
Lesson 13:

Nanoporous Systems

(Nanoporous Systems: introduction and general concepts; 

Importance of nanoporous metals; Nanoporous gold: 

properties and applications; Fabrication of nanoporous gold

by the dealloying processes of bimetallic alloys: basic

principles, thermodynamics and kinetics parameters; 

composition control, porosity control; Porous gold

nannostructures)



Nanoporous Au

State of Art: Nanoporous Au Leafs and Films

20 μm

Free-standing 

Nanoporous Au Foil

Substrate-supported

Nanoporous Au Film

Characteristics

Three-Dimensional Structure

Localized Surface Plasmon

High Surface Area (10 m2/g)

Electrochemical Properties

Size-Dependent Properties

T. Fujita et al., Appl. Phys. Lett. 

92, 251902 (2008)



Nanoporous Au

State of Art: Nanoporous Au Leafs and Films-Applications



1) Nanoporous Au

Fabrication by Dealloying a Au-X Bimetallic Alloy

Nanoporous Au can be easily prepared from Au-X alloys of suitable 

composition by using a simple dealloying process of the X less noble elements

AuxAgy

Alloy Film
Dealloying

in HNO3

Nanoporous

Au

J. Erlebacher et al, Nature 410, 450 (2001)

Requirements

Au-X: HOMOGENEOUS binary solid solution

High difference in Au/X-ion electrode potential

AuAg, AuCu



1) Nanoporous Au

Perspectives: Porous Au Nanostructures

Porous Au nanostructures possess a much higher surface-to-volume ratio than bulk 

nanoporous Au leafs and films .

They are expected to broaden the range of applications for nanoporous Au due to 

their two-level nanostructures

(pores size ~10 nm and structures size 100 nm)

D. Wang et al., J. Mater. Chem. 22, 5344 (2012)

Nanoporous Au Particles Nanoporous Au Wires

C. Ji et al., J. Phys. Chem. B 107, 4494 (2003)



Phase diagram for Au-Ag is a simple lens type. the 

FCC phase shows complete solid solubility

A homogeneous mixture is a solid, liquid, or gaseous mixture that has the same proportions of its components throughout any 

given sample. Conversely, a heterogeneous mixture has components whose proportions vary throughout the sample

https://en.wikipedia.org/wiki/Mixture






Dealloying



The Au-Ag system has been the most commonly used alloy

for synthesizing np-Au, due to (i) availability of etching techniques with high 

selectivity for silver; (ii) complete solid solubility across all compositions; and 

(iii) mechanical compatibility (e.g., similar yield stress, thermal expansion, etc.)





Nanoporous Au can be easily prepared from Au-X alloys of suitable 

composition by using a simple dealloying process of the X less noble elements

AuxAgy

Alloy Film
Dealloying

in HNO3

Nanoporous

Au

Requirements

Au-X: HOMOGENEOUS binary solid solution

High difference in Au/X-ion electrode potential

AuAg, AuCu







Control of parameters durying dealloying

Formazione di “instabiltà”

Principi di formazione delle nanocavità→ cause dei 

processi di dissociazione dell’argento

E
c
deriva dall’ energia necessaria alla 

formazione di nuove superfici

Gli atomi di Ag vengono 

attacati 

“contemporanemanete”

Dopo averli staccati tutti si ha

un’energia Residua che crea una 

nuova superficie:



Nano-fabricazioni di NPG

Ovviamente rimangono valide le condizione enunciate prima (limite 
di partizione, potenziale di attivazione ecc..).

Altra condizione importante per la formazione delle nanoporosità è 
appunto la temperatura, che come vediamo nella figura, fa si che le 
nostre strutture abbiano un disordine maggiore (e quindi pori più 

piccoli, (a)) e man mano che la temperatura aumenta, in 
concomitanza al dealloying dai metalli secondari (come l’argento), la 

dimensione dei pori diminuisce sempre di più fino a raggiungere 
delle semplici frammentazioni superficiali che compromettono 

anche alcune applicazioni del  film.
La lunghezza critica del film di NPG è dettata dalla legge:





63.4 kJ/mole=0.66 eV/at



Control of parameters by post-dealloying processes (annealings)



Post-dealloying annealings



Properties and Applications

 Plasmonic Properties (Optical Absorbance and Transmission measurements)

 SERS Detection for Analytes (Glyphosate, DNA,…..)

