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Reverse electrodialysis: harvesting blue energy (Gibbs Free energy)
RED cell
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Based on ion selective membranes (IEM): Maximal power:
* High ionic selectivity = High Eg;¢¢ (~ tens of mV)
* Low membrane ionic resistance (R.;;) =2 High I .

Edi .
e Poax= Mi ~ afew W/m? (literature or
cell

commercial IEM)

( )
Direct integration of RED for small, low consumption power system ?

(e.g., sensors, MEMS, loT nodes, ...)
=>» Requires effective integrable membrane




Porous silicon as ion exchange membrane

Load
Polymer based membrane Inorganic Based membrane

. Cl (Porous silicon)
. Na ) .
. q Very selective Generally less selective
' Well known Recent study
1 Ton exchange
]
] , membrane Adaptable Topology controlable
Oxidation ' reduction
Chemical degradation Less chemical degradation
Less stable in time More stable in time

Easily integrable with CMOS

! }

a few W/m? Tens of W/m? shown
on full membrane BUT not on macroscopic membranes
(single nanopore study)

Motivation : full membrane in Si

PSi membrane - side view



Selectivity through EDL overlap and Debye length

Electrical double layer (EDL) Electrical double layer overlap
Stern layer  Diftuse layer Bulk concentration
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C; =1mM mmmmp )\, ~ 10 nm } Good selectivity with nanopores

C=01MM p )\p ~30nM - Low resistivity p++ substrates
chosen for these pore size




Numerical study of selective properties of single nanopore

Numerical results for [LC]=0.1mM KCI, [HC]=1mM KCI

& —20nm pore size
7 —60nm pore size
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, , Trade-off between selectivity
® Smaller pore radius—=> higher Eg;¢: >Eqiff,2 and resistance !

® Larger pore radius—> lower resistance Rggji: Reeno < Max power for which one ?



Numerical study for the power output: pore radius dependance
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Considerations for Full scale membrane

1) Pore size=fct(porosity) 2) Branching 3) Pore shape variation
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Choosing the optimal pore size: porosity consideration

1) Porosity
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eOn a full scale membrane, using
7.5[nm] instead of 11[nm]
improves the max power by more

than 50%



Choosing the optimal pore size: branching and pore shape

e . L
) Branching 3) Pore shape variation

‘ Fixed ion layer EDL ® Cations © Anions

E - LR

R2 < R1 Req < (Rli Rz)

Impact on power ? Depends
on porosity chosen Side effects: asymmetry of selectivity



Experimental observations of PSi membrane

Experimental results

1.5
—100mA /cm?
—50mA /cm?
3mA /cm?

-1 —
<
=
E

)
5
S
0.5
1 | O
-40 -30 -20 -10 0

VoltagemV]|

The numerical analysis suggests there is still room for
improvement.

Parameter:

Membrane thickness: ~97um
Membrane area: 0.13cm?

lonic solutions: o[KCI] ~ 170uS/cm
vs. g [KCI] ~ 1770 pS/cm

Results:

Power:
® 100mA/cm?: 0.65mW/m?
® 50mA/cm?: 0.92mW/m?

® 3mA/cm?; "W/
TR T L WAt Y e
1

o
2]

—Single pore
—Full scale membrane

100nm

o
=]

o
IS
T

Normalized Max Power|[-|

o
N
T

(=]

10 15 20 25 30
Radius pore[nm]|

o
o

10



Further improvement for PSi membranes

Platinum counter electrode

A IH 4+2e —= H;

L Thin layer of small pore g +| ";F Elemflwel —

H —_— 3 RV [ Hicon wWorking leciroge
rqgwmgéleCtIVIty % ]1 SFL?;;I?; S1+46F +2H' +2h" — SiF‘h:'+H:

pore radius =
ThRREFaaER RFE, < Control of the pore size
IBASErSSiRetMEYUS S |yl along the thickness
— =Low resistance with the applied

current density

Time




Finding the best ratio using the numerical model
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- Numerically, adding a thin layer can double the maximal
power output. However, this model neglects the pore
size/porosity relation
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Experimental observations

1.5

—50mA /cm?
——3mA /cm?
M1:3mA /em?-50mA /cm?

Current[pA]
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- Experimentally, no improvement of the maximal power

This might be explained by the lateral etching of the thin
porous layer when porosifying the thicker more porous
layer, the porosity variation

Parameter:

Membrane thickness: ~97um
Membrane area: 0.13cm?

lonic solutions: o[KCI] ~ 170uS/cm
vs. o [KCI] ~ 1770 pS/cm

M1:

M2: L,=17.6pum->18%

Results:

Power:

® 50mA/cm?: 0.92mW/m?
® 3mA/cm?: 0.94mW/m?
* M1:

® M2:0.84mW/m?




