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> Intrusion-extrusion for energy applications
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Non-wetting liquid (for example, water)

Lyophobic (hydrophobic)
porous material

Non — wetting: 8 > 90°
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> Intrusion-extrusion for energy applications

mechanical porous pore
device grain inlet
1‘m l:xm l'nm i
Wintrusion = Pintrusion * 8V = Pintrusion * Vpores
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> Intrusion-extrusion for energy applications

compression decompression
+

mechanical porous pore
device grain inlet
ITm l:un l'nm ’
Wintrusion = Pintrusion * 8V = Pintrusion * Vpores
Wextrusion =
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compression decompression
— —_—
mechanical porous pore
device grain inlet
llm I:J,m llnm ’ SV

* Curve 1-accumulation of energy
* Curve 2 —reversible dissipation of energy
* Curve 3 —irreversible dissipation of energy

© ClCenergiGUNE. 2020. All rights reserved.



Retrospective

ClC
energiGUNE

MEMBER OF BASQUE RESEARCH
& TECHNOLOGY ALLIANCE



Macroscopic view on the evolution of the topic gz or

Fundamentals:

Terminology ® int/ext pressure heat of int/ext  mechanochemistry electrification

* Heterogeneous lyophobic systems 1994 2019

* Molecular springs Understanding crisis
e Liquid springs

* Repulsive clathrates . . .
P Materials: oxides + alloys salts solutions

grafted silica + water zeolites + water MOFs + water stable MOFs or COFs?

2001 2013
Materials crisis

negative thermal expansion
bumpers negative compressibility
Applications: EaleldSE1eNeIge=Is thermal energy storage

springs “flexible” shock-absorbers
Valentine thermal actuators regenerative shock-absorbers
Eroshenko
1980 1992

idea Partial declasification
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compression decompression
— —_—
mechanical porous pore
device grain inlet
llm l:J,m llnm ’ SV

* Curve 1-accumulation of energy
* Curve 2 —reversible dissipation of energy

* Curve 3 —irreversible dissipation of energy
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First intrusion-extrusion Bumper

——

anoporous material

non-wetting liquid

Choc




First intrusion-extrusion. Crash-test

_aw » Conditions:

Speed: 35-40 km/h
Mass of the car: 915 kg
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Displacement of the bumper (mm)

OO

50 100 150
Time (mls)

Afte r'the -ash-tes > No damage after the crash!

N

Eroshenko ~1988
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> Intrusion-extrusion for energy applications

* Increase porosity
* Tune intrusion pressure
» Stability of porous material is not an issue

* Environmental characteristics are less important

energl
GUNE
N compression decompression
TV

* Curve 1-accumulation of energy
* Curve 2 —reversible dissipation of energy
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* Curve 3 —irreversible dissipation of energy
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> Intrusion-extrusion for energy applications GUNE
compression decompression
— —_—
mechanical porous pore
device grain inlet
llm l:J,m llnm ’ SV

* Curve 1—accumulation of energy

* Curve 2 —reversible dissipation of energy

« Curve 3 —irreversible dissipation of energy
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Shock-absorbers

Works of
* Eroshenko
* Suciu

"{ = Frequency independent

ﬂg lie dissipation

==0 | [Im

Conventional  Intrusion-extrusion 2) -=m'

Automobile shock-absorber (working sample)
shock-absorber  shock-absorber WMK
20 “.\ '.\
% oz 04 06 V(em'lg)

S

—-—-—.

e —

Automobile shock-absorber (research sample)

E) Frontal suspension

@ ]
; E §Regulsive clathrate

CD
without
CHS

Rear suspension

Photo, mass and outer diameter

Photo, mass and outer diameter

Actual suspension Oil damper in parallel with spring

o de -
Colloidal damper in parallel with spring

Proposed suspension

Proposed suspension Colloidal damper without spring

5.9 kg 135 mm Oil damper in parallel with spring 2.8 kg 105 mm
6.2 kg 135 mm Colloidal damper in parallel with spring 3.4 kg 105 mm
4.6 kg 55 mm Colloidal damper without spriné 1.9 kg 40 mm




Shock-absorbers — perspective
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>

Flexibility of porous material on the hysteresis of int-ext process
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© Clcenerei J.C. High-rate nanofluidic energy absorption in porous zeolitic frameworks. Nature Materials 2021
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Emerging application -

Regenerative shock-absorbers
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> Regenerative shock-absorbers
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workintrusion + I-Ieatintrusion >> Workextrusion + I-Ieatextrusion

2

COMPNSS'O" docompresslon

P
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Intrusion-extrusion
Triboelectric generator

Work
+ -> Electricity
ambient Heat

Intrusion current
Extrusion current

1(A) P (MPa)

0,65 150
0,631 f“o
130
0,61 1
120
0,59 110
0,57 0 0,90 v 10
0 60 120 0 60 120
time (s) time (s)
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40+ 30,

20+

10+

0l . . Y. 0 ) \
06 0.4 0.2 0.0 0.6 0.4 0.2 0.0
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ZIF-8 MOF + H,0 Grafted silica + H,0

1. Grosu Y et al. 2017. ACS Applied Materials & Interfaces
2. Lowe A et al. 2019. ACS Applied Materials & Interfaces
3. Electro-intrusion FET-proactive project: https://www.electro-intrusion.eu
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Springs - retrospective
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Deployment of solar Liquid scalpel
panels for satellites N e T
_— SO
— | — H,O+NaCl

i
il Jet d'eau
i RO & buse =1 mm
Jet d’eau P = 1000 bars
@ buse = 150 pm
P =100 bars

= /A Materials crisis:

*  Accumulates 2 kWh/m? * Mesoporous — hysteretic
* Constant force of 800 H P4 _ )
. Displacement of 10 cm * Microporous (zeolites) — not stable
* Smooth discharge Knowledge crisis:
DR e Hysteresis control - ?
A
Vv

Early Eroshenko’s works

© ClCenergiGUNE. 20;



Springs - perspective
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Springs CIC
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Cu,(tebpz) + water Where we are:

A

* Itis possible!

» Stable up to 170°C

P (MPa)

What we need:

* Higher porosity

5- 035 030 025

4 AV (cm®g)
0 . . : . 5 . .
04 02 00 * Hysteresis understanding
AV (cm’/g)

* Intrusion/extrusion pressure tuning

Grosu at al 2016 ChemPhysChem
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Thermal actuation

RETROSPECTIVE- "THERMAL LOCK"”

T
A 2 3

> —— — T1

1 £ <5 & T,
T zone of liquid
1 A solidification

44
! >
0 S

» Length of device is 13 cm
Constant force of 2000 H
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Applications:

1. Fire protection — emergency valve

2. Protection of nuclear reactors from overheating:

Egorov VS, Portyanoy AG, Sorokin AP, Maltsev V.G., V. R. M. | A.
Thermal Sensitivity of the Starting Device. Ru Patent 2138086, 1996.

Early Eroshenko’s works



> Thermal actuation

zone of liquid
solidification

0

» Length of device is 13 cm
« Constant force of 2000 H
»  Smooth discharge

Rechargeable

: S
1. Fire protecieeas
[l 3 "r:'

2. Protection %

Egorov VS, PO‘E‘ ol
Thermal Sensit* &

- ~
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Grafted silica + water Grafted silica + LiCl solution
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> “Flexible” Thermal actuation meveeror

0.2

45
b) = Gof‘st

Heating
Cooling

= COMpression
Decompression

40 -

35 -

30

P (MPa)
AV (cm®g)

25 -

20 -

LA LA DL R B L N L A A B B
30 35 40 45 50 55 60 65 70 75 80 85 90
T (°C)

-0,2

. . : : .
-0,4 -0,3 -0,2 -0,1 0,0
AV (cm®/g)

45

ACS Nano 2021
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> Thermal actuation seror

AVolume
AVolume (cm®/g)

0,00 -
Temperatirs 35 Temperature (°C) 90
Wext _ I/Vexp Wext + I/Vexp
E, . = . 1009 Eneating = +100°
heating Cp - AT + Qpyt & heating Cp * AT — Qext ’
Wint o VVcon Wint + I/Vcon
E. . = . 1009 E cooting = - 1009
cooling Co AT+ 0o %o cooling Cp AT — Qpry Yo

ACS Nano 2021 46
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> Thermal actuation

P (MPa)

© ClCenergiGUNE. 2020. All rights reserved.

Temperature regulating valve-actuator
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Emerging application -

negative compressibility
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Negative compressibility

Pressure (MPa)
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AV(cm®/g)

Lattice parameter ¢ (A ) Lattice parameter b ( A ) Lattice parameter a (A )
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Negative compressibility

Pressure (MPa)
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J Phys Chem Lett 2021



> Negative compressibility eroezor
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Table 1. Experimental Linear Compressibility Coefficients P < P . t
for Materials with a Pronounced NLC Effect n
Material Kk, TPa™! ref
BiB,O, (0—5 GPa) —6.7(3) 1 »
BiB,O;4 (P — 0) -125 1 #
MIL-53 MOF -28 20 #
[Ag(en)]NO, —28.4(18) 25 #
Zn[Au(CN),], —42(5) 2% »
MCE-34 MOF —-47.3 22
InH(BDC), —62.4 27
[Zn(L),(OH),], ~72° 23
Ag;[Co(CN)¢] ~76.9 28 P > P.
ZIF-8 MOF —372° 19 int
ZIF-8 MOF (intrusion) —-1020(130)" this work
ZIF-8 MOF (extrusion 1) —7’70(120)b this work »
ZIF-8 MOF (extrusion 2) —-610(40)" this work
“Negative area compressibility was reported. “Negative volumetric * *
compressibility was reported

Negative compressibiloty of more than 1 order of magnitude
higher compared to the state — of — the — art

© CICenergiGUNE. 2020. All rights reserved. NOI’)O IEtterS 2021



Emerging application -

Thermal energy storage
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Charge

T< Tliquidus PCM T> Tquuidus s Tliquidus
P< Pintrusion P< Pintrusion P> Pintrusion

- Heat of intrusion

Porous Material

0.2 0.3 04 0.5
d(ycos/dT (mJ-m?-K™")

Langmuir 2021
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Promising applications: Challenges:
* Regenerative shock-absorbers > = Understand intrusion-extrusion electrification
= “Flexible” shock-absorbers = Stable MOFs and COFs
= “Flexible” thermal actuators ® Understand intrusion-extrusion into-from flexible pores
®= Negative compressibility ® Understanding heat of intrusion-extrusion

= Thermal energy storage » = Lyophobic materials + non-aqueous solutions

© ClCenergiGUNE. 2020. All rights reserved. 56
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> Additional information
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Electro-intrusion Horizon 2020 FET-proactive project

Heat

https://www.electro-intrusion.eu

Work
+ => Electricity
ambient Heat
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