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Energy Conversion – Benefit of Nanostructures
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How can we leverage nanoscale structures to improve device performance or realize new energy conversion devices?

 Thermoelectric devices

 Control of radiative heat transfer 

 Light-energy conversion devices

 Electrokinetic devices (Week 13/14)



Liquids and their Transport Properties
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LiquidsDilute gases Solids

If the average potential energy between two particles is 𝜙𝜙(𝑟𝑟), then the total 
potential energy of an 𝑁𝑁 particle system is:

𝒈𝒈(𝒓𝒓) is called radial distribution function

𝑛𝑛 = 𝑁𝑁/𝑉𝑉 particle number density



Interfacial Interactions 3 – Electric Double Layer (EDL) Potential
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Surfaces immersed in liquids are usually charged because of ionization or dissociation of surface groups or adsorption of ions from the solutions onto a previously 
uncharged surface. The charges accumulated at the surface are balanced by an equal but oppositely charged region of counter-ions. Some of these counterions are 
also bounded to the surface (Stern or Helmholtz layer)  while the majority of them form a diffuse electric double layer. An electrostatic potential 𝜓𝜓𝑠𝑠 develops at the 
solid-liquid interface. 

Poisson-Boltzmann 
Equation

In the limit (Debye-Huckel theory) 

In  a planar geometry the boundary conditions require:

No net charge far away from the surface

Debye-length

We will later discuss how EDL affects transport of ions in nanochannels 



From Hydro-electric to Hydro-voltaic
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Hydro-electric: 
kinetic energy of water

solid

liquid

Hydro-voltaic: 
Solid/liquid interaction

Leveraging water energy conversion at different scales



In This Lecture…
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• Hydrovoltaic Devices

• Streaming, drawing and waving potentials 

• Evaporation-driven devices

• Gradient potential

• Moisture induced potential

• Osmotic Potential : Blue energy Devices and desalination membranes (flow in nanostructures)

• Ion pumps

• Outlook



Streaming, Drawing and Waving Potentials
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Single interface (Solid/liquid) Three-phase interface (Solid/liquid/gas)
Moving boundary

https://www.nature.com/articles/s41565-018-0228-6



Streaming, Drawing and Waving Potentials
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0.6 M NaCl

https://www.nature.com/articles/nnano.2014.56

0.04 nm

Hydrated ion

Power density of 𝟒𝟒𝟒𝟒 𝝁𝝁𝝁𝝁/𝒎𝒎𝟐𝟐



Streaming, Drawing and Waving Potentials
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Bi-functional solar-cell
http://dx.doi.org/10.1002/anie.201602114

https://pubs.acs.org/doi/10.1021/jacs.8b07778

Charged supports can enhance power densities up to 𝟑𝟑𝟑𝟑𝟑𝟑/𝒎𝒎𝟐𝟐
https://www.sciencedirect.com/science/article/pii/S2211285519310845?via%3Dihub



Streaming, Drawing and Waving Potentials

10https://www.nature.com/articles/s41586-020-1985-6 https://www.nature.com/articles/s41563-019-0440-2






Streaming, Drawing and Waving Potentials

11https://www.nature.com/articles/s41586-020-1985-6 https://www.nature.com/articles/s41563-019-0440-2

Power densities up to 50 𝑾𝑾/𝒎𝒎𝟐𝟐

(for few microseconds)



Streaming, Drawing and Waving Potentials

12https://www.nature.com/articles/ncomms4582



Streaming, Drawing and Waving Potentials

13https://www.nature.com/articles/ncomms4582
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Evaporation Driven Devices

15https://www.nature.com/articles/nnano.2016.300

Hydrophilic carbon-black sustains constant voltage generation under evaporation



Evaporation Driven Devices

16https://onlinelibrary.wiley.com/doi/10.1002/anie.202002762



Evaporation Driven Devices
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Evaporation Driven Devices

18https://www.nature.com/articles/ncomms8346#Sec17






Evaporation Driven Devices
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Mean wind and photovoltaic power 
densities for installations in the US !!
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Moisture-induced Potential 

21https://pubs.acs.org/doi/full/10.1021/acsmaterialslett.0c00474



Moisture-induced Potential 

22https://pubs.acs.org/doi/full/10.1021/acsmaterialslett.0c00474



Moisture-induced Potential 

23https://pubs.rsc.org/en/content/articlelanding/2018/EE/C8EE01502C#!divAbstract
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Osmotic Potential

25https://www.nature.com/articles/nature11876

Flow slip can significantly affect the transport of ions and water along the nanochannel



Osmotic Potential

26https://www.nature.com/articles/nature18593



Osmotic Potential – Blue Energy 
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Osmotic Potential - Desalination

28https://advances.sciencemag.org/content/6/38/eaba9966/tab-article-info
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Ion Pumps
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Ionic-based light-energy storage devices



Ion Pumps

31https://www.nature.com/articles/s41467-018-08029-5



Ion Pumps

32https://www.nature.com/articles/s41467-019-09178-x
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Outlook – Solid-Water Interactions
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https://www.nature.com/articles/s41427-020-0203-1



Outlook – Energy Conversion Potential
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Outlook - Large-scale Utilities
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Hydro-electric Photovoltaic

Getting the most energy out of water and making best use of water surfaces!

Hydrovoltaic

Lac de Toules



Outlook - Large-scale Utilities
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Getting the most energy out of water and making best use of water surfaces!

https://www.nature.com/articles/s41570-017-0091



Outlook - Portable devices
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Combining solar purification/desalination with electricity production!

https://pubs.rsc.org/en/content/articlelanding/2017/EE/C7EE01804E#!divAbstract https://pubs.rsc.org/en/content/articlelanding/2021/ee/d0ee02730h#!divAbstract
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