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Motivation and Smart Nanomaterials
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Localized Surface Plasmon Resonance Magnetic nanoparticles
Magnetic force
Magnetic W“'O
Sensors 2015, 15(7), 15684-15716.
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“Smart” materials—materials that respond to a stimulus or their environment to
produce a dynamic and reversible change in critical properties—have enabled
progress in many areas, including display technologies, drug delivery, and self-
healing materials for coating applications, among others.
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~ Magnetic and Magneto-Optical Nanoparticles

Plasmon induced magneto-optical

Zeeman Alignment and Dipolar enhancement in metallic Ag/FeCo

Assembly of Magnetic Nanoparticles core/shell nanoparticles
synthesized by colloidal chemistry
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J. Chem. Theory Comput. 2022, 18, 5, 3122-3135 Nanoscale, 2018,10, 18672-18679

The combination of magnetic and plasmonic materials and their nanostructuring
have revealed a prominent pathway to develop novel photonic materials for the
active control of the light polarization using a magnetic field.



Bimetal CuFe Nanoparticles: Synthesis and Electro-catalytic Activity

e bimetall
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electrical
catalytic

Applications:

* electrocatalysts
o blmrlenldhelce“
* photocatalysts
o wastewater or water

Current density (mA/cm®)
LI S R RPN

04 06 08 i
Potential (Vvs. RHE) d

40

=3

at 0.9V (V vs. RHE)

4
o

Number of transferred
electrons (n)

o

— CuFe
—— 80ug/em’ PYC

Kinetic current density (mA/cm’)

04 06 08 10
Potential (V vs. RHE)

['® Core-Shell
(a)s o Jarzz-ml
s
o °
a <
m >
&
(%)
1 1

30 40
Cu [atomic %)

RSy ——

OHCP

Rojas-Nunez, et al. Toward Controlled Morphology of
FeCu Nanoparticles: Cu Concentration and Size
Effects. J. Phys. Chem. C 2018, 122, 8528-8534.
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- High-Enthropy Alloy (HEA) Nanoparticles
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scanning

A, ablation
ST‘ (LSA) ¢ 02 Solidification
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Salt precursors

Y

Atoms, ions and
clusters form in

the plume during
the LSA process

Nature Synthesis volume 1, pages138-146 (2022)

High-entropy nanoparticles,
including alloys, oxides,
nitrides, borides, sulfides
and phosphides

HEAs NPs: complex
compositions and crystal
size effects may together

bring distinct functionality.
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polymeric
nanoparticles (A) polymeric supraparticles powder bed fusion process
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nanoparticles A . nanoscale mixed
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& Nobel prize for chemistry 2023

Alexei Ekimov, Louis Brus and Moungi Bawendi were awarded the Nobel prize

for chemistry for the discovery and synthesis of quantum dots 7'Nobel

By manipulating their

Quantum dots are tiny crystals, @
size, scientists can

often consisting of just
a few thousand atoms, made

from semiconductor materials NSEZ precisely control their
& % =z properties and make them
. emit light of specific
« ' colours when they are
) excited by light
k"m

The size ratio of a quantum dot
to a football is about the same
as a football to the Earth

SOME APPLICATIONS

« TV screens / illumination sources

Because their size
is reduced to the
nanometre scale,
they exhibit
guantum effects
that determine
their characteristics

« Biomedical imaging

« Producing photons
for quantum communication

« Making better
and cheaper solar cells

AFP. Source: nobelprize.org
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Laser—Based Nanoparticle Synthesis
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Ultra-short Laser Pulses for

Laser-induced formation and modification of nanoparticles, monohybrids and
nanostructures: modeling vs experiments

Laser ablation/fragmentation Laser-induced surface/volume structures

Laser-assisted formation of nanocomposite materials and metasurfaces

Pulsed laser interactions

N\,=520 nm
Deformation regime

Nanoparticles inside Nanoparticles on the surface Hierarchical surface structures

Properties and applications of the obtained materials: optical properties,
wettability, cells and bacterial adhesion/repulsion

"—Initial film
A =410 nm (central part)
A =410 nm (side side)
A, =520 nm
520 nm
IIIII 4

400 500 600 700 800
Wavelength (nm)

Optical spectra Wettability

cell and bacteria adhesion

nano
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K. Maksimova, PhD thesis Aix- 14
Marseille University, France, 2014
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Physics of Laser Interactions

L laser

Nonequilibrium
Au-C o nanoalloys

In liquids or in the precence of a colloids

Clean

Non- Toxic

GREEN
TECHNOLOGY

P

Environment Friendly

Laser interactions commonly involve:

