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Proprietà speciali di strutture Proprietà speciali di strutture nanodimensionatenanodimensionate::

l’ i d il’ i d i bibi di b idi b il’esempio dei l’esempio dei nanotubinanotubi di carbonio;di carbonio;
dalla piccolissima alla piccola scaladalla piccolissima alla piccola scala
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Outlook

• Mechanical properties of individual nanostructures may often reveal 
unexpected features such as: huge Young modulus, enhanced stiffness andunexpected features such as: huge Young modulus, enhanced stiffness and 
strength upon perturbations

• CNTs are an excellent example:p
• CNT structure;
• CNT fabrication;
• CNT electronic properties (a few words);
• Some attempts to interpret the CNT mechanical properties
• How to use CNTs and how to produce nanocomposites

• A different topic, worth to be briefly mentioned: the relationships and 
interplay between small and ultra-small in localized stress applications 
(simulations and considerations)
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Carbon NanoTubes (CNT)

Work on fullerenes produced a revival of interest 
for (already known) filamentary carbon 
nanostructures (nanotubes)
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From graphite to CNT

Highly Oriented PyrolithicHighly Oriented Pyrolithic 
Graphite (HOPG) surface

0.34 nm
STM image ~2x2 nmSTM image ~2x2 nm

0.25 nm 0.14 nm

Two different positions of the carbon atoms in the graphite crystal lattice are 
possible: one with a neighbouring atom in the plane below (red) and one without 
a neighbour in the lattice below (green). 
Consequently the electrical conductivity of the graphite surface varies locally

2D FFT

Consequently the electrical conductivity of the graphite surface varies locally 
slightly (different electronic density of states) so that the atoms without 
neighbours appear "higher" than the others (see e.g. I.P. Batra et al. Surf Sci 181 
(1987) 126). This also causes the lattice constant between the bright ‘hills’ to 
have the higher value of 0.25nm than the nearest neighbour distance in the 
graphite lattice of 0.14nm.
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Single and multiwall CNT

CNT: a graphite plane (graphene) is wounded in a cylindrical shape

SWNT: single nanotube
MWNT: concentric nanotubes with different diameters

Single Wall NT Multiple Wall NTg p

Strong σ (sp2) bonds responsible for “in-
plane” (i.e., in-surface) structure

Materiale sui CNT tratto in parte da un seminario di Andrea Ferrari,
EDM - Cambridge University (lug. 2002)
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CNT families

Unit cell described by:

Regular structures with sp2 bonds

Unit cell described by:
– chiral vector

Ch = na1 + ma2 ≡ (n, m) ∀ n,m ∈ Zh 1 2 ( )
– translation vector

T = t1a1 + t2a2   ∀ t1, t2 ∈ ZCh

Ta1

a2

Zigzag (n, 0) tube
C // a (or a ) CNT diameter: d ∝√(m2 +n2 +nm)

Armchair (n, n) tube

Ch // a1 (or a2)

a1

CNT diameter: dNT ∝√(m +n +nm)

[Chiral (n, m) tube]a2
CNT structure uniquely 
determined by (n, m)

First neighbor distance ~ 1.42 Å
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CNT fabrication I

Nanotubes can be produced with many techniquesNanotubes can be produced with many techniques
Typically, vapor phase is involved to produce nanotubes from carbon atoms
Typically, “violent” methods are required to induce strongly collisional conditions

Electric arc discharge
(similar to fullerene(similar to fullerene
production methods)

Laser ablation
(similar to cluster (
production  methods)

Plasma Ehnanced Chem 
Vap Dep

Ch i l V D iti (CVD)

Vap Dep
(PE‐CVD)

Chemical Vapor Deposition (CVD)
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Pulsed Laser Ablation SWCNT with good diameter control

CNT fabrication II

Pulsed Laser Ablation  SWCNT with good diameter control
Arc discharge  large rates, low control (mostly MWCNT)
PE‐CVD from CxHx large rates, fair control

Laser Ablation PE‐CVD

U t 900°C h t d t• Up to 900°C heated stage
• C2H2/NH3 up to 200sccm

See Puretzky, Geohegan,…
Appl. Phys. A 70 153 (2000)
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Role of catalyzers I

Metal nanoparticles (typ Ni orMetal nanoparticles (typ Ni or 
Co) used to enhance and 

control nanotube formation
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Role of catalyzers II

Alternative picture 
(V Li id S lid VLS(Vapor Liquid Solid – VLS 

method)

• During annealing/etching the metal 
layer dewets the substrate forminglayer dewets the substrate forming 
droplets

• Carbon dissolves into the catalyst 
material and forms a solid solutionmaterial and forms a solid solution

• After saturation, carbon precipitates 
starting the NT growth

Th t l d l t i lift d t th• The metal droplet is lifted at the 
growing edge 
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Metal nanoparticles can be “deposited” onto the substrate

Role of catalyzers III

Metal nanoparticles can be  deposited  onto the substrate

If a nanoparticle pattern is structured onto the substrate, structured 
CNT growth can be achieved!!CNT growth can be achieved!!