Conclusion

* PSi membrane as ion exchange membranes (IEM) has

been demonstrated

* The versality of PSi properties allows for improvement

for the net power output for reverse electrodialysis

system

* Numerical modelling of the pore can be used to

improve the membrane output power by considering

the structural properties of Psi
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Future work

e Further study for the addition of a small selective layer required

* Improvement the model for a full scale membrane

* Articfact such a lateral ecthing and branching must be better modelled

* Improvement of the fabrication process required

 Compensation of the lateral etching and other side effect
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Numerical study of selective properties of single nanopore

Numerical domain: 2D
axysymmetric half pore

Schematic of the model Electrical equivalent
circuit of the models
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Numerical comparison ‘step’ pores vs. conical pores

Numerical results

—STEP 20nm-60nm pore size
—20nm pore size

5- 60nm pore size
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® 1 step with 20% 20 nm and 80% 60
nm pore size

1 cylindrical 20 nm

1 cylindrical 60 nm

Same length: 600 nm

lonic solution: : [KCI] =0.1 mM vs
[KCI] =1 mM

Eqifr 'step’ intermediate between Eg;¢r 20nm and
Ediff 50nm
® Similar conclusion for resistance ‘step’



Asymmetric selective property

Benefits of varying pore size
membrane:

» Similar selectivity as pores with small pore
radius
» BUT lower resistance than with small pore

radius

Side effects: asymmetry of selectivity

Fixed ion layer EDL ® Cations © Anions

Ideal selectivity situation

—> Can be used to control if the pores are cylindrical of with varying

pore size along the thickness .



What about the power comparison ?

Experimental results

| | | |
—-STEP:10mA /cm? t=20um, 50mA /cm? t=50um
014 - —10mA /em?, t=25um i

50mA /cm?, t=35um
0.12

0.16

< 0.1-
=
£0.08
Max power: “é
2 0.06 -
p - Edir N
max — 0.04
Rcell
0.02-
0 | | |
40 35 30 25 20 15 -10 -5 0 |———
Voltage[mV]
Experimental results:
® Maximal power :
® 60nm: P, = 0.29 n\W Improved resistance from ‘STEP’ does not
® STEP: Bpax = 0.792 nW compensate the loss in Eg;¢¢ here.
[ J . —
20 nm: Pngye = 0.93 nW —) | BUT, based on the thickness, we can

® Maximal power density (3.14 mm?2 membrane)

* 60nm:P — 0.0922 MW/m? extrapolate improved perfomances for the
fmax,d — Y-

STEP membrane

® STEP: Ppaxq = 0.252 mW/m?
® 20 nm: Pyaxq= 0.297 mW/m?



Back side membrane not uniformly released

Few issues... — - ‘

* Membrane released issue with DRIE:

* non uniform release of the membrane back side with DRIE:
surface area underestimated

* Membrane substrate support etched: mechanical issues
* Porous layer (oxydized) slighly affected by the plasma during the

release
Top view Psi 50mA/cmA2 Top view and side Psi 50mA/cm”2 after 3 cycles DRIE
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e Porosification:

e Branching of pores not taken into account in the simulations

* Closed pores
21



Numerical comparison ‘step’ pores vs. conical pores

Numerical results

—STEP 20nm-60nm pore size
—20nm pore size

5- 60nm pore size
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® 1 step with 20% 20 nm and 80% 60
nm pore size

1 cylindrical 20 nm

1 cylindrical 60 nm

Same length: 600 nm

lonic solution: : [KCI] =0.1 mM vs
[KCI] =1 mM

Eqifr 'step’ intermediate between Eg;¢r 20nm and
Ediff 50nm
® Similar conclusion for resistance ‘step’



(a) Electrolyte (b)

Direction of
etching
®
® ®
5660066600
Current
| Formation of porous silicon | | Electropolishing | d‘iﬁl*y

Increase of Porosity  Etching rate  Critical current
HF concentration Decreases Decreases Increases
Current density Increases Increases -
Anodization time Increases  Almost constant -
Temperature - - Increases
Wafer doping (p-type) | Decreases Increases Increases
Wafer doping (n-type) | Increases Increases -

Current density [mAfcm?]

