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Colloidal Nanocrystals 

and Heterostructures
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order of 

nanometres.





Is Nanotechnology a completely new technology?

� as a science, nanotechnology is about 80 years old.

� nanofabrication has been used in the semiconductor 

industry for about 15 years.

� ultrafine chemicals have also been produced in bulk

for a number of years.for a number of years.



THERMODINAMIC PROPERTIES

� decreasing of the melting point;

� increasing of pressure required for solid-

solid transitions;

r (nm)

T 

(K)

NOVEL AND USEFUL PROPERTIES 

solid transitions;

� crystalline phases unstable for extended

solids

A SIGNIFICANT FRACTION OF ATOMS RESIDES AT THE SURFACE AND 

NOT IN THE BULK OF THE MATERIAL



Optical transitions in semiconductors          Absorption of metallic nanocrystals
(Au NCs)
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OPTOELECTRONIC PROPERTIES 

OF NANOCRYSTALS

a b

Size

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

25Å

SizeSizeSize

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

25Å

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

25Å

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

Wavelength (nm)

A
b

so
rb

an
ce

 (
a.

u
.)

P
L

 In
ten

sity (a.u
.)

300 500 700

35Å

25Å25Å

4.8 nm

12.6 nm

lenght/width

diameter

2.5 nm

18 nm

50 

nm



ENERGETIC LEVELS OF A BULK SOLID, 
A NANOCRYSTAL AND A MOLECULE

“red” “blue”



QUANTUM CONFINEMENT 

N(E)

E

the charge carrier

motion is restricted

to a small material

volume



a b
METAL SEMICONDUCTORS

The red-ox potential can be tuned with the size of nanocrystals 

Usefull application of nanocrystals in Catalysis



MAGNETIC PROPERTIES OF NCs

MAGNETIC FIELD

BULK:
Multidomain

Nanostructured ferromagnetic materials
behave as single magnetic domain
whose magnetization can be easily
influenced by thermal fluctuations of the
local environment, depending on the
particle size and on a variety of surface
effects.

NANOCRYSTALS:
Single domain



FERROFLUIDS

Stable Colloidal Suspension of Magnetic Material 
(Nanoparticles) in a Liquid Carrier

Each Nanoparticle 
Constitutes a Single 
Magnetic DomainMagnetic Domain

- SuperParaMagnetism -

Applications: magnetic seals, lubricants, 

loudspeakers, dumpers, inks, medicine,…



HOW ARE THEY SYNTHESIZED?

Several methods are possible, e.g. 

� Precipitation

� Milling� Milling

� Reduction

� Condensation

They can be synthesized in the solid, liquid or gaseous phase.

SOME EXAPLES... >>



PRECIPITATION



MILLING

Particle size distribution curve for MCP
~30nm ZnO nanopowder showing a
mean particle size of 30nm

Transmission electron micrograph
of ~30nm zinc oxide



TiO2 Nanorods ≈ 10 nm





Surfactants are 

amphiphilic molecules 

composed of a polar 

head group and of one 

or more hydrocarbon 

chains with 

hydrophobic character. 

“BOTTOM-UP” APPROACH: 

hot-injection method

They:
i) act as terminating 

or stabilizing agents 
insuring slow 
growth rate, 

ii) prevent the 
agglomeration 

iii) confer stability and 
processability



THERMODYNAMIC 

FACTORS

(e.g.: relative stability 

of the crystals)

KINETIC FACTORS

(diffusion of reactants, 

surface adhesion of 

surfactants)

SYNTHESIS OF NANOCRYSTALS

Experimental conditions to be controlled:

� nature and relative concentration of molecular precursors;

� catalysts;

� organic stabilizers;

� growth temperature









Size control

Ostwald ripening



Size control





Shape control

Star-like PbSe

γ-Fe2O3 tetrapods

FePt faceted NCs rise-shaped CdSe
Scale bar = 100 nm



Shape control

Pencil-shaped CdS NCs

TiO2 NCs

Ag spheroids 

Rectangular-shaped Au nanorods
Scale bar = 100 nm



STRATEGIES 

FOR SHAPE SELECTIONFOR SHAPE SELECTION



In water:

WATER
ORGANIC SOLVENT

SURFACTANTS ACT BY:

� POSING PHYSICAL CONSTRAINS TO THE 

UNCONTROLLED NCs ENLARGEMENT DURING 

THE SYNTHESIS;

� COMPLEXING AGENT AVOIDING THE 

AGGREGATION OF THE NCs AFTER THE 

SYNTHESIS



REDUCTION





STRATEGIES 

FOR SHAPE SELECTIONFOR SHAPE SELECTION



HYBRID NANOCRYSTALS

ONION-LIKE STRUCTURES
a CdSe;                 b CdSe/CdS;      c CdSe/CdS/ZnS 

d Fe/Fe3O4;       e  FePt/SiO2;       f  Au nanorods/SiO2

Large interphase between

the two materials

Lattice constants do not

differ significantly



SKETCH OF POSSIBLE MECHANISMS 

FOR CORE–SHELL NANOCRYSTAL HETEROSTRUCTURES

GROWTH OF A SINGLE, A

MULTIPLE OR AN

ASYMMETRIC SHELL ON

NANOCRYSTAL CORE

SHELL FORMATION FOLLOWING A

REDOX REACTION WITH THE INITIAL

CORE

FORMATION OF A UNIFORM

SHELL UPON THERMAL

ANNEALING OF AN INITIALLY

AMORPHOUS AND/OR

DISCONTINUOUS COATING



Dumbbell-like Fe3O4-Au dimers Dumbbell-like PbS-Au-PbS ternary NCs

PbSe nanorod- Fe3O4-Au ternary NCs

CoPt3-Au dimers



formation of a heterodimer by phase segregation of two
immiscible materials

coalescence of an initially amorphous shell

selective nucleation on a starting seed

growth of a trimer upon formation of a
domain which bridges two preformed NCs

formation of a trimer by fusion of two
reactive domains from distinct dimers

formation of a trimer by selective nucleation on a 
preformed heterodimer seed



Dumbbell-like CdSe
nanorods with PbSe
tips at the ends

Matchstick-like CdS
nanorods with one
PbSe tip USE OF 

ROD-LIKE SEEDS

Matchstick-like CdSe
nanorods with one
Au tip

CdS Nanocrystals made of CdS
rods with CdTe tip on one end and a
branching point on the opposite end



Bing Xu et. Al JACS 2004, 126, 5664

In DOE, TOPO, hexane-1,2-diol and Cd(acac)2



Moonsub Shim et al.Chem. Mater. 2006, 18, 6363 



TEM and SEM
for hybrid NCs



Bing Xu et. Al. JACS 2007, 129, 11930



Nanoparticles

What are they used for?

The potential number of applications is enormous, e.g.  

Adhesives, e.g. varied strength from “post it” to “solid weld”

Coatings, e.g. sunscreens now incorporate nanoparticles.Coatings, e.g. sunscreens now incorporate nanoparticles.

Medical, e.g. new methods of delivering drugs etc. etc.

Ultimately they will be applied in all industries just as

micron-sized particles are used today. 

...WE’LL SEE THE NEXT TIME...>>



A GOOD NANOMATERIAL

� narrow size distribution;

� fewer internal defects;

� uniform surface;

� Well defined phisical 

properties, such as strong 

plasmon absorption for metal NCs 

Once the synthesis  is stopped by 

lowering the reaction 

temperature, a surfactant coating 

layer around the NCs remains 

tightly bound to their surface and 

guarantees their full solubility in a 

variety of organic solvents. 

plasmon absorption for metal NCs 

or luminescence for 

semiconductor materials



REVIEWS

� Bio-Application of Nanoparticles, edited by 

Warren C.W. Chan, 2007 Landes Bioscience; 

Chapter 2 (P. D. Cozzoli and L. Manna)

� Synthesis, properties an perspectives of hybrid 

nanocrystal structures, PD Cozzoli, T. Pellegrino, 

L. Manna; Chem. Soc. Rev., 2006, 35, 1195-1208