• Step 1: At 700°C (growth temp) Ni film sinters into catalyst nanoparticles• Step 1: At 700 C (growth temp), Ni film sinters into catalyst nanoparticles.
• Step 2: PECVD - C2H2 is the growth gas for CNTs, NH3 is the etching gas for 

unwanted a-C.
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Role of catalyzers IV

Effect of nanoparticle size in CNT growth
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TEM image of MWNT (15‐30 walls)

CNT patterns

50nm

Nanoparticle patterns can be achieved by 
lithography leading to CNT patterns

500500nm

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 6 –pag. 13Proprietà piccola e piccolissima scala



Electronic structure of CNT  I

STM

DOSDOS

Graphene: 
zero‐gap 
i d

Da R. Waser Ed., Nanoelectronics and 
information technology (Wiley‐VCH, 2003)

semiconductor
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Electronic structure of CNT II

P i di b d diti i h iPeriodic boundary conditions in armchair 
CNT affect the DOS

Electronic configuration for armchair CNT 
indicates superposition of valence and 
conduction bands

Transport properties are that of a p p p
conductor ((metallic CNTmetallic CNT))
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Electronic structure of CNT III

Periodic boundary conditions depend 
on the chirality

Chiral CNT

Metal/semi

on the chirality 

Electronic behavior depends on the 
structure:/

armchair (n, n) are conductive
n – m = 3q (q integer) are semi‐metal
otherwise semiconductor

SWNT/MWNT

otherwise, semiconductor 

/
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E

Resume of electronic properties in CNT

BV

EFermi

BC

Metallic   CNT

Armchair (n n)

Semimetallic CNT

m n=3q
Semiconducting CNT

3Armchair (n,n) m-n=3q m-n≠3q

Tuneable band gap (2x10-3-1.1eV)
Eg~1/dNT also affected by:g NT y
chemical doping (B, N, O, Li, K, …)
point defects (e.g., pentagons, 
heptagons, instead of hexagons)p g g )
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Some envisioned applications of CNT

Applications other than electronics:

• Hydrogen and ion (Li) storage units
• Supercapacitors, fuel cells, batteries
• Gas sensors
• FE devices (field emitters)
• Advanced scanning probes (SEM) g p ( )
• Superstrong and tough composites 

(nanocomposites)
• Templates for metal nanowires• Templates for metal nanowires
• Actuators (NanoElectroMechanical 

Systems - NEMS)
• ...

Many applications exploit the 
unique mechanical properties and q p p

the 1D geometry of CNTs
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Mechanical properties of CNT I

Elasticity tensor given by the second order variation of 
energy density with respect to displaced volume 

Computational modifications to account for non purely 
symmetric structures
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Mechanical properties of CNT II

Bond length is not exactly the same as for 
graphene due to structural relaxation (particularly 

relevant for small diameter CNTs)!

The cylindrical shape of CNT affects the energy density and its behavior as a 
f f ( )
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Mechanical properties of CNT III
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Ductility/brittleness problems in CNT

Stone Wales deformation

Heating up can restore the deformation

Telescopic behavior of MWNT under traction forces
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Examples of NEMS with CNT I

Mechanical properties (and geometry) of CNTs make p p ( g y)
them excellent components of NanoElectroMechanical 
Systems (actuators, sensors, smart systems)
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Examples of NEMS with CNT II
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Mechanical properties of CNT composites

Young, shear and bulk modulus 
similar to diamond

Excellent mechanical properties due 
t t i t b b d dto strong intercarbon bonds and 

cylindrical geometry 

Exploitations in structural materialsExploitations in structural materials
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CNT-containing nanocomposites

Goal: to transfer theGoal: to transfer the 
excellent mechanical 
properties of CNT to a 
composite material, p
including also a matrix 
(typical, polymer-based)
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Multifunctional CNT nanocomposites 

Wide variety of applications for CNT nanocompositesWide variety of applications for CNT nanocomposites 

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 6 –pag. 27Proprietà piccola e piccolissima scala



Embedding CNT in a polymer matrix

Compatibility is an issue to avoid separation of CNT with 
CNT/polivinylalcohol

Examples of functionalization

respect to the matrix 

CNT funzionalizzato per
solubilizzarlo in matrici
polimeriche (es.: polietilenglicole
attaccato a estremità di CