the channel wall, but are

difficult to reorient in the perpendicular direc-

tion, consistent with the unusually high dielec-

tric constant along the parallel direction and the

unusually low dielectric constant along the per-

pendicular direction observed in recent experi-

ments [55,56]. Moreover, we analyzed the an-

gle between the water dipole and the direction

of the applied electric field, both in the presence

and absence of the field (Fig. S16). Within ap-

proximately 4 Å of the channel entrances, water

dipoles show a modest but detectable alignment

with the field, indicating that the applied field

slightly penetrates into the adjacent bulk reser-

voirs. Importantly, this reorientation in the in-

terfacial region is significantly weaker than that

inside the channel and varies smoothly and con-

tinuously from the channel interior to the bulk.

These observations indicate that field penetra-

Figure 4. Schematic illustration of an electro-modulated

ionic concentration regulator based on the electrically tun-

able selectivity. Under an electric field, the nanoslit channels

exhibit tunable ion selectivity depending on the field strength

(middle panel), enabling real-time control of the solution con-

centration after filtration without the need to alter the initial con-

centration (bottom panel).

tion into the reservoirs is spatially limited and

physically continuous, rather than abrupt or non-

physical. In addition, we examined the effect of

the electric field in the bulk solution. As shown

in Fig. S17, under the same electric field, wa-

ter molecules inside the confined channel exhibit

stronger reorientation (corresponding to a larger

effective dielectric response [56]) than those in

the bulk phase. These results further confirm that

the enhanced salt rejection originates from the

synergistic interplay between nanoscale confine-

ment and the applied electric field.

In practice, a membrane containing nanoslit

channels (4.6., GO membranes; yellow region

in Fig. 1a) can be sandwiched between two elec-

trodes positioned on both sides of the mem-

brane (green regions in Fig. 1a) [38,57]. The

assembly can then be encapsulated with PDMS

to ensure mechanical stability and prevent leak-

age, while keeping the inlet and outlet of the

nanoslit channels open for fluid transport. After

encapsulation, the device can be integrated into

a microfluidic channel system and connected

to an external power supply to apply a con-

trolled electric field across the membrane [58],

thereby enabling desalination. Beyond desali-

nation, our discovery of continuously electric-

field-tunable ion selectivity enables the design

of electro-modulated ionic concentration regu-

lators (Fig. 4). Additional simulations confirm

that gradually varying the field strength induces

synchronous shifts in permeate concentration.

This ability for real-time, precise, and reversible
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tuning of local ion concentrations opens up a

range of unprecedented applications. For ex-

ample, in lithium-ion battery manufacturing, the

adjustable electrolyte concentration during the

filling and formation stages is essential for tai-

loring the solid electrolyte interphase, enhanc-

ing the wetting of high-surface-area electrodes,

and establishing beneficial concentration gradi-

ents that suppress dendrite growth [59]. Like-

wise, in electrochemical synthesis, dynamic con-

centration tuning could be used to shift reac-

tion pathways in real-time—enhancing selectiv-

ity, suppressing parasitic reactions, and enabling

stepwise synthesis of complex molecules [60].

Conclusion

In summary, we demonstrate through exten-

sive MD simulations that an external electric

field can effectively modulate the ion selectiv-

ity of nanofluidic channels. The salt rejection

rate is increased from 84% to 99.5%, while

maintaining the high water permeability, thereby

overcoming the permeability-selectivity trade-

off. The enhanced selectivity arises from the

electric field-induced reorientation of ion hydra-

tion shells within the channel, which strength-

ens the electrostatic repulsion between ions and

the water molecules in their hydration shells,

thereby increasing the energy barrier for ion per-

meation. This mechanism proves robust across

various ion species, pressures, channel spac-

ings, and wall materials. Beyond desalination,

the proposed strategy enables active and pro-

grammable control over concentration, introduc-

ing a powerful new degree of freedom for the

design of advanced electrochemical systems.

Methods

Model constructions. The graphene sheets form-

ing the nanoslit channel shown in Fig. 1a were

generated using the Nanotube Builder plugin of

VMD [61]. In this work, unless otherwise spec-

ified, the nanoslit channel has a length of 6 nm.