Energy propagation, electronic excitation,
light scattering, reflection and absorption
Electron-phonon relaxation, heat
diffusion, pressure wave propagation,
rarefaction and tensile stress, phase
transitions, mechanical fragmentation
Materal removal (ablation), plasma plume
expansion, reactions, clustering, etc...
Often multi-pulse irradiation is used with
various scanning and focusing conditions

Laser-induced nanoparticle formation

Green synthesis methods, bio-
compatibility

Control over NP properties

Scaling-up possibilities

Possibility to create stable ultra-
structures, nanoalloys, hybrids, etc.
Additional laser-particle interactions
involve many physical and chemical
processes 15



Classical Molecular Dynamics (MD)

Short (ps) and ultra-short (fs) laser pulses

F<Fth

Lai

Desorption: Atoms, slow surface evaporation

160

F>Fth

Ablation: rapid process, mixture of atoms,

clusters and drops
St

Process can be at T-> Tc

Tiztanse fron the nitial surface, mm

Difficult to model by classical methods

-al

pico T. E. Itina, L. V. Zhigilei, B. J. Garrison,
Molecular matrixes J. Phys. Chem.B , 106, 303-310 (2002)
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Aor Y, Angstrom
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Ultra-short Laser Ablation
Ablation & nanoparticles (10M atoms, F=1 J/cm?, Al)
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Density

TTM-MD

Hydrodynamics

UItra—shor'r Ablation
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Molecular Dynamics Simulations

Allow to get nanoparticle size distributions and describe non-equilibrium processes

Normalized Yield

ablation depth (nm)
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10"
107?
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Fluence (J/cm?)

Collaboration with L.V. Zhigilei et
al. (Virginia State University, USA)

Practically all the molten material is
ablated

Labl ~ Lo In(Fabs/Fo), E>Eb
19



Effects of Fluence, Multi-pulse Effects

[ Scanning direction >
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K. W. Kolasinski et al. Encyclopedia of Interfacial Chemistry: Surface
Science and Electrochemistry (Elsevier, 2018), pp. 594-603. 20



Laser—Nanoparticle interactions



Laser Interactions with Nanoparticles

Molecular Dynamics (MD) simulations are paricularly interisting

for phase transitions and decomposition of the ablated material

upon the absorption of laser radiation, but also can be used for
heating, melting, fragmentation or sintering of NPs

(@) plume

100 A

500 |-

250

750

750 -

250 |

-500 [

TR
-500

100 nm

T. E. ltina, L. V. Zhigilei, B. J. Garrison

t = 300 ps after the
beginning of the laser pulse
t=15psS

e=0.6 eV per molecule

22

The Journal of Physical Chemistry B 106 (2), 303-310 (2002)



Ultra-short Laser Interactions with Nanoparticles

Laser pulse

Heating

Electron

/\- O ejection

Near-field
enhancemen

Hashimoto et al.

Thermo-mediated nanobubbles

Local ionization and heating of the matter/liquid near Field e Pala i tion

plasma-m ediated nanobubbles absorption transfer independent
nanocavitation

Propagation, absorption, local field enhancement

NP heating, heat transfer to the ambient medium Plasma-mediated nanobubbles
thermo-mediated nanobubbles

. o oP-90-0
NP heating, melting, reshaping, sintering, evaporatior

Electron ejection, injection in the ambient — )= - o

Near-field Plasma Polarization
enhancement generation dependent
nanocavitation

NP fragmentation

- Lachaine et al.Photonics (2013)
Surface » o

evaporation @
m M) (a) Photathermal Reshaping
®© ¢°
{b} Surface Evaporation

' _ Coulomb © O (@) © {Core + Small NPs)
exnlosion @ a.
(¥
2 G ﬂ @
[ +] i LI T
© Faceted Au NP

» (€) Explosive Evaporation
o

Near-field ablation - T>T, N ‘; ‘; iCora-e-Fragrnents}
- © ¢ L P
© © 3) - I Surface Evaporation
© s, "
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J. PhotChem&PhotBiology (2012) Strasser et al, . J. Phys.Chem. C 118, 25748

(2014) 23
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Melting and structural transformations: role of NP’s sizes

20 40 80 80
Nanopanicle diameter [nm]
K. Zarschler et al. Nanomed-Nanotechnol 12, 1663-1701 (2016).
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Ultr-short Laser Interactions with Nanoparticles
« Classical » Multi-Physics

150 1000

Maxwell equations Polarization current . LSPR (Intensity)

5E: ? o H - 7 a = .n'ez = * . 500
dt Ep at m . ’ 400
0H _ VXE Charge conservation, incompressible Fermi flow w0 A\ 2

at Uy Photo-ionization  Avalanche - 1

dn 1 . — / A w0 oW Log(Edens)

Frin _EVU + Jem] +wp (1) + wy (1) .

aT Heat energy transfer 2

Electrons Cea—;=?-{kEFTe]—yeE(Te —T)+]-E .

