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Supporting Figures and Tables:

Figure S1. Schematic illustration of the two-step anodization procedure we employed for the 
fabrication of alumina nanochannel membrane (AAO) with highly ordered straight channels.

Figure S2. SEM images of the top and cross-section of pure AAO membrane.
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Figure S3. Principle of Ti3C2Tx nanosheet preparation.

Figure S4. SEM image of Ti3AlC2.

Figure S5. (A) Photograph of Ti3C2Tx dispersion. (B) TEM image of Ti3C2Tx
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Figure S6. The XPS spectra of Ti3C2Tx.

Figure S7. Schematic illustration for the interaction of interface between MXene and AAO.

Figure S8. Zeta potential of the MXene under different pH values.



8

Figure S9. Zeta potential of the Nafion under different pH values.

 
Figure S10. Contact angle of (A) AAO; (B) MXene side; (C) Nafion side.

Figure S11. Schematic illustration of the experimental setup for electrochemical 
measurements.
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Figure S12. The camera photo of the practical testing device.

Figure S13. (A) I-V curves of the MXene/AAO membrane in various concentrations of KCl 
solutions. (B) The conductance in various concentration of KCl solutions (ranging from 1×10-

6 to 2 M).
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Figure S14. (A) I-V curves of the Nafion/AAO membrane in various concentrations of KCl 
solutions. (B) The conductance in various concentration of KCl solutions (ranging from 1×10-

6 to 2 M).

Figure S15. Schematic diagram illustrating the ion selectivity of nanofluidic membrane 
investigated through electrochemical technique.
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Figure S16. I-V curves of the MXene/AAO membrane in two different salt concentrations. The 
green curve represents the current contributed by K+ and the gray curve represents the current 
contributed by Cl-

Figure S17. I-V curves of the Nafion/AAO membrane in two different salt concentrations. The 
blue curve represents the current contributed by K+ and the orange curve represents the current 
contributed by Cl-.
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Figure S18. Equivalent circuit diagram demonstrated of the osmotic energy output system. 

The energy conversion property of the MXene/AAO/Nafion membrane was estimated by 
collecting I-V curves under different transmembrane concentration gradients. The voltage was 
scanned from -0.4 V to 0.4 V with a step of 0.04 V/S. The short-circuit current (ISC) and open-
circuit potential (VOC) can be directly read from the intercepts of the characteristic I-V curves 
on the current and voltage axes, respectively. The measured VOC includes two parts: the Redox 
potential (Eredox) and the diffusion potential (Ediff). Eredox is generated by unequal potential drop 
at the electrode-electrolyte interface, and Ediff is contributed by the concentration gradient 
induced charge separation across the membrane. 
Ediff can be calculated from Equation S1

Equation S1                                                         𝐸𝑑𝑖𝑓𝑓 = 𝑉𝑜𝑐 ‒ 𝐸𝑟𝑒𝑑𝑜𝑥                                                    

The calibration of Eredox was performed using the same electrochemical half-cell as those in the 
energy conversion experiment, but a non-selective AAO membrane was used.

The transference number t+ is calculated from Equation S2:

 Equation S2

                                                        𝑡 + =
1
2( 𝐸𝑑𝑖𝑓𝑓

𝑅𝑇
𝑧𝐹

𝑙𝑛
𝛾𝐶𝐻

𝐶𝐻

𝛾𝐶𝐿
𝐶𝐿

+ 1)                                             

R, T, z, F, and c represent separately the gas constant, temperature, charge number, Faraday 
constant, and mean activity coefficient, respectively.1
The energy conversion efficiency (ƞ) can be calculated from Equation S3:2

Equation S3
                                                              𝜂𝑚𝑎𝑥 =

(2𝑡 + ‒ 1)2

2
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Figure S19. I-V curves of the MXene/AAO/Nafion membrane under a series of KCl 
concentration gradients.

