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Supplementary Notes
Supplementary Note 1 | Calculation of LDH crystal layer spacing and 2D-NFM 
layer spacing

The layer spacing of LDH crystal and 2D-NFM can be calculated according to the 
Bragg equation [1]:
                               2dsinθ = nλ                         (S1)

where d is the layer spacing, θ is the angle between the incident wave and the 
scattering plane, λ is the wavelength (~0.154 nm) of the incident wave and n=1. The 
XRD image shows that the characteristic peaks of the (003) and (006) crystal planes of 
CoAl-CO3

2- LDH appear at 11.76o and 23.62o, corresponding to crystal plane spacings 
of 0.752 nm and 0.376 nm, respectively. The characteristic peaks of the (003) and (006) 
crystal planes of CoAl-Cl- LDH appear at 11.63o and 23.28o, corresponding to crystal 
plane spacings of 0.760 nm and 0.382 nm. The XRD image of 2D-NFM shows the 
characteristic peak at 7.11o, corresponding to a layer spacing of 1.06 nm. After 48 h of 
immersion in water, the layer spacing is enlarged to 1.24 nm due to swelling of the 
membrane.
Supplementary Note 2 | Calculation for surface charge density of 2D-NFM

The surface charge density (σ) of 2D-NFM in electrolytes of different 

concentrations can be calculated using the Grahame equation [2]:

                              σ =                             (S2)

𝜀𝑜𝜀𝑟𝜁

𝜆𝑑

where εo is the vacuum dielectric constant, εr is the dielectric constant of water, ζ 

is the zeta potential of 2D-NFM. λd is the Debye shielding length, which can be 

calculated according to formula [3]:

                           λd  =                         (S3)

𝜀𝑜𝜀𝑟𝐾𝐵𝑇

2𝑛𝑏𝑢𝑙𝑘𝑧
2𝑒2

where KB is the Boltzmann constant, T is the absolute temperature, nbulk is the 
concentration of the bulk solution, z is the valence state of the ions in the electrolyte 
and e is the electron constant. It can be seen that the higher the concentration of the bulk 
solution, the smaller the Debye shielding length.
Supplementary Note 3 | Calculation for ionic migration activation energy of 2D-
NFM and bulk solution

The ionic migration activation energy of 2D-NFM and bulk solution can be 



calculated according to the Arrhenius equation [4]:

G = G0                        （S4）𝑒
‒
𝐸𝑎
𝑅𝑇

where G is the ion conductance, G0 is the Arrhenius constant, Ea represents ionic 
migration activation energy, R is the ideal gas constant and T is the absolute 
temperature. 
Supplementary Note 4 | COMSOL simulation

The ion transport behavior in 2D-NFM nano-channels has been simulated using 

commercial finite-element software COMSOL Multiphysics 5.6 [5, 6]. The numerical 

simulations were performed based on the coupled Poisson and Nernst-Planck equations 

(PNP) equations by setting appropriate boundary parameters. The ion transport 

behavior within the charged nano-channels can be described by the NP equation, which 

is defined as the flux of each ion:

                                        (S5)
𝑗𝑖= ‒ 𝐷𝑖(▽𝑐𝑖+

𝑧𝑖𝐹𝑐𝑖
𝑅𝑇

▽)

where ji, Di, ci, zi, and φ are the ionic flux, diffusion coefficient, ion concentration, 
valence number for each species i and electrical potential, respectively. F, R and T is 
Faraday constant, universal gas constant and Kelvin temperature. 

The relationship between electrical potential and ion concentration can be defined 

by the Poisson equation:

                     (S6)
▽2= ‒

𝐹


∑𝑧𝑖𝑐𝑖

The electrostatic boundary condition is given by:

                       (S7)
‒ 𝑛·▽=

𝑠

0𝑟

where n is the unit normal vector to the wall surface and σ is the surface charge 
density of the walls. ε0, εr are the permittivity of a vacuum, the permittivity of water.

Usually, the system is simplified under steady state conditions, and when the 

system reaches a steady state, the ion fluxes should satisfy a time-independent 

continuity equation:



                          (S8)▽·𝑗𝑖= 0

Finally, the ion concentration distribution is solved by using the finite element 

method coupled PNP equations under the given geometric conditions and appropriate 

boundary conditions. 

Furthermore, a simplified model of nanochannel and electrolyte chamber is 
constructed (Fig. S7). The length of the nanochannel is set to 1000 nm and the pore size 
is set to 10 nm (The pore size is not set according to the actual pore size of the 
nanochannel of 1.06 nm, because too small a pore size will lead to severe polarization 
during the simulation). The channel size and length of the model of multichannel 
nanofluidic system are the same as single-channel nanofluidic system model, except 
that the number of nanochannels in the multichannel nanofluidic system is increased. 
The electrolyte chamber is set to be 400 nm long and 200 nm wide (The chamber is 
also simplified model and do not based on the dimensions of an actual electrochemical 
chamber). Then, 10 mM KCl solution is used as the electrolyte and the surface charge 
density of the nanochannels is set to be 5.71 mC/m2, which is consistent with the 
experimental test data. 
Supplementary Note 5 | Theoretical calculations based on DFT

The Theoretical calculations based on DFT are calculated by the CP2K software. 
The GGA-PBE functional [7] is used to describe the electron exchange correlation of 
the system, and the Goedecker-Teter-Hutter pseudopotential is used to treat the inner 
electrons and nuclei of the atoms. The basis group of all atoms is the DZVP-MOLOPT 
basis group. The truncation energy of the Gaussian mixed plane wave used for the 
theoretical calculations is 400 Ry, and the Brillouin zone integration of the LDH is 
performed on a 2*8*2 K-grid. During the transition state search, the CI-NEB algorithm 
[8] is used to calculate ion diffusion paths with eight interpolation points. In the 
calculation process of interaction energy, EInteraction energy = Etotal - ELDH - Eions.