The simulation model has dimensions of 3.6 nm,

4.0 nm, and 12 nm along the G, H, and I direc-

tions, respectively, with the channel positioned

at the center of the system. The solution with

ions in reservoirs was built by the Solvate plu-

gin and the Autoionize plugin of VMD [61].

The graphene oxide (GO) structures were con-

structed using the gmxtools [62]. The model

featured 30% functionalization of carbon atoms

with epoxy (-O-), hydroxyl (-OH), and carboxyl

(-COOH) groups.

MD simulations. The NAMD2 software package

was used to perform the MD simulations [63].

The TIP3P water model was used to describe

water molecules [64]. Carbon atoms (modeled

as sp2-like aromatic carbons, CA) and ions (K+,

Na+, Ca2+, Mg2+ and Cl−) were described with

the CHARMM36 force field [65]. Carbon atoms

were set electrically neutral. The Lennard-Jones

parameters of Br− and I− ions were taken from

Ref. [66]. The CHARMM force field parame-

ters, including atom types and partial charges,

for the functionalization of GO were assigned

as follows: Carboxyl (-COOH): CD (+0.72 4),

OB (−0.55 4), OH1 (−0.61 4), H (+0.44 4); the

bonded graphene carbon atom carries a charge

of +0.11 4; Hydroxyl (-OH): OH1 (−0.54 4),

H (+0.43 4); the bonded graphene carbon atom

carries a charge of +0.11 4; Epoxy (-O-): O

(−0.50 4), each of the two neighboring graphene

carbon atoms carries a charge of +0.25 4. The

particle mesh Ewald (PME) method was em-

ployed to compute the long-range electrostatic

interactions [67]. The periodic boundary con-

ditions were used in all directions. All carbon

atoms and atoms of GO were frozen at their ini-

tial positions during the simulations. The time

step was 2 fs. Each system was first energy-

minimized for 5000 steps, followed by a 2 ns

equilibration simulation under the #%) ensem-

ble (1 atm, 300 K), using a Langevin piston and

a Langevin thermostat to maintain pressure and

temperature, respectively [68]. Subsequently,

MD simulations under the #+) ensemble were

performed in the presence of electric fields with

magnitudes of 0, 0.05, 0.1, 0.3, 0.5, 0.8, and

1.0 V/nm. Over 200 ns of total simulation time

was employed to ensure that permeability calcu-

lations converged for each simulation, with tra-

jectories saved every 10 ps.

In classical MD simulations, the force exerted

by the electric field (��) was directly applied to

atoms according to �� = �@, where @ represents

the charge of the atoms. The external pressure

(Δ%) was applied by exerting an external force

( 5 ) on = water molecules located in the bulk wa-

ter region of −55 < I < −45 Å, according to the

equation Δ% = = 5 /�, where � is the area of the

G-H plane [69]. In most simulations, an external

pressure of 100 MPa was adopted, whereas in the

simulation of the electro-modulated ionic con-

centration regulator the pressure was increased

to 200 MPa.

US simulations. The free energy (PMF) profiles

of water and ions were calculated by the US

method [26]. The reaction coordinate (i.e., the
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movement pathway along the channel axis I)

of the target water molecule or ion, spanning

−45 ≤ I ≤ 45 Å, was divided into consecu-

tive sampling windows, with a width of 1 Å.

In each window, the target water molecule or

ion was placed in the center and constrained

by a harmonic constrain with a spring constant

of 2 kcal/mol/Å2 along the I axis. Each sim-

ulation was carried out for 3 ns, with the first

500 ps discarded before further analysis. The

positional distributions in all simulations were

extracted to construct the free energy profiles

using the weighted histogram analysis method

(WHAM) according to the implementation of

Grossfield [70,71]. In the US simulations us-

ing the polarizable model, water was described

by the SWM4-NDP model [72], and the Drude

force field was used for describing ions and car-

bon atoms (modeled as type CD2R6A) [73,74].

The time step was 0.5 fs. Each simulation lasted

200 ps, with the first 50 ps discarded.