Figure S20. (A) ISC and Ediff of the MXene/AAO membrane at a range of KCl salinity gradients. 
MXene side contacts with 1 mM KCl and AAO side of the KCl concentration was gradually 
increased from 1 mM to 1 M. (B) ISC and Ediff of the Nafion/AAO membrane at a range of KCl 
salinity gradients. Nafion side contacts with 1 mM KCl and AAO side of the KCl concentration 
was gradually increased from 1 mM to 1 M.
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Figure S21. Current density and power density of different membranes at 0.01/0.5 M NaCl 
concentration gradient.

Figure S22. (A) Current density and (B) Power density of MXene/AAO/Nafion, 
MXene/AAO/MXene and Nafion/AAO/Nafion membranes.
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Figure S23. SEM images of the cross-section (A-D) of MXene/AAO with different thickness. 
In figure A-D, 4ml,6ml,8ml,10ml MXene dispersions were used, respectively.

Figure S24. (A) Current density and (B) Power density of the MXene/AAO with different 
thickness under a 50-fold NaCl gradient.



16

Figure S25. SEM images of the cross-section (A-D) of Nafion/AAO with different thickness. 
In figure A-D, spin coating 1, 2, 3, and 4 times, respectively.

Figure S26. (A) Current density and (B) Power density of the MXene/AAO/Nafion different 
thickness of Nafion layer under a 50-fold NaCl gradient.
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Figure S27. Photocurrent through the MXene/AAO membrane under light irradiation (0.01 M 
KCl).

Figure S28. Infrared camera photos and the corresponding temperature change of the 
MXene/AAO/Nafion membrane irradiated with light on and off at different times (light 
intensity: 200 mW cm-2).
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Figure S29. Infrared camera photos and the corresponding temperature change of the 
MXene/AAO membrane irradiated with light on and off at different times (light intensity: 200 
mW cm-2).

Figure S30. Infrared camera photos and the corresponding temperature change of the 
Nafion/AAO membrane irradiated with light on and off at different times (light intensity: 200 
mW cm-2).
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Figure S31. (A) UV-vis spectra of the Ti3C2Tx MXene dispersions. (B) UV-vis diffuse 
reflection spectra of the Ti3C2Tx MXene dispersions.

Figure S32. Infrared camera images showing temperature variations of the 
MXene/AAO/Nafion membrane in aqueous solution. (A) Without light irradiation, (B) After 5 
minutes of light irradiation. 
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Figure S33. The I-T curve of (A) AAO, (B) Nafion/AAO, (C) MXene/AAO,(D) 
MXene/AAO/Nafion in the irradiation “On-Off” experiment (0.01 M KCl, 0.1V).
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Figure S34. The I-T curve of the MXene/AAO/Nafion under different light intensity. (A) 50 
mW cm-2; (B) 100 mW cm-2; (C) 150 mW cm-2; (D) 200 mW cm-2. (0.01 M KCl 0.1V)
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Figure S35. Illustration of ion concentration polarization phenomenon (ICP) at the surface of 
a permselective membrane and the proposed strategy for alleviating ICP by a temperature 
gradient to enhance the thermophoretic mobility of ions. (A) Ion transport through a 
permselective membrane, which is accompanied by the occurrence of ICP. (B) Ion transport 
through a permselective membrane with alleviated ICP by increasing the hydrodynamic 
convection effects.

Figure S36. (A) The low-concentration side was illuminated. (B) Corresponding light-
controlled osmotic current. (C) Corresponding current density and power density with and 
without light irradiation at 0.01/0.5 M NaCl concentration gradient.
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Figure S37. (A) The high-concentration side was illuminated. (B) Corresponding light-
controlled osmotic current. (C) Corresponding current density and power density with and 
without light irradiation at 0.01/0.5 M NaCl concentration gradient.

Figure S38. Current density and power density from equilibrium electrolyte solutions system 
(0.01 M KCl).
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Figure S39. Current density under a series of NaCl salinity gradient.