During the calculation process of ionic diffusion barrier, a model for the diffusion 
of K+ and Cl- ions in nanochannels of 2D-NFM is first constructed, in which the atomic 
ratio of Co and Al is 2:1. Then, by structural optimization of different adsorption 
positions of K+ and Cl- ions in the model, the most stable adsorption sites are selected 
as the initiation and termination sites for the diffusion (Fig. S6). Eventually, the 
diffusion barriers of K+ and Cl- ions from the initiation site to the termination site are 
calculated by DFT.



Supplementary Figures and Tables

Fig. S1 (a) SEM and (b) EDS images of CoAl-CO3
2- LDH.

Fig. S2 (a) XRD and (b) FT-IR images of LDH.

Fig. S3 (a) Dispersion and (b) Particle size distribution of LDH nanosheets.



Fig. S4 Variation of ionic conductance with temperature in (a) 2D-NFM and (b) Bulk 
solution. 
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Fig. S5 Vos and Ios of 2D-NFM in different concentration gradients of KCl solutions.

Fig. S6 (a) Initiation and (b) Termination diffusion sites of K+ ion in DFT model. (c) 
Initiation and (d) Termination diffusion sites of Cl- ion in DFT model.



Fig. S7 Schematic of the model for COMSOL simulation.

Fig. S8 Simulation results of ion concentration distribution in multichannel nanofluidic 

systems.

Fig. S9 I-T curves of 2D-NFM in artificial seawater/river water for prolonged operation 

without electrolyte refreshing.
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Fig. S10 Current densities of 2D-NFM with different thicknesses in NaCl solution with 
50-fold concentration gradient.

Fig. S11 Physical photos of 2D-NFM for 15 days of continuous operation.

Fig. S12 I-V curves of 2D-NFM for 15 days of continuous operation.



Fig. S13 (a) Current densities and (b, c) Output power densities of 2D-NFM at different 
test areas (0.01 M/0.5 M NaCl).

Fig. S14 (a) Current densities and (b) Output power densities of 2D-NFM in NaCl 
solution with different concentration gradients.

Fig. S15 (a) Current densities and (b) Output power densities of 2D-NFM at different 
temperatures (0.5 M/0.01 M NaCl).



Fig. S16 (a) Current densities and (b, c) Output power densities of 2D-NFM at high 
salinity solution (0.01 M-0.5/3/5 M NaCl).

Fig. S17 (a) Current densities and (b, c) Output power densities of 2D-NFM at NaCl 
solution containing dyes and biological protein (0.01 M/0.5 M NaCl).

Fig. S18 (a) Current densities and (b) Output power densities of 2D-NFM at different 
pH (0.5 M/0.01 M NaCl).
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Fig. S19 Zeta potential of 2D-NFM at different pH.

Fig. S20 Models of the interaction between different anions and 2D-NFM.

Fig. S21 Photo of osmotic energy harvesting device based on 2D-NFM.



Table S1. Results of ICP-AES analysis of CoAl-CO3
2- LDH.

Element 
Type

relative atomic 
mass

Mass concentration 
(mg/L)

Molar concentration 
(mol/L)

Al 26.98 0.89 3.3×10-5

Co 58.93 4.73 8.0×10-5

Table S2. Performance comparison of anion-selective membranes.

Membrane Thickness 
(μm)

Test area
(mm2) t-

Power density 
(W/m2) Ref.

P-GO 10.0 0.2 0.65 — [9]

P-MXene — 0.2 0.77 — [10]
MgAl 

LDH@PBC 7.0 0.02 0.89 0.56 [11]

CoAl LDH 40.0 0.2 — 0.7 [12]

MgAl LDH 11.0 0.05 — — [13]

CoAl LDH 20.8 0.2 0.95 — [14]

P-CMA 23.0 0.65 0.81 0.63 [15]

LDH@AAO 45.8 0.03 — 2.85 [16]

AM-MXene 0.7 180 — 4.2 [17]

P-MF 1000 0.012 0.96 — [18]

P-ABC 90 180 0.90 0.23 [19]

MgAl LDH 2.6 0.03 — 2.31 [20]

CoAl LDH 16.7 0.03 0.78 3.06 This 
work

Table S3. The major anion and cation concentrations (M) in seawater.
Ion species Cl SO4

2 Br Na+ Mg2+ Ca2+ K+

East Sea 0.475 0.044 0.0005 0.497 0.053 0.010 0.010

South Sea 0.401 0.038 0.0004 0.384 0.052 0.010 0.010
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