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Supplementary Discussion 

Determination of Voc for the planar osmotic power source (Au/AgNO3/GO/rGO/Au) 

The planar osmotic power source is an open system, and water or oxygen from the environment might 

participate in the redox reactions. Theoretically, the Nernst equation is used to calculate the voltage 

introduced by redox reactions. However, since our device is operating as a solid-state power source, the 

potential could only be estimated with the guide of the Nernst equation as below. 

Ag+ + e– ⇌ Ag              (1)  E0
c
 = 0.80 V 

4OH- - 4e– ⇌ O2 + H2O       (2)  E0
a
 = 0.40 V, pH=14 

Eredox = E0
c - E

0
a
 = 0.4 V  

Eredox of 0.4 V was estimated from the redox reactions above. Due to the large amount of KOH intake 

and unimpeded water permeation, highly concentrated solutions that were close to saturation were 

formed within rGO, maintaining a large ion concentration gradient and enabling ultrafast ion permeation 

of hydrated K+ from rGO to GO driven by the ion gradient. The planar osmotic power source is in a solid-

state form and it is impractical to calculation the concentration, however, the open circuit voltage of 1.2 

V (Supplementary Fig. 2a) from Au/GO/rGO/Au power source came mainly from Ediff by the high K+ 

concentration gradient since there were no redox reactions in it. The VOC of the Au/AgNO3/GO/rGO/Au 

power source is composed of the voltage from ion gradient diffusion (Ediff) and the redox reactions (Eredox) 

at the Au charge collector interface.  

VOC = Ediff + Eredox 

Thus the theoretical VOC could be calculated to be 1.6 V (VOC= 1.2+ 0.4). 

Determination of diffusion potential Ediff from ion gradient 

As the negatively charged GO is cation-selective, it can transport cations (K+) preferentially from the 



high concentration rGO side to the low concentration GO side, generating the diffusion potential (Ediff). 

Ediff originates from the ion selectivity of the GO, which can result in differences in the diffusive fluxes 

of anions and cations. Ediff can be expressed as 

E𝑑𝑖𝑓𝑓 = (𝑡+ − 𝑡−)
𝑅𝑇

𝐹
ln [

𝑎ℎ𝑖𝑔ℎ

𝑎𝑙𝑜𝑤
]                  

where t+ and t- are the transference numbers for cation and anion, respectively. R, T, and F are the 

universal gas constant, absolute temperature, and Faraday constant, respectively. ahigh and alow are the 

activities of K+ in the high concentration and low concentration sides, respectively. In the above equation, 

(t+ - t-) is called ion selectivity. The charge selectivity of GO to K+ is very high (close to 0.99), and the 

Ediff for K+ in the osmotic power sources (both the planar one and the 3D GO aerogel one) follow the 

same equation. 

Calculation of the energy density of the planar osmotic source 

The energy density of the osmotic cell can be calculated by 

E = I∫ 𝑈
𝑡

0

 

where I, U, t are the discharge current, the electric potential and discharge time, respectively.  

The volumetric energy density (Ev) can be expressed as 

𝐸𝑣 =𝐸/𝑆ℎ 

where S, h represent the surface area and thickness of the GO device. From Supplementary Fig.1d, total 

height of the power source is around 10 μm and surface area of the device is 0.6 cm × 0.2 cm. The energy 

from the first discharge was calculated by integration of area of the discharge curves (0.69 μWh ) in 

Supplementary Fig. 3c. The maximum volumetric specific energy density of 6 mWh cm-3 was 

calculated. Maximum power of 3.39 μW can be calculated in Fig. 1e, and similarly the maximum 

volumetric specific power density of 28 mW cm-3 was obtained.` 



Supplementary Table 1 Summary of the properties of GO aerogels with different GO:LAA ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig.1 Characterization of the GO and rGO film. a, Ionic conductivity as a function 

of KCl concentration measured through 2D nanofluidic channels of GO. The conductivity of bulk 

solution is shown as benchmark. b-c, AFM on surface morphology of the GO film (b) and rGO film (c). 

d, Surface profile of the osmotic power source. The height of the charge collector (h1) and the GO/rGO 

coating (h2) is respectively about 5 μm and 5 μm. 



 

Supplementary Fig.2 Electrochemical characteristics of the planar osmotic power source. a, I-V 

characteristics of the osmotic power sources without RTIL (Au/GO/rGO/Au) and with RTIL (Au/GO/ 

RTIL/rGO/Au) at 25℃. b, Cyclic voltammogramme (CV) of the osmotic power sources without RTIL 

(Au/GO/rGO/Au) and with RTIL (Au/GO/ RTIL/rGO/Au) at the scan rate of 0.1 mV/s at 25℃. c, Voltage 

of the osmotic power sources without RTIL (Au/GO/rGO/Au) and with RTIL (Au/GO/RTIL/rGO/Au). 

d, Voltage of the osmotic power sources without RTIL (Au/AgNO3/GO/rGO/Au) and with RTIL 

(Au/AgNO3/GO/RTIL/rGO/Au). e, I-V characteristics of the osmotic power sources with AgNO3 

(Au/AgNO3/GO/RTIL/rGO/Au) and without AgNO3 (Au/GO/RTIL/rGO/Au). f, The structure and 



equivalent circuit of the osmotic power source (Au/AgNO3/GO/rGO/Au). g, Electrochemical impedance 

spectrum (EIS) of the osmotic power sources with RTIL (Au/AgNO3/GO/RTIL/rGO/Au) and without 

RTIL (Au/AgNO3/GO/rGO/Au). h, The first scan in CV at the scan rate of 0.1 mV/s of different osmotic 

power sources: GO connecting both Au charge collectors as benchmark (Au/GO/RTIL/GO/Au), with 

AgNO3 (Au/AgNO3/GO/RTIL/rGO/Au) and without AgNO3 (Au/GO/RTIL/rGO/Au). Inset picture 

shows the full cycle of complete CV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 3 Characterization of planar osmotic power source 

( Au/AgNO3/GO/RTIL/rGO/Au). a-b, The optical image of the AgNO3/GO boundary before（a）and 

after（b）the power source was discharged. c, The energy capacity of the osmotic power source is 0.69 

μWh calculated from the first discharge curve at 0.1 μA. d, The galvanostatic charge-discharge cycle 

performance of the osmotic power source. Inset picture shows its total weight of 30 mg. e, The output 

power density and current as the functions of load resistances and the output power density reaches a 

peak value of 23 mW cm-3 at the load resistance of ~100 kΩ. 



 

Supplementary Fig. 4 Characteristics of GO and GO+KOH aerogel. a, SEM images of GO aerogels 

with different GO:LAA ratio. b, SEM images of the GO+KOH aerogel with different KOH concentration. 

c, The relationship of the Voc of the power sources and the K+ content in GO+KOH aerogels with 

increasing KOH concentration. d, CV of the power source with RTIL and the moisture-enabled power 

source without RTIL at 25 °C and RH of 70% at the scan rate of 0.1 mV s-1. e, I-V characteristics of the 

power sources with different RTILs. 

 

 

 

 

 

 



 

Supplementary Fig. 5 Electrochemical characteristics of GO aerogel osmotic power source. a, CV 

of the power source at the scan rate of 0.1 mV s-1. b, The galvanostatic charge discharge tests of the 

power source at 0.1 mA. c, CV of the power source with different charge collectors (silver, carbon, gold, 

copper) at the scan rate of 0.1 mV s-1 at 25 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 6 Characterization of the self-healing iongel a, Photo of the self-healing 

demonstration of an ionogel at room temperature. b-c, The complex plane plot of the ionogels with 

different RTIL content at 25 °C. d, The glass transition temperature of the pure PVDF-HFP and the 

ionogel with 70 wt.% RTIL measured by DSC test. e, Temperature dependence of the ionic conductivity 

of the ionogel with 70 wt.% RTIL. f, Temperature dependence of the ionic conductivity of the ionogel 

with 70 wt.% RTIL. 

 

 

 



 

Supplementary Fig. 7 The output performance of the moisture-enabled GO aerogel-based power 

source without RTIL electrolyte under RH of 70% at different temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 8 Demonstration of applications of GO aerogel osmotic power source with 

RTIL. a, The schematic of the foldable power source design with 20 cells in series connection on both 

sides of the substrate. b, The electrochromic device powered by a foldable power source. c, The liquid 

crystal display (LCD) screen powered by a foldable power source via the circuit based NE555 chip 

transfering DC to pulse current. The working voltage of the circuit is 5~12V. 

 

 

 

 

 



Supplementary Video 1 

The energy generated from TENG could power a 1.5 V LED. 

Supplementary Video 2 

The Origami inspired foldable osmotic power source from pure ion gradient can power the 

electrochromic device. 