Foraus 5i

formatlon Electropalishing

Transition

Jpg

Potential [V
O O o
OO O
-
o % O
= e ——
Transitional |\--_-f'l
layer
PSi bulk
5i substrate

e Substrate: Si p++ boron, 0.8-0.9m (.cm
* Current density range: 100mA/cm”2-> 20mA/cmA2

23



Additional support : process

Photo-
litography
LPCVD
Thermal
oxidation Polysi Etching

(1) (2)

(3) Photo- l Aluminium

evaporation
Electro-
DRIE LowT chemical
oxidation etching
(7) (6) (5)

litograph
e (4) and lift-off

B P+ silicon wafer (380 um) Al (500 nm)
M sio, (90 nm) B Porous silicon (PSi) (100 um)
W Polysi (500 nm) Il Oxidized PSi (Si0,) (100 um)
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* PSi-clamped vs free membranes

Photo-
LPCVD litography
Thermal
mcldatlon Polysi Etching
(2) (3)

Photo-
litography
4)
| -
HEEENE- EENEN- Syonic
‘—

. Oxidation Lift-off wching
Electropolishing

; Pt electr;de ; ;

* Simpler process
* No DRIE required

Distance / pm

200 nm EHT= 2.00kV Signal A= inLens Dare :23 Jun 2022
WD= 5.1mm Mag= 1861KX 5:46:13




DRIE

polymer

mask mask mask mask
> —
substrate substrate
passivation etching
Etching | Passivation
Duration 13s 6s
SFy flow 120sscm Isscm
C,Fs flow Isscm 150 sscm
RF power 30W 10W
ICP power = ==
Temperature | -10°C -10°C
Pressure 20mTorr | 20mTorr

EHT 3 00 kV
WD = 10.5 mm

Signal A= InLens
Mag= 1892KX

Date :30 May 2023
Time :19:18:09
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Rectification Diffusion coefficient

* Nernst potential : 1 ion

_ RT,  vgChy
Ere or ~— Zn’ 1 Zt
e = pn(EC) (12,
* Nernst modified : 2 ions
RT C Doy — Dpyi
Eroton = —=In(HZHY (7 0p 4 O ZNat
zF "}’LCL DCII +DNa}

e Constant field equation : As many ions but need of permselectivity

RT (Z’-"’ Pyg+ M Jouws + 7" Pa- [4; Jn )

R T § 5 N VR S R
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Concentration of anion in mol/m?3
Blue = flow mainly due to cation = selectivity

V_right(2)=-0.067 ¥ Surface: Concentration (malim®) V_righti2)=-0.067 Vv Surface: Concentration (malim®)
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Choice of parameter in single layer

e The minimal current density is set to 20 mA/em? to ensure the proper
thickness of the PSi. This density corresponds to a diameter of 15 nm which
is sufficient to obtain the EDL overlap as the Debye length is around 10-20
nm.

« The maximal current density is set to 100 mA/em? to avoid detachment
problems and electropolishing. This density corresponds to a diameter of 40
nm.

e The number of cycles depends directly on the script used as explained pre-
viously.

e The thickness is set to 50 um. As explained in section 4.1.3, the electrical
resistance of the channel is proportional to its length. Additionally, detach-
ment and cracks were more frequently observed for longer pores.
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> Introduction > Porous silicon IEM Objectives

>> Numerical results >> Experimental results >> Conclusion

>

Top view SEM image of PSi

Cross sectional view SEM image of PSi
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>> Porous silicon IEM >> Objectives

> Introduction

Simulation model

* Domain: 2D half pore
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> Numerical results Experimental results >> Conclusion
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URED/NRED with nano-structured material

Power density (W/mA2
ELLN Track-etched conical nanopore  20-2600 [10] 2010
1000 Track-etched conical nanopore  8.3-14.3 [6] 2011

1000 Nanochannels formed by 2.82 [22] 2013
packed nanoparticles Single of limited number
1000 Nanochannels formed by 0.02 [23] 2015 —

nacked nanonarticles Of nanOpore 9 IOW net energy
Silica nanochannels 7.7 [5] 2010

Hybrid membrane of coating 0.35 [47] 2015
BCP on PET substrate with
conical nanochannels

Nanochannels in graphene 0.77 [48] 2016
oxide

Polyelectrolyte coated anodic 0.017
aluminium oxide

Membrane with large
Silica coated Anodic alumina [25] 2013

10 .
G - density of nanopores

Silica coated on alumina [26] 2016 - higher net energy

Surface material silica often used

[24] 2016

‘ Need for porous membranes for realistic energy supply

Thesis Confirmation
32
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