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Supplementary Note 1.

Exfoliation of vermiculite
In this study, a two-step ion-exchange stripping strategy was successfully 

employed for the controlled preparation of VM nanosheets. Structural characterization 

revealed (Figure S1a) that the pristine thermally expanded vermiculite particles 

showed a typical lamellar stacking structure, and a stable colloidal dispersion system 

of vermiculite nanosheets was obtained by the synergistic action of the two-step ion 

intercalation method0 and ultrasound (FigureS1b), whose significant Tyndall effect 

confirmed the formation of nanoscale particles. XRD mapping analysis (Figure S1c) 

revealed the key structural evolution: three characteristic diffraction peaks existed for 

the pristine vermiculite at 2θ = 6.2°, 7.4 ° and 8.9°, where three characteristic diffraction 

peaks are present, corresponding to the periodically aligned structure of the interlayer 

hydrated cations (Mg²⁺). After ion-exchange stripping, only the characteristic peak of 

(001) crystal surface was retained, indicating that the interlayer cations were effectively 

removed and accompanied by interlayer swelling effect. Atomic force microscopy 

(AFM) characterization (Figure S1d) confirms that the exfoliated products are large-

sized 2D nanosheets with lateral dimensions up to 2 μm and an average thickness of 

3.8 nm, and Fig. f shows that the vermiculite nanosheets have a surface zeta potential 

up to -42.3 mV. This strong negativity arises from the permanent structural negative 

charge generated by the homocrystalline substitution of Al³+ for Si⁴+ in the laminate 

octahedra.

Preparation of bottom electrode.

Firstly, the conductive carbon nanotubes (CNTs) paste was uniformly coated on 

the surface of PET substrate by brush scraping method, and dried and cured at room 

temperature. Then, the acid-modified carbon nanotube dispersion was applied three 

times on the surface of the substrate, and the solvent volatilization process was 

performed at each drop coating interval of 15 minutes. Through this gradient 

functionalization strategy, the composite electrode interface with hierarchical structure 

is finally obtained.



Supplementary Note 2.

Equations and parameters for finite-element method calculations:

To investigate the electrodynamics of the SVA-MEG power generation process, a 

3D geometric model for wet air-driven SVA-MEG power generation was developed by 

coupling the Nernst-Planck equation with the Poisson equation, and finite element 

simulations were performed. For the Nernst-Planck equation, Ji is the flux vector of the 

ion concentration determined by the convective flux, concentration diffusion, and 

electromigration flux 

                   (1)
𝐽𝑖= 𝑛𝑖𝑢 ‒ 𝐷𝑖∇𝑛𝑖 ‒

𝑧𝑖𝑒𝑛𝑖𝐷𝑖

𝑘𝑏𝑇
∇𝜑

where ni is the proton concentration, u is the fluid velocity, Di is the diffusion 

coefficient, zi is the valence, e is the elementary charge, kb is the Boltzmann constant, 

T is the temperature, and φ is the double electric layer potential. Based on the Gauss 

electrostatic theorem, the Poisson equation is given 

                (2)
∇(𝜀𝑟𝜀0∇𝜑) = ‒ 𝜌𝑒𝑢=‒ 𝐹

𝑁

∑
𝑖= 1

𝑧𝑖𝑛𝑖

where εr is the dielectric constant of the water, ε0 is the permittivity of vacuum, ρe 

is the density of electrostatic charge, and F is the Faraday constant.

The two Equations can be numerically solved with the aid of COMSOL software 

so as to determine the proton concentration and potential distribution. In the numerical 

simulation, the permittivity of PSS/PVA is assumed to be 60 and of the SA/VM aerogel 

is assumed to be 6. To facilitate simulations, SVA-MEG is idealized as a cylinder with 

a radius of 10mm and a diameter of 4.4 mm, where the PSS/PVA has a thickness of 

0.1mm. It is assumed that our system can be quantitatively explained by the equations 

with appropriate boundary conditions. The simulated temperature is 298 K, the 

diffusion coefficient of water is 1e-12 m2/s at PSS/PVA. The diffusion coefficient of 

proton is 0.5 e-13 m2/s at SA/VM aerogel. The proton flux and potential at boundaries 

satisfies the condition.

  and                      (3)𝑛⃗ ∙ 𝐽𝑖= 0 𝑛⃗ ∙ 𝐷⃗= 0



To describe the dissociation of protons from the SVA-MEG after water 

infiltrating, a chemical reaction, RSO3H + H2O  RSO3
- + H3O+, is employed in the 

SVA-MEG domain by the “chemistry” module. The reaction rate constant is described 

using the Arrhenius equation. The concentration of surface functional groups (RSO3H) 

in the SVA-MEG domain was set to is 1×10-8 mol/m-3.