Nanoparticle

E'TNP gh{T - TNPJ 150 500 51 0 50 100 150
PNPCNPT =V (knpVTnp) + Vei(Te — Typ) + r;. | Large NP Temper.
Medium gT NF - =
PmCn = = V- (V) + Ve (Te = Ty) + 38(Typ — Ty /Rp ﬂ .
Ce, Cyp, Cyy, - heat capacities; k., kyp, k,, - thermal conductivities; w C =
T., Typ, T, - temperatures; f E - loule heating source (absorption);

1
!ﬂ B b B o 50 igd 150

Yei, h - energy transfer rates; pyp, pm - ion densities.

A. Rudenko, Univ. of Arlzona, USA

This coupled electromagnetic- thermal 3T model should be introduced

in MD simulations
25



Femtosecond laser irradiation of gold nanoparticles

Experimental geometry

Is laser

pulse

liquid cell

S

-

A e

' electron
beam
. il

Gold nanoparticles in water

Experimes: G. ongiovanni etal.
Nanoscale Adv., 2021, 3, 5277-5283

Our MD results for
NPs of
different materials,
absorbed energy,
and sizes



Size Effects In Laser Interaction with NPs

R=50 A, absorbed energy e=0.6 eV/mol

r- - - - - - - - -0 0= T - - - - - - - 0 0 0= 1

Smaller NPs
Evaporation

(can be also due to
Coulomb Explosion for
small clusters and fs
laser)

Larger NPs

Fragmentation due to
thermo-mechanical
effects

27




Composition Effects in NP’s fragmentation

Au-Ni 0, 500, 1600, NP’s ragmentation threshold depends
on Ni atomic fraction

20%

50%

80%

28



Bi-Material and Bi-Particle Systems



Core-Shell Cluster-in-
Cluster

Mixing Energy

A[Ny Npf = Eqnoy[Na+1, Ng-1] — Eqyioy [Ny Np] — E, [ref] + Eg [ref]
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R. Ferrando et al. Chem. Rev. 108(3), 2006 G. Barcaro et al. Phys. Chem. Chem. Phys.



Bi-Metallic Nanoparticles and Aggregates: MD simulations

(b)
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~ Ultra-short Laser-induced NP sintering, Janus NPs

AINP +AuNP CoNP+AUNP MD simulation results
R1=R2=20 uc crystalline order, D;
high ISR ) low
0 01 02 03 04 30

t=0ns
600 K
800 K

t=01ns
t=10ns

4 6 8
distance, r, A

3ed 8e4 E. Goudeli and S. E. Pratsinis at al. : Crystallinity dynamics
of Au NPs, 32
AlCheE 2015

T.E. Itina at al.



AUNP +AuNP, different sizes
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Snapshots of cross-sections of two Au nanoparticles with dpo
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MD simulationg CoNP+AuNE.T,=T,=2000K R1=R2=10 uc

 Simulation starts from
a Janus configuration

« Then both particles are
heated to the same
temperature

« Then, the system is
cooled down back to

The same sizes room temperature

Thesame T
Mixing is easier when
both particles have
comparable sizes and
temperatures

34




Sintering of a larger metallic Janus NPs with different sizes
upon rather weak laser heating

35



Same size Janus NP: strong laser heating

» » 'y

. 0,100, 150, 200 Complex.dynamlcs Igadlng to core.—shell
. 300, 400, 800 formation and partial fragmentation

36



FeNP R=10uc AuNP R =20 uc

time

Different sizes and species,
but the same temperatures

Time-evolution of energy

100ps

FeNP 1700+AuNP 1700

Simulation starts from a Janus
configuration

Then both particles are heated
to the same temperature

Then, the system is cooled
down back to room
temperature

Core-shells can be formed
when one particle is much
larger and is composed of a
material with different
cohesive energy

N
o
o

2
2 dp,O
W O 2.0nm
QJ "

104 2 T 25
= X ? 3.0 "
2 . \ © 35 "
g T3 \ 040 "
£ % A\ & ---eq.3 )
2 01] o\ ' = E. Goudeli et al.,
z i» kL AICheE 2015
§0.01] \@%gt§ ¥
© T T T
& 400 600 800 1000 1200

Temperature, T, K 37



Au NPs with radius in the range [10-100] nm

gromn o o e —
r — 10nm N
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12000
L VaPOT | e,
10000 - —liqud | 7 Absorption at 400 nm in liquid water -
wool L e raises with the particle radius ..
) (NOLlINGAI)....corrvrr™
£ 6000
V| TNG e,
r T e O
© 4000 = Absorption depends of the medium. ",
. At 400 nm, passage from liquid water to water .
2000 T yapor goes with a drop in absorption,....
O |
100 200 300 400 500 600 700 800 900 38
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- ABSORPTON