Figure S40. Evaluation of osmotic energy capture performance of pure AAO  membrane at 
0.01/0.5 M NaCl concentration gradient. (A) Schematic diagram of osmotic energy harvesting 
of pure AAO membrane. (B) I-V curves of the pure AAO membrane with and without light 
irradiation. (C) Current density and power density of the pure AAO membrane with and without 
light irradiation.
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Figure S41. Evaluation of osmotic energy capture performance of the Nafion/AAO membrane 
at 0.01/0.5 M NaCl concentration gradient. (A) Schematic diagram of osmotic energy 
harvesting of Nafion/AAO membrane. (B) I-V curves of the Nafion/AAO membrane with and 
without light irradiation. (C) Current density and power density of the Nafion/AAO membrane 
with and without light irradiation.

Figure S42. Evaluation of osmotic energy capture performance of the MXene/AAO membrane 
at 0.01/0.5 M NaCl concentration gradient. (A) Schematic diagram of osmotic energy 
harvesting of MXene/AAO membrane. (B) I-V curves of the MXene/AAO membrane with and 
without light irradiation. (C) Current density and power density of the Nafion/AAO membrane 
with and without light irradiation.
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Figure S43. Power density of three different membranes with and without light irradiation.

Figure S44. (A) Current density and (B) power density of the MXene/AAO/Nafion membrane 
under a series of KCl concentration gradients. (C) Current density and (D) power density of the 
MXene/AAO/Nafion membrane with light irradiation under a series of KCl concentration 
gradients.
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Figure S45. (A) Current density and (B) power density of the MXene/AAO/Nafion membrane 
under different light irradiation. Concentration gradient is 0.01/0.5 M NaCl.

Figure S46. (A) Current density and (B) power density of the MXene/AAO/Nafion membrane 
under different working area at 50-fold NaCl salinity gradient. (C) Current density and (D) 
power density of the MXene/AAO/Nafion membrane under different working area with light 
irradiation at 50-fold NaCl salinity gradient.
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Figure S47. (A)Current density and (B)power density of the Nafion/AAO membrane under 
different working area at 50-fold NaCl salinity gradient.

Figure S48. (A) Current density and (B)power density of the Nafion/AAO/Nafion membrane 
under different working area at 50-fold NaCl salinity gradient.

Figure S49. The output power of different membranes under different working area at 50-fold 
NaCl salinity gradient.
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Figure S50. The output power of (A) Nafion/AAO/Nafion, (B) MXene/AAO/Nafion under 
irradiation and (C) Nafion/AAO under different working area. (Percentage decrease in power 
output with increasing test area)

Figure S51. (A) Current density and (B) power density of the MXene/AAO/Nafion membrane 
in different pH values. (C) Current density and (D) power density of the MXene/AAO/Nafion 
membrane in different pH values with light irradiation. Concentration gradient is 50-fold NaCl.
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Figure S52. (A) Current density and (B) power density of the MXene/AAO/Nafion membrane 
under different electrolyte at 50-fold salinity gradient. (C) Current density and (D) power 
density of the MXene/AAO/Nafion membrane with light irradiation under different electrolyte 
at 50-fold salinity gradient.

Figure S53. Short-circuit current of the MXene/AAO/Nafion membrane continuously 
measured for 3600 s. Concentration gradient is 50-fold NaCl.
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Figure S54. Stability of the MXene/AAO/Nafion membrane under 50-fold NaCl concentration 
gradient.

Figure S55. MXene/AAO/Nafion membrane maintain complete structure after immersing in 
river water for at least 14 days.

Figure S56. The testing stability of the MXene/AAO/Nafion membrane under real river 
water/seawater condition.
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Figure S57. Stability of the MXene/AAO/Nafion membrane. (A-H) Osmotic energy harvesting 
performance at 1; 3; 5; 7; 9; 11; 13; 14 days under real river water/seawater condition.

Figure S58. SEM characterization of the MXene/AAO/Nafion membrane after 14-day real 
river water/seawater testing and water cleaning. (A) Cross-sectional image of MXene layer. (B) 
Cross-sectional image of Nafion layer.
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Figure S59.  Schematic illustration of tandem cell stacks for voltage amplification.