 Electrochemical Detection (Glucose,……)































Nanoporous Au Particles

Aim of the present work

Comparison of the Characteristics (Porosity) of Nanoporous Au Particles Produced

on Surfaces by Alloying and Dewetting of Au/Ag Nanoscale-Thick Bilayers in the 

 SOLID-STATE
Nanosecond-

pulsed Laser

T=900 °C

 MOLTEN-STATE

Furnace Annealing



Samples Preparation and Characterization

Starting Substrates

Flat SiO2 Surface

Pyramids Textured

FTO Surface

F. Ruffino et al., J. Mater. Sci. 49, 8498 

(2014)

F. Ruffino et al., Superlatt. Microstruct. 103, 

28 (2017)

High transmittance in the

400-1100 nm range



Samples Preparation and Characterization

Au-Ag Bilayers Deposition (Sputtering)

Au-Ag/SiO2 Au-Ag/FTO

A1

B1

C1

A2

B2

C2



Samples Preparation and Characterization

Au-Ag Bilayers Deposition (Sputtering)

Au 15 nm-Ag 38 nm/SiO2

Au 15 nm-Ag 38 nm/FTO

Au 7.7 nm-Ag 50 nm/SiO2

Au 7.7 nm-Ag 50 nm/FTO

Au 31 nm-Ag 41 nm/SiO2

Au 31 nm-Ag 41 nm/FTO

Increasing Thickness: Nucleation, Coalescence, Growth (Volmer-Weber)



Samples Preparation and Characterization

Au-Ag Bilayers Alloying and Dewetting

Thermal-induced dewetting Laser beam-induced dewetting

(in the liquid phase)

Substrate
(ex. Kwon et al., J. Appl. Phys. 93, 3270, 

2003)

Metallic film

Substrate
(ex. Henley et al., Phys. Rev. B 72, 

195408, 2005)

Metallic film

C. V. Thompson, Annu. Rev. 

Mater. Res. 42, 399 (2012)

Metal Films on 

non-wetting

Substrates



Complete Ablation

of the Metal Films

from the Substrate

due to the SiO2 low

thermal

conductivity

E=0.5 J/cm2

T=900 °C

Sample Sheet Resistance

(/sq)

FTO 8.6

FTO-1.0 J/cm2 8.1

FTO_Au5nm_1.0 J/cm2 7.5

FTO_Au10nm_1.0 J/cm2 7.5

FTO_Au10nm_500 °C 3h 19.7

Samples Preparation and Characterization

Au-Ag Bilayers Alloying and Dewetting

E=0.5 J/cm2

T=900 °C



Samples Preparation and Characterization

Au-Ag Bilayers Alloying and Dewetting

Phase diagram for Au-Ag is a simple lens type. the 

FCC phase shows complete solid solubility

Au-Ag Solid State Alloying and Dewetting

Au-Ag Liquid State Alloying and Dewetting

Pulse duration: 10 ns

Wavelength: 532 nm

Fluence: 0.5 J/cm2

Temperature: 900 °C

Time: 1h

Ambient: N2



Samples Preparation and Characterization

Au-Ag Bilayers Alloying and Dewetting

Au-Ag Solid State 

Alloying and 

Dewetting:

Faceted Particles

Au-Ag Liquid State 

Alloying and 

Dewetting:

Spherical Particles

Au21Ag79/SiO2 Au13Ag87/SiO2 Au44Ag56/SiO2

Au21Ag79/FTO Au13Ag87/FTO Au44Ag56/FTO



Samples Preparation and Characterization

Au-Ag Particles Dealloying

Dealloying in 70%-HNO3 for 20 min

Au21Ag79/SiO2 Au13Ag87/SiO2 Au44Ag56/SiO2

Au21Ag79/FTO Au13Ag87/FTO Au44Ag56/FTO



Results and Discussion

Particles Size

Before Dealloying

Au21Ag79/FTO

Au13Ag87/FTO

Au44Ag56/FTO

Au21Ag79/SiO2

Au13Ag87/SiO2

Au44Ag56/SiO2

Au15Ag38 Au7.7Ag50 Au31Ag41

After Dealloying

40% Volume Particles Shrinkage after Dealloying

Au21Ag79/FTO

Au13Ag87/FTO

Au44Ag56/FTO

Au21Ag79/SiO2

Au13Ag87/SiO2

Au44Ag56/SiO2

Au15Ag38 Au7.7Ag50 Au31Ag41



Results and Discussion

Particles Porosity

AuxAgy/SiO2: F32%

AuxAgy/FTO: F45%

Au21Ag79/SiO2 Au13Ag87/SiO2 Au44Ag56/SiO2

Au21Ag79/FTO Au13Ag87/FTO Au44Ag56/FTO

Solid-State Alloying

Molten-Phase

Alloying: Better

Homogeneity? 
(Under Investigation by STEM)

Au atom

Au atom

Hypothesis:

Molten-Phase Alloying: Au and Ag 

atoms in the particles could be more 

homogeneously (randomly) distributed