Supplementary Note 3

The energy conversion properties of the SA/VM aerogel are studied by measuring 

I−V curves in presence of a transmembrane salinity gradient. The Figure S19a shows 

the equivalent circuit of the membrane. VOC, Vredox, Ediff, and the RSA/VM aerogel represent 

the measured open-circuit voltage, the redox potential generated by the unequal 

potential drop at the electrode-solution interface, the diffusion potential contributed by 

the cation selective VM-CNF/CNT membrane, and the internal resistance of the 

membrane, respectively. The measured VOC actually consists of two parts: Vredox and 

Ediff, which satisfy the following equation: 

                           (4)𝑉𝑂𝐶= 𝑉𝑟𝑒𝑑𝑜𝑥+ 𝐸𝑑𝑖𝑓𝑓

In this work, the generated osmotic voltage and osmotic current were obtained by 

subtracting the contribution from the redox potential on Ag/AgCl electrodes in different 

concentrations.

The transference number tn is calculated following the equation.

                         (5)

𝑡+ =
1
2( 𝐸𝑑𝑖𝑓𝑓

𝑅𝑇
𝑧𝐹

𝑙n (𝛾𝐶𝐻𝑐𝐻𝛾𝐶𝐿𝑐𝐿 )
+ 1)

where t+ is the cation transference number; Ediff refers to the diffusion potential; 

R, T, z, F, refer to the universal gas constant, absolute temperature, valence charge and 

Faraday constant, respectively; γ and c refer to ion activity coefficient and 

concentration. The KCl aqueous solution with different concentration and the ion 

activity coefficients of dilute solutions could be calculated using the simplified Debye-

Hückel equation.

                            (6)lg 𝛾± =‒ 𝐴|𝑧+ 𝑧 ‒ | 𝐼



where γ± is ion average activity coefficient, ‘I’ is the ionic strength, z is ion 

valence number, and A is constant, the value is about 0.509 at 298 K.

Theoretical study

All-electron DFT calculations have been carried out by the latest version of ORCA 

quantum chemistry software (Version 6.1.0)[1]. The B3LYP functional[2-5] was adopted 

for all calculations. For geometry optimization calculation, the def2-SVP basis set[6] 

was used, and the optimal geometry for each compound was determined. The single 

point energy calculations were performed with a larger basis set the def2-TZVP basis 

set[7] The DFT-D3 dispersion correction with BJ-damping[8] was applied to correct the 

weak interaction to improve the calculation accuracy. The SMD implicit solvation 

model[9] was used to account for the solvation effect.

Then, the interaction energy between XX and XX were calculated by the following 

formula: Ebind=Ecomplex-(EpartA+EpartB)

ESP analysis was performed by Multiwfn package[10]. 

The visualization of the ESP analysis was achieved using VESTA software.

The migration energy barriers

To evaluate the migration energy barriers in both bulk and surface models, first-

principles calculations were carried out using the CASTEP module based on density 

functional theory. The exchange–correlation interaction was treated within the 

generalized gradient approximation (GGA) using the Perdew–Burke–Ernzerhof (PBE) 

functional. The ion–electron interactions were described using ultrasoft 

pseudopotentials. A plane-wave cutoff energy of 400 eV was applied after conducting 

convergence tests. Geometry optimization was performed until the total energy and 

atomic forces were less than 1×10-5 eV/atom and 0.03 eV/Å, respectively. For the slab 

models, a sufficiently large vacuum thickness (>15 Å) was introduced to avoid artificial 

interactions between periodic images. The minimum energy migration pathway and 

corresponding activation energy barriers were calculated using the Linear Synchronous 

Transit/Quadratic Synchronous Transit (LST/QST) method as implemented in 

CASTEP, where the transition states were further refined through iterative energy 



minimization. All Brillouin zone integrations were performed using Monkhorst–Pack 

k-point meshes chosen according to the structural dimensions to ensure reliable total 

energies.

Figure S1 Preparation and characterization of vermiculite nanosheets (a) Digital 

photo of vermiculite particles. (b) VM nanosheet dispersion. (c) XRD images of 

vermiculite particles and vermiculite nanosheet films. (d) AFM images of VM 

nanosheets and (e) corresponding thickness curves. (f) zeta potential image of 

vermiculite nanosheet suspension.

Figure S2 The optical photograph of SVA-MEG.



Figure S3 Schematic diagram of SVA-MEG preparation process.

 
Figure S4. The electrical output performance of SVA-MEG devices without the 

implementation of any sealing strategy

Figure S5 (a) Schematic illustration of the test setup, with the SVA-MEG sealed 
around its perimeter using hot melt adhesive. (b) Resistance measured between two 

electrodes at time points of 0 h, 30 h, 70 h, and 130 h.



Figure S6 Effect of electrode inversion on VOC output.

Figure S7 VOC and ISC curve of PSS/PVA (a) SA/VM aerogel (b) and SVA-MEG (c) 

with time at 90% RH.



Figure S8 The curve of ISC change when adding deionized water.

Figure S9 The ISC current versus time for the SVA-MEG device immersed in DI 
water.

 Figure S10 The ISC output curves of SVA-MEG with C-C/Au-C electrodes



 Figure S11 Comparison of the effect of the position and number of hygroscopic 
layers on the ISC. (a) Schematic diagram of the hygroscopic layer at the top and(b) 

bottom with corresponding current change ISC. 

Figure 12. Output current curves of the device when the top moisture-absorbing layer 
is PDDA and PSS respectively.

Figure S13. I-T curves of SVA-MEG at 80% RH with an external bias 
alternating

between +1 and −1V.



Figure S14 Hygroscopic dynamics of SVA-MEG.

FigureS15 The ISC output curve of the SVA-MEG device measured at 35%RH.

Figure S16 The corresponding interaction schematic (a) PA-H2O and (b)SA-H2O.

Figure S17 VOC and ISC of SVA-MEG w/o PA were measured at 90% RH.



Figure S18 Comparison of the effect of the position and number of hygroscopic 

layers on the ISC. (a) Schematic diagram of the hygroscopic layer at the top and(b) 

bottom with corresponding current change ISC. (c) Schematic diagram of the 

hygroscopic layer at the top and bottom with corresponding ISC curve.



Figure S19 The curves of the VOC (a) and ISC (b) of SVA-MEG with time under RH 

conditions of 15%, 30%, 50%, 70%, and 90%.

Figure S20 The ISC curve at 90% RH after short-circuit connection and vacuum 

treatment.

Figure S21 The ISC curve of SVA-MEG with different contents of SA at 90% RH.



Figure S22 The Cyclic Voltammetry of SVA-MEG at different sweep speeds.

Figure S23 Effect of different size of top electrode on ISC.

Figure S24 The ISC output of directional and non-directional freeze-dried aerogels is 
compared.

Figure S25 Comparison of the electrical output performance of SVA-MEG with 
PSS/PVA, PVA-PA, and PVA-LiCl Hygroscopic Layers.



Figure S26 The VOC of SVA-MEG was tested continuously for one month.

Figure S27 Curve of voltage and current with time under different resistance at 90% 

RH. (a) Current curve. (b) Voltage curve.

Figure S28 (a) The ISC output curves for SVA-MEG devices of different areas. (b) 
The ISC output and power density of SVA-MEG with different device areas.

Figure S29 SVA-MEG charging curves for different capacitors.



Figure S30 The ISC output effect of applying different weights to the top of SVA-

MEG.

Figure S31 Curve of ISC change when pressure is applied and released at the top of the 

device.

Figure S32 SVA-MEG provides intermittent power to energy management devices.

Figure S33 SVA-MEG array with 14 units powering LEDs.



Supplementary table S1

Concentration gradient 
(mM/mm) 1/10 1/50 1/100 1/500 1/1000

VOS (mV) 44 62 74 83 90

Vthero (mV) 53 105 118 166 174

Transference number (t+) 0.872 0.808 0.813 0.760 0.754

Supplementary table S2

VOC ISC Continuous 

work time 

Relative 

Humidity 

(%)

Ref Electrode

1 V 1.79 μA/cm2 4.17 h 90% [11] C

1.1 V 17 nA/cm2 11.7 h 30% [12] C

0.4 V 1.5 μA/cm2 8.3 h 80% [13] Au

1.2 V 50 nA/cm2 258 h 30% [14] C

0.5 V 0.25 μA/cm2 140 h 80% [15] Reassembled 

Graphite

0.4 V 0.12 μA/cm2 8 h 90% [16] ITO

1.1 V 2.6 μA/cm2 13.9 h 90% [17] C/Al

0.4 V 1.75 μA/cm2 3.3 h 95% [18] Ag

1.25 V 2.52μA/cm2 100 h 90% [19] Zn/C

0.34 V 1 μA/cm2 9 h 80% [20] C

0.26 V 2.59μA/cm2 168 h 70% [21] C

0.72 V 10.44 μA/cm2 ＞240 h 90% This 

work

Ag/C
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