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Elemental clusters and nanoparticles
Pure nanoparticles: size-dependent  properties

Ag, N=38 Ag, N=55



  

Scalable and non scalable regimes

Melting of gold nanoparticles

Regular smooth behaviour from
N~1000 atoms on

Melting of sodium clusters

Strong variations of the
melting temperature with size
for N<350



  

Scalable and non scalable regimes

Ionization of silver clusters

Evident odd-even oscillations in the ionization energy up to N~40 atoms
Clusters with unpaired electrons are more easily ionized. For N> 40
the behaviour of ionization energy becomes smooth

N

work function 
of bulk Ag



  

Binary metallic nanoparticles (nanoalloys)

Pure nanoparticles:
size-dependent 
properties

Bulk alloys: 
composition-dependent 
properties

Nanoalloys: 

Size- and composition-dependent properties

Wider spectrum of possibilities for tailored applications 

N=38 N=55

Ag-Cu Ag-Pd



Roman origin (IV century AC) to celebrate the victory
of Constantin against Lycinius – It represents the myth of 

Lycurgus, king of Thrace (VIII century BC), who emprisoned 
the Maenads, followers of the god Dionysus. 

Dionysus was not happy, and punished Lycurgus horribly 

Lycurgus cup (British Museum, London)



Reflection: green colour Transmission: red colour

Ag
0.7

Au
0.3

 nanoalloys, diameters ~50 nm.

They absorb and diffuse blue-green light 
while red light can pass through.
Absorption frequency can depend on size, 
composition and shape of the nanoparticles

Lycurgus cup: dichroic glass



  

Ionic
background 

Electron 
cloud 

_+

Surface Plasmon Resonance (SPR)

The quasi-free electron gas oscillates with frequency ω
p
 (plasma frequency).

When light of frequency ω hits the nanoparticle, we can have a resonance and 
strong absorption if ω is close to ω

p
. Absorbed radiation is partly diffused back.

To have a well-defined absorption peak, the size of the nanoparticle must be 
much smaller than the wavelength of light (which is 300 – 600 nm). 

The best size is around 50 nm: 
this is what you find inside the Lycurgus cup!
Nobody knows how the Romans succeeded 

in fabricating such nanoparticles 



  

Silver nanoparticles imaged 
by the dark field microscope

(Mock et al., 2002)

Light absorption
depends on nanoparticle shape 



… and on composition 

Benten et. al., Phys. Rev. B (2005)

Photon emission spectra. 
The peak frequency does non depend on size, but depends on

composition and chemical ordering



  

Heterogeneous catalysis

This is a surface phenomenon
High surface to volume ratios are beneficial



  

Nanoalloys in catalysis

Nanoalloys are more active (and/or less expensive) than pure
nanoparticles as catalysts in several reactions

Pd-Pt nanoalloys in the
oxygen reduction reaction

(Lim et al., Science (2009))

Higher CO
2
 selectivity 

of Pd-Ir nanoalloys 
(Piccolo et al., ACS Catal. (2012))



  

Nanoalloys in catalysis: anti-poisoning effect

Au atoms dispersed on the surface of Pd nanoparticles

Bok et al., JACS (2021)

Pd nanoparticles are very effective for the reduction of 
CO

2
 to formate. 

However, high CO affinity of Pd can quickly poison the 
catalyst, which is avoided by atomically dispersed Au 
on the nanoparticle surface 

Atomic resolution EDS map



  

Nanoalloys as nanomagnets for data storage

Park et al, JACS (2004)

Combining 3d and 5d transition metals can give nanoparticle with 
high magnetic moment and strong magnetic anisotropy 

The structural transition from core@shell
Co@Pt structure to L1

0
 phase ordered

structure causes a transition in the magnetic
behaviour from superparamagnetic to 
ferromagnetic 



  

Nanoalloys as bactericidal agents

Benetti et al, Nanoscale (2019)

Combining two metals with bactericidal properties allows to obtain
wide-spectrum bactericidal agents 

Nanostructured film made of AgCu nanoalloys
embedded in Mg. Anti-bacterial activity against
Gram-negative and Gram-positive bacteria 

Ag Cu Mg



  

To understand the properties of nanoalloys
we must know their structures



  

Structures of nanoalloys

Geometry



  

Structures of nanoalloys

Geometry Chemical
ordering

+



  

Geometric
structures

of nanoalloys



Octahedron:
two square pyramids

with their basis in common
a fragment of an fcc*

crystal

Truncated octahedron (TO):
cut the six vertexes of the
octahedron to make it a
little bit more spherical

Geometric structures:
octahedron and truncated octahedron

Fragments of the bulk fcc lattice

*
fcc = face centered cubic



The Mackay icosahedron: 
predicted theoretically in 1962

by Mackay and observed in the ’70 in argon clusters.
NOT a fragment of a crystal

because it has symmetry axes of order 5
that are forbidden in Bravais lattices

Geometric structures: 
icosahedron



Other shells can be added:
onion-like structure

 Magic numbers
13, 55, 147, 309, 561, 923...

Icosahedral magic numbers



Decahedron:
two pentagonal pyramids

with their basis in common

Marks decahedron:
make truncations to have
a more spherical shape

Geometric structures:
decahedron and truncated decahedron



Structure and energetics of pure nanoparticles

Mackay icosahedron

quasi-spherical shape

close-packed surface but

strong internal strain:

maximize the number of 

NN bonds

favourable at small sizes

Marks decahedron

Intermediate behaviour:

favourable at 

intermediate   sizes

fcc truncated octahedron

far from spherical shape

but no internal strain

not many NN bonds but 

of good quality

favourable at large sizes



  

 The best shape of nanocrystals:
the Wulff construction

Make the polar plot
of the orientation-

dependent surface 
energy. The envelope
of the normal planes

gives the lowest energy
shape

Valid only for nanocrystals (no icosahedra) and when vertex and edge
contributions are negligible 

0

For a truncated octahedron



Structure and energetics of pure nanoparticles

binding energy 
in the bulk

binding energy 
of the cluster

Ag



Pure Au nanoparticles 
(Wang and Palmer, Phys. Rev. Lett. 2012)

Marks 
decahedron

Truncated 
octahedron

Icosahedron Icosahedron

Electron microscope images



Body centered cubic (bcc) nanoparticles

cube rhombic dodecahedron

Truncations of vertices may be beneficial



Iron nanocubes

Zhao et al., ACS Nano (2016)



  

Tetrahedron

But it has very sharp tips:
non-equilibrium structure

It is a fragment of the fcc lattice



Pt tetrahedra are grown in the gas phase 

Xia, Nelli, Ferrando, Yuan. Li. Nature Communications (2021)

Tetrahedra grow on top of octathedra



Simulations of the growth 

Xia, Nelli, Ferrando, Yuan, Li. Nature Communications (2021)



 Chemical ordering in nanoalloys

Ordered alloy Core-shell

Three- or multi-shell Phase separated (Janus particles)

Random solution



Experimental observation  
Ag-Cu core-shell nanoparticles at Cu-rich 

compositions

Ag is in the shell and Cu in the core
with sharp phase separation
Ag and Cu do not mix in bulk 
samples. Ag has lower surface
energy and larger atomic size than
Cu



Experimental observation of AuPd nanoparticles
with Au-rich shell and Pd-rich core

Au has lower surface energy
and larger atomic size than Pd
Both factors would lead to 
Au surface segregation,
which is however hindered by 
the strong tendency in 
favour of mixing



Pt-Co at 50% - 50% composition
experimental observation of the decahedral structures 

F. Tournus, et al., Phys. Rev. Lett. 110, 055501 (2013)

The decahedron is made of five tetrahedra.
 A tetrahedron is a fragment of the fcc lattice.

The L1
0
 ordered phase, with alternating (100) planes of Pt and Co

atoms, is observed in each tetrahedron



Geometric structure and chemical ordering are 
not independent: Ag-Cu and Ag-Ni of 38 atoms

G. Rossi et al. PRL (2004)

Pure Ag:
truncated 

octahedron

Pure Ni and Cu: 
truncated 

octahedron



Geometric structure and chemical ordering are 
not independent: Ag-Cu and Ag-Ni of 38 atoms

G. Rossi et al. Phys. Rev. Lett. (2004)

Pure Ag:
truncated 

octahedron

Pure Ni and Cu: 
truncated 

octahedron

Intermediate compositions:
no truncated octahedra



Take home message

Structures of intermediate compositions cannot be guessed 
from the structures of pure metal clusters

… and now an experimental demonstration



Pure Pd prefers fcc truncated octahedral (TO) structures

5 nm

Nelli, Roncaglia, Minnai, Ferrando
J. Phys. Chem. Lett. (2021)

Pure Au prefers fcc TO or decahedral structures

Wang, Palmer
Phys. Rev. Lett. (2012)

What about AuPd?



Pure Pd 
nanoparticles Growth closer to equilibrium

.. A small percentage of Au in Pd nanoparticles 
causes a transition to icosahedra!

 TO Ih

Nelli, Roncaglia, Minnai, Ferrando J. Phys. Chem. Lett. (2021)

5 nm

5 nm 5 nm



Thank you for your attention



Study of the energy landscape

Consider a system of given size and composition, of which you know 

the potential energy E as a function of atomic coordinates

E(r1,.......,rN) [= E(x)]

 
Three steps

1. Global optimization: searches for the lowest energy structures that

dominate the equilibium at low temperatures (R. Ferrando)

2. Equilibrium Monte Carlo simulations at finite temperatures: what 

happens when you heat up (C. Mottet) 

3. Non-Equilibrium Monte Carlo to study kinetic effects and approach

to equilibrium (F. Berthier)



Searching for the lowest-energy structures:
global optimization

Global minimum

Consider a system of given size and composition, of which you know 

the potential energy E 

What is its minimum-energy structure?

Global optimization  of the Potential Energy Landscape 

E(r1,.......,rN) [= E(x)]

Low Temperature behavior

E

r



Searching for the lowest-energy structures:
global optimization

A difficult computational problem for nanoparticles, 
because an enormous 

number of structures is possible

Development of specific algorithms is necessary:

Genetic Algorithms, Particle Swarm Optimization,
Basin Hopping

    

Global minimum



Basin hopping

Deformation methods alter the shape of the PES 

• reducing the number of minima

• changing their appearance

Moves are accepted/rejected according to a MC-Metropolis rule

Probability to accept  S  D move:

ĒD ≤ ĒS  pSD = 1

ĒD ≥ ĒS  pSD= exp[-(ĒD- ĒS)/kBT]

Basin hopping: Ē(X)=min [E(X)]



Elementary moves

Exchange move



Basin hopping search of Ag
55

Random initial
configuration

Local relaxation

First local 
minimum



Basin hopping search of Ag
55

First local 
minimum

After 29
steps 

After 81
steps 

Icosahedral global minimum obtained 
in less than 10 seconds on my laptop
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