Gold dimers in water

5 nm radius 10 nm radius
90 - 900: 5nm
" 5nm B
80g onm 800; 2nm
70 —— 1nm 700
605 —0.5nm 600;
TE 50° E 5005
E ®  400F
% 40E = B
© 30F o 300F
20° 200}
107 100
:\\\\\|\||||||||\\|\\\\\\|‘|“||| :|\|\\||||I\\\|I||\\\|\||I\\\\I||\
200 4é0 5(|)0 5%0 ﬁ(l)o 65;0 7(‘)0 75!0 800 400 450 500 550 600 650 700 750 800
Wavelenght (nm) Wavelenght (nm)
If both particles have the same size Inter-particle distance remains constant
Larger inter particle distance Larger particles
=> more pics => more pics
=> shift towards blue => shift towards blue

Absorption depends on size, composition, separation, etc...
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Many Particle Systems



AuCo, NP R =40 u.c. Simulations starts from the fragmentation results, additional

fraomentation takes place

e . . @ - 2dpuse 7. - &% 0
B T s ST SR
Tew e T L e

PR R S

Upon add S T R
fragmentation, . IS
re-organization Lol LT e

and e &
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see talk by Anton Popov et al. CECAM 2021



Mie theor extinction, scattering, absorption cross section
] _ y —— > 9 P
light scattering by a sphere Oorr Ocscarr Tabs

A generalized multiparticle Mie-solution: further experimental verlflcatlon
. Yu-lin Xu et al. g

based on { Bohren-Huffman Mie scattering subroutine (callohmie.f) 43

Generalized Multiparticle Mie-solution (gmmO1f.f)



cha_rged laser-ablated Au NPs and | ':: gxﬁaje NPs
positively charged laser-ablated Fe
oxide NPs. Right: Calculated extinction
spectra of bare Au NPs (red line), Fe
oxide NPs (black line) and core-

obtained by mixing of negatively ' core-satellite Au-Fe NPT

eXunction (a.u.)

400 500 600 700 800
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Experiments: Popov et al.10.3390/nan012040649, modeling: T. E. Itina, LabHC

44



I (emurg)
o

M (emu/g)

T T T T = 0.2 T T
- * CO ,,<.vr';‘,.‘ -
Au_in_Co A
Co_in_Au
. 0,1 ﬁﬂ“&"“%“;r’%
? E
/ 02 / !:
i An,. / | e i~
%uo r" -0,1 P_:::_:‘_,t‘:.f..’. ; 4 . -
," |
_ 7l skl
P I . I “2000 1000 I H(UO:J I 1000 I 2000 -0,2 ) |
-40000 -20000 0 20000 40000 -10000 -5000
H (Ce)
10k + Ni ] « Ni
Au_in_Ni o Au_in_Ni
I Ni_in_Au s Ni_in_Au
.~ Ni_in_Au ‘ ( .l
5F i i
0 0
5 JJ - 4l ’!;. .
o] : O. Polit et al. In press
i H
-10 ;H-.-—J - | /
- ""‘r'f 5K sl 300K
1 L 1 N 1 1 .8 L 1 L L . 1 L
-40000 -20000 0 20000 40000 -3000 -2000 -1000 0 1000 2000 3000
Ll /iMan [ e WY

45



0, 125, 250
MD simulations

Map data 1564
MAG: 450kx HV: 200 kV

M. Shareri et al, in press

Map data 1564
MAG: 450kx HV: 200 kV

One bigger particle with many smaller
ones inside
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Summary

1. Laser is a very powerful and versatile tool suitable not only for the control
over nanoparticle sizes but also for a wide range of manipulations with nano
objects involving processes such as melting, reshaping, sintering, mixing,
etc.

2. Examples of laser-induced modifications of smart nano-hybrids, nano-alloys,
and multi-material nanoparticles have been presented revealing the role of
size, temperature, and composition of nanoparticles, as well as the heating
and cooling conditions.

3. The obtained results are of interest for the analysis of pulsed laser-induced
nanoparticle formation in liquids (PLAL), nanoparticle aggregation-
fragmentation experiments, sintering, 3D manufacturing, etc.
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Special thanks to:

LASERMODE group members and many collaborators (PICS, PHC, ARQUS, ANR, EU, etc.),
CNRS, UJM , The Univ. of Arizona, INP PAN, IHT, etc.

Thank you very much!

Just published:
"Alternative local melting-solidification of suspended nanoparticles for
heterostructure formation enabled by pulsed laser irradiation”
Advanced Functional Materials 2023.
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