Calculation details of the Na+-water interaction en-

ergy in ab initio MD simulations. As shown in

Fig. S14, the dimensions of the simulation sys-

tem in the G- and I-directions are 19.65 and

21.29 Å, respectively. In the H-direction, a vac-

uum layer of 30 Å was added to avoid inter-

actions between periodic images. The system

was first equilibrated using classical MD sim-

ulations for 2 ns. Ab initio molecular dynam-

ics (AIMD) simulations were then performed for

1 ps without an external electric field, followed

by 0.1 ps under an applied field of 1.0 V/nm.

The interaction energy in each case was calcu-

lated based on the configurations of the last 10

frames (0.5 fs per frame) of AIMD simulations.

Further DFT calculation on each configuration

was performed to compute the total energies of

the system, �total, the energy of the isolated

molecule (an isolated ion or water molecule),

�isolated, and the energy of the remaining atoms,

�remain. The interaction energy was then cal-

culated as �int = �total - �isolated - �remain. All

AIMD and DFT calculations were performed

using the CP2K software package, employing

the QUICKSTEP module [75,76]. The revPBE

exchange–correlation functional combined with

the D3(0) dispersion correction was used to ac-

count for exchange–correlation and vdW inter-

actions [77,78]. The Goedecker–Teter–Hutter

(GTH) pseudopotentials and DZVP-MOLOPT-

SR-GTH basis sets were employed to describe

core and valence electrons, respectively [79,80].

The time step for AIMD simulations was 0.5 fs.

The #+) ensemble was adopted, with tempera-

ture maintained at 300 K using a Nosé–Hoover

thermostat [81,82]. Periodic boundary condi-

tions were applied in all three directions. During

AIMD simulations, the carbon atoms were fixed

along the H-direction. The external electric field

was applied using the finite periodic electric field

approach based on the Berry phase formalism.

A plane-wave cutoff of 600 Ry was used in the

Gaussian and plane wave (GPW) method [76].

In the AIMD and DFT calculations, the k-points

were set to 1×1×1 and 2×1×2, respectively. Input

files for CP2K were generated using the Multi-

wfn program [83].

Calculations of the salt rejection rate. The salt re-

jection, '%, can be expressed as [84]:

'% =

(

1 −
�?

� 5

)

× 100%

=

(

1 −
=?,8/=?,F

=8/=F

)

× 100%,

(1)

where �? and � 5 are the ion concentrations

in the permeate and feed sides, =?,8 (=?,F) is

the number of ions (water molecules) passing

through the nanoslit, =8 (=F) is the total number

of ions (water molecules) in the bulk solution.

=?,8 and =?,F were obtained from the con-

verged cumulative net fluxes. The logic for

calculating cumulative flux is illustrated in

Fig. S18a. In each frame, the bulk solution on the

feed side, the channel, and the bulk solution on

the permeate side were assigned values of −1, 0,

and 1, respectively. A particle that traverses the

channel in the forward direction (−1 → 0 → 1)

was counted as +1, whereas a particle travers-

ing in the reverse direction (1 → 0 → −1) was

counted as −1. The sum of these counts over

all frames then yields the cumulative net flux

through the channel. Ions that crossed the peri-

odic boundary directly from one bulk solution to

the other (i.e., −1 → 1 or 1 → −1 without pass-

ing through 0) were excluded from the flux cal-

culation. This procedure ensures that only true

trans-channel transport contributes to the salt re-

jection calculation. Typical cumulative fluxes of

water molecules and ions, with and without an

applied electric field, are shown in Fig. S18b.

Hydration-shell structure analysis and interac-

tion energy calculations. Hydration-shell struc-

ture analysis and interaction energy calculations

were performed using the trajectories employed

for the free energy calculations. In these trajec-

tories, the ion was free to move along the G and H

axes, while a harmonic constraint with a spring
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constant of 2 kcal/mol/Å2 was applied along the

I axis (see details in the US simulations section),

allowing us to collect sufficient data for reliable

statistics.

The interaction energy calculations were per-

formed in a manner similar to the analysis of the

orientation angle distribution using the same tra-

jectory. Specifically, the interaction energy, in-

cluding both Coulomb and van der Waals con-

tributions, between water molecules and the ion

was calculated using the NAMD Energy plugin

in VMD [61].
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