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Nature inspired nanoengineering

Nature creates nano-stuctures

Biological systems are an existing
proof of molecular nanotechnology.

The Biology is an ingenious form of
nanotechnology

Cell compartmentalization
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Engineered nanopores

Nanopores- as sensors

Nanopores - in filtration

Fresh water
from the
ocean

Surface charge
Counter-ion

Nanopores — as powergenerators
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Wanunu, M. (2012). Nanopores: A journey towards DNA
- sequencing. Physics of Life Reviews, 9(2), 125-158. ;




Nanopores - materials

Nanopore material — dictates application

Silicon nitride nanopores - gold standard for
solid state nanopores 5-20 nm thick

2D material nanopores: graphene, hexagonal
boron nitride (hBN) and molybdenum disulfide
(M0S,)-0.3-0-7 nm thick

Glass/Quartz nanocapillaries
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Nanopore sensitivity - geometry
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Monolayer MoS,
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MoS, nanopores conductivity

= Linear current voltage characteristics
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Nanopores from CVD grown MoS,
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Electrochemical etching of monolayer MoS,
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Electrochemical etching of monolayer MoS,
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Electrochemical etching of monolayer MoS,
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Using dsDNA and ssDNA translocations
to verify the size of nanopores
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Enabling technology
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Identification of single nucleotides
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Blue energy

salinity gradient

worldwide potential:
2.4-2.6 TW



Technologies Iin use
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Pressure Retarded Osmosis (PRO) RED (reverse electrodialysis)
Water selective membrane Ion selective membrane
Stratkraft SF, Tofte, Norway RedStack, Afsluitdijk, the Netherlands

MegaTon -Japan
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Common membranes

Low efficiency- a few Watts per meter squared of membranes for
sea/river combination

cation exchange membrane anlon exchange membrane
Figura 1-1 Sslective permeability of CEM Figura 1-2 Salactive permeability of AEM

.(Pﬂ. https://en.wikipedia.org/wiki/Osmotic_power 18




Boron Nitride Nanotube based
powergenerators
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Boron Nitride Nanotube
2013 -improved efficiency
g 3 g

Siria, A., et al. & Bocquet, L. (2013) Nature,
B 494(7438), 455-458. -
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Our approach

Boron nitride
nanotube

i d

MoS, membrane with a
single nanopore

Tunable d
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Overview of osmotic power generator

Exploiting osmotic potential from a
salt concentration gradient

Pores drilled using TEM or ECR

Motion of ions

Varied AC

Varied Surface Charge by
adjusting pH

MD- Simulations to confirm results

Siria, A., Bocquet, L. et. al. Nature 2013
Feng et al. Nature 2016
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Osmotic power generation
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Osmotic open circuit voltage v_, (mV)
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Osmotic power generation

Osmotic short circuit current /. (nA)
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Osmotic open circuit voltage v, (mV)
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Osmotic power generation

The role of pH (3-11)

120 oH =3 3.5 pH=3 I
pH=5 pH=25
< 1001 o pH=11 ; //I < 3[ = pH=11 _
E st ~ £ 55 i ~
2 ~ 2 _ -
>~ 60 F -~ = 2 —
= i - 5 - E
.© P o _
*GC—J' 40 - 5 15 -
° 2¢t - o -
a ~ = ! -
S =
b= - - 8 0.5
% 20 OF =
O
40 ¢ 0.5
_60 e | A A M e | A A M et | A A M e | _1 L L L ]
1 10 100 1,000 1 10 100 1,000
Salt concentration gradient C,,,/C i Salt concentration gradient C,,,,/C i

.(Pﬂ. Feng et al. Nature 2016 25




Molecular-dynamics-simulation
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Osmotic power generation

b Singie-iayer MoS nanopore c
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Conclusion

2D material membranes

ideal size of the pore:
10nm
single pore power:

1-10 nW
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