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p Self-assembling ultrathin nanowires

into bundles, fibres, and transparent electrodes

Beate Reiser, Simon Bettscheider, Lukas Engel, and Tobias Kraus
INM — Leibniz-Institute for New Materials and Saarland University, Saarbriicken, Germany
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Inorganic nanoparticles with apolar shells:
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P Introduction: apolar nanoscale colloids
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\\5\\\:\Length: 3-6 um

. .~ Diameter: 1.6 nm
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; Simulation:

Dr. Hongyu Gao, Prof. Martin Muser,
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Saarland University

2 nm H. Gao, TK, ... M. Miiser, Nano Lett.,, 19, 10, 6993-6999, 2019
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P Structure of this talk

1. Assembling wires
Entropic agglomeration
Weaving hierarchical fibres

2. Stability of wires
Fragmentation via Rayleigh-Plateau
Stabilization mechanisms

3. Transparent flexible electrodes
Printing wires as electrodes
Are wires or spheres better?
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1. Assembling wires
Agglomeration in ethanol

H4H,

’;'{f-m 3
’b
a
4
1%

s‘z"k

*
»
X
e R
»
v
S

LR LR LR L)
§€ (]

LR AR A8 5

CIE T
"L PP W

FACE 0 I8 L@

P
43

Tobias Kraus e KITP Conference on Nanoparticle Assembly ¢ 17 May 2023

www.leibniz-inm.de




P 1. Assembling wires Simon

. . . Bettscheider
Spacing in different solvents
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H. Gao, S. Bettscheider, TK, M.H. Miiser, Nano Letters, 2019, 19, 6993-6999 Scattering vector g (nm™")

B. Reiser, TK, et al.,, Physical Chemistry Chemical Physics 2016, 18, 27165-27169
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P 1. Assembling wires INM‘
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H. Gao, S. Bettscheider, T. Kraus, M.H. Miiser, Nano Letters, 2019, 19, 6993-6999
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P 1. Assembling wires INM‘

gained volume

H. Gao, S. Bettscheider, T. Kraus, M.H. Miiser, Nano Letters, 2019, 19, 6993-6999
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P 1. Assembling wires
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MD snapshot

solvent

ethanol 3{ n-hexane W\p

(a)

length of one
n-hexane molecule
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* ,Bad” solvents: exclusion
from overlapping shells

* ,Good” solvents:
interdigitation

* Alkanes: local ordering and
,entropic bridging”

H. Gao, TK, et al, Nano Letters, 2019, 19, 6993-6999
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P 1. Assembling wires

Syringe
Pump

Nozzle diameter
~50 um

Printing

‘ B. Reiser et al., ACS Nano 2017, 11, 4934-4942
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P 1. Assembling wires
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P 1. Assembling wires
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« paper,
frame

mechanical stress [MPa]

breaking stress: 10 MPa 8 MPa
strainatbreak: 4% 11 %
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P 1. Assembling wires

=pr. Beate Reiser

NJIRildYl  single AuNWs
(sl 1.6nm

AuNW —
bundles and
super-bundles
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100-1000 nm
15 um fiber
\ .\" ‘ )
T 2-20 um
B. Reiser, ..., TK, ACS Nano 2017, 11, 4934-4942
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2. Stability of wires
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Stabilization mechanisms
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Are wires or spheres better?
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P 2. Stability of wires Simon
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Bettscheider

Fragmentation via Rayleigh-Plateau Instability

pr— t,=30m

400nm Random perturbation of wire

Karim et al,, 2016, Nanotechnology

wire will break

Bettscheider et al.,, 2018, ]. Mech. Phys. Sol.

R(z,t) = Ry + AR(t) + a(t) cos(wz)

Free energy amplifies/suppresses them

AG =y AA
AG <0 AG =0
perturbation perturbation
lowers energy increases energy

wire will remain

cylindrical
¢ E& = Thin wires break faster
& _soom | B 50 | t o R4y
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P 2. Stability of wires

Stabilization: reduce interfacial energy
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Bettscheider et al.,, 2018, ]. Mech. Phys. Sol.

: 2 S. Bettscheider, TK, N. Fleck, J. Mech. Phys. Sol. 2018, 123, 3-19
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P 2. Stability of wires

Stabilization: reduce interfacial energy, suppress curvature
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P 2. Stability of wires
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solvent o
(@) O/ interdigitation”
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‘curvature

o expresses how the wires’ curvature
changes the effective curvature:

o = 1: effective = mean curvature

o = 0 : effective = deviatoric curvature

¢ quantifies how the effective curvature
changes interfacial energy:

¢ = 1: exponential change

¢ = 0:no change
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P 2. Stability of wires

Stabilization: reduce interfacial energy, suppress curvature
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o expresses how the wires’ curvature
changes the effective curvature:

o =1 : effective = mean curvature

o = 0 : effective = deviatoric curvature

| ¢ quantifies how the effective

curvature changes interfacial energy:

L C= 1 : exponential change

¢ =0 :no change
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P 2. Stability of wires

Still searching for the right molecule...

Tobias Knapp,
Yannic Curto

AN e Ve e D e g

i hexadecylamine
Nouh, Viao, et alk.\
o Langmuir 2017 HIN e e e e
trioctylphosphine

trioctylamine

2-phenylethenylamin

dodécylamine
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P 2. Stability of wires INM

Stability of wires in bundles
e\ Y Oimin W '

Evolution of scattering at 60 °C
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P 2. Stability of wires INM‘

Evolution of volume fractions Evolution of scattering at 60 °C

0.6 1 freely dispersed nanowires
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2. Stability of wires INM“

Stability of wires in bundles -.

H

Our experimental system
Au NWs capped by oleylamine

Nouh et al. Langmuir 2017
Au NWs capped by trioctylphosphine

www.leibniz-inm.de



P Structure of this talk

Entropic agglomeration
Weaving hierarchical fibres

Fragmentation via Rayleigh-Plateau
Stabilization mechanisms

3. Transparent flexible electrodes
Printing wires as electrodes
Are wires or spheres better?

27 Tobias Kraus e KITP Conference on Nanoparticle Assembly ¢ 17 May 2023 www.leibniz-inm.de




P 3. Transparent flexible electrodes
Printing wires as bundles
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Dispersed wires ..self-assemble into ...that plasma sinters into
confined in a stamp... hexagonal bundles... to percolating wires.

28 Tobias Kraus e KITP Conference on Nanoparticle Assembly ¢ 17 May 2023 www.leibniz-inm.de






P 3. Transparent flexible electrodes
Printing wires as bundles

J.H.M. Maurer, TK et al,, Nano Letters 2016, 16 (5), 2921; INM patent filed
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Optically transparent,
flexible nanomeshes







P 3. Transparent flexible electrodes
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