Figure S60. 10 units of the MXene/AAO/Nafion membrane-based power generators can 
power a timepiece.
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Table S1. Corresponding Voc, Eredox, and Ediff of the MXene/AAO/Nafion membrane under 
different KCl concentration gradients.

cmax/cmin ISC,μA VOC, mV Eredox, mV Ediff, mV

1 mM/1 mM Set to 0

10 mM/1 mM 1.92 111.1 56 55.1

100 mM/1 mM 6.13 217 107.7 109.3

500 mM/1 mM 9.65 276.5 139.3 137.2

1 M/1 mM 11.99 303.7 153.5 150.2

Table S2. The dependence of Debye screening length on the concentrations of KCl solution.

Electrolyte concentration (mM) 1000 500 100 10 1

Debye length (nm)[a] 0.3 0.42 0.96 3.03 9.59
[a]The Debye length is defined as

𝜆𝐷 =
𝜀𝑟𝜀0𝜅𝐵𝑇

2𝑁𝐴𝐼'𝑒2

where 𝜀𝑟 and 𝜀0 are the vacuum and relative permittivity, respectively, 𝑘𝐵 is the Boltzmann 
constant, 𝑇 is the absolute temperature, 𝑒 is the elementary charge, 𝑁𝐴 is the Avogadro number, 
and 𝐼' is the ionic strength of the solution.

Table S3. The corresponding values of Voc, Eredox, and Ediff under 50-fold NaCl concentration 
gradient.

Membranes VOC, mV Ediff, mV t+ η (%)

MXene/AAO 120 48 0.76 13.5

Nafion/AAO 117 45 0.74 11.5

MXene/AAO/Nafion 154 82 0.95 40.5
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Table S4. Comparison of the value of t+ under 50-fold NaCl concentration gradient.

Membrane t+ Test Condition References

MCS/AAO 0.73 CH/CL=50 3
PPSU-Py 0.77 CH/CL=50 4

MXene/PS-b-P2VP 0.78 CH/CL=50 5
SNF/AAO 0.79 CH/CL=50 6
Mxene/BN 0.82 CH/CL=50 7
ZGDHM 0.85 CH/CL=50 8

MoS2 0.87 CH/CL=50 9
MC/AAO/MS 0.91 CH/CL=50 10
MXene/ZIF-8 0.91 CH/CL=50 11

BHMXM 0.94 CH/CL=50 12
MXene/AAO/Nafion 0.95 CH/CL=50 This work
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Table S5. Comparison of the various nanofluidic devices performance for the salinity gradient 
energy conversion.

Membrane Power density 
(W/m2) Test Condition References

SNF/AAO 2.67 CH/CL=500 6
UiO-66-NH2@ANM 7.12 CH/CL=500 13

BDA/TAM 7.33 CH/CL=500 14
MXene/PS-b-P2VP 12.4 CH/CL=500 5

KANF 15 CH/CL=500 15
MoS2 15.6 CH/CL=500 9

BHMXM 17.8 CH/CL=500 12
GOM 18.8 CH/CL=500 16
CS/SA 19.41 CH/CL=500 17
SPEEK 20.2 CH/CL=500 18

EGO 20.3 CH/CL=500 19
BCP-SA 22.4 CH/CL=500 20

ICM 23.57 CH/CL=500 21
Cu-TCPP 25.54 CH/CL=500 22

COF@ANM 27.8 CH/CL=500 23
SPPO/PANI 28.2 CH/CL=500 24

p-BCPs 30.8 CH/CL=500 25
PAMPS@ANM 48.2 CH/CL=500 26

MXCT 49.0 CH/CL=500 27

MXene/AAO/Nafion
 (without light irradiation) 47.9 CH/CL=500 This work

MXene/AAO/Nafion
 (with light irradiation) 65.6 CH/CL=500 This work
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Table S6. Comparison of the voltage of 10-units with previously reported devices at a salinity 
gradient of 50-fold NaCl.

Membrane Voltage References

SPPO/PANI 0.8 24

R-RC/P-CNTS 1.03 28

PNIPAM-g-sCC 1 29

Layered Membrane 1.1 30

GO/ANF 1.14 31

V-NbP 1.15 32

KANF 1.2 15

Cu-TCPP 1.25 22

NMIM 1.26 33

ABN 1.32 34

2D-HM 1.36 35

Mxene/AAO/Nafion 1.47 This work
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