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1. Setting of boundary conditions. 

Under the electrostatic field, the dependent variable is the electric potential V, and the 
corresponding governing equation is： 𝛻 ∙ 𝐷 = 𝜌௏ , 𝐸 = −𝛻𝑉                                     (1) 

Boundary condition 1: Conservation of charge:  𝛻 ∙ (𝜀଴𝜀௥𝐸) = 𝜌௏ , 𝐷 = 𝜀଴𝜀௥𝐸                                  (2) 
Boundary condition 2: Relationship between surface charge density and the electric field:  𝑛 ∙ (𝐷ଵ − 𝐷ଶ) = 𝜌௦                                       (3) 
Boundary condition 3: Zero potential, the wall of the solution pool is selected as zero 

potential: 𝑉 = 0                                           (4) 
The dependent variables in the transfer field of dilute substances are cation concentration 

cp and anion concentration cn. The transfer mechanism includes convection and ion migration 
in electric field: 𝛻 ∙ 𝐽 + 𝑢 ∙ 𝛻𝑐௜ = 0                                    (5) 𝐽 = −𝐷௜𝛻𝑐௜ − 𝑧௜𝑢௠,௜𝐹𝑐௜𝛻𝑉                                (6) 𝐷௜ represents the diffusion coefficient of the ion i, 𝑧௜ indicates the charge number of the ion i, 
the mobility 𝑢௠,௜ satisfies the Nernst-Einstein relationship: 𝑢௠,௜ = − ஽೔ோ்                                       (7) 

The dependent variables of the laminar flow field are the velocity field u and the pressure 



 

p: 𝜌(𝑢 ∙ 𝛻)𝑢 = 𝛻ሾ−𝑝𝑙 + 𝐾ሿ + 𝐹                                (8) 𝜌𝛻 ∙ (𝑢) = 0                                       (9) 𝐾 = 𝜇(𝛻𝑢 + (𝛻𝑢)ୃ)                                  (10) 𝜌 represents the density of the fluid, 𝜇 represents dynamic viscosity coefficient of the fluid. 
The corresponding boundary conditions are set as shown in the Figure S1 and Table S1 

below. 

Table S1. The boundary conditions 

Boundary Name Equation 

2, 3, 4, 5, 7, 8, 9 No Flux -n ⋅ (-D𝛁c) = 0 

1, 6 Concentration 𝑐 = 𝑐଴ 

2, 3, 4, 5, 7, 8 Zero Charge n ⋅ D = 0 

9 Surface Charge Density 𝒏 ⋅ (𝑫𝟏 − 𝑫𝟐 ) = 𝜌ௌ 

2, 3, 4, 5, 7, 8, 9 Wall u = 0 
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Figure S1. The boundary condition labels 



 

 

2. The selectivity in single physics field. 

Under the action of a single physical field, the ion selectivity is low. As shown in Figures 
S2a and S2b, the separation ratio is stable under different voltage conditions. For ion 1/2 and 
ion 1/4, the separation ratio is maintained at about 2 and 0.5, respectively. Under the hydraulic 
pressure, as shown in Figures S2c and S2d, the separation ratio is slightly affected by the 
magnitude of hydraulic pressure, but the influence is not significant. Similarly, the separation 
ratio is also below 2.  

Figure S2. The ion selectivity under single physics field. (a) The selectivity of ion 1/2 is nearly 2 and 

maintain stable under different voltages. (b) The selectivity of ion 1/4 is nearly 0.5 and maintain stable 

under different voltages. (c) The selectivity of ion 1/2 is nearly 1.2 under different pressure. (d) The 

selectivity of ion 1/4 is nearly 1.2 under different pressure. 

  



 

3. Different ionic transport responses. 

For the same ion, the initial state is different under the applied pressure conditions. With 
the increment of applied pressure, the applied reverse voltage to make ion transport 
approaching zero is different. The responses of ion 2, 3, 4, and 5 are shown in Figure S3, and 
this difference exists for each ion. 

 
Figure S3. Different ionic transport response. Response of ion 2 (a), ion 3 (b), ion 4 (c) and ion 5 (d). 

  



 

4. Distribution of fluid flux. 

The distribution of flow velocity in the channel is shown in Figure S4. Because of the 
friction on nanopore wall, liquid flows slowest at the wall and fastest at the center of the channel. 
This migration properties driven by hydraulic pressure is quite different from that of electric 
field.  

 

Figure S4. The distribution of flow velocity. The velocity of the fluid in the channel approaches zero at 

the wall and reaches the fastest at the center of the channel. 

  



 

5. The flux of Ion 4. 

Due to the total ionic flux is dominated by the EDL, the ionic distribution mainly 
concentrated on both sides of the wall. And the higher the surface charge is, the more obvious 
the effect is. These two driving forces are very different in the EDL area. The effect of the electric 
field on the ions is uniform in spatial distribution. But the hydraulic effect in the center of the 
nanochannel is stronger than the wall surface. This leads to the complexity of ion selective 
transport under the combined action of hydraulic pressure and electric field. 

Figure S5. The distribution of ionic flux of Ion 4. The distribution of ionic flux in the channel is affected 

by the surface charge. The higher surface charge makes the higher ion concentration within EDLs. 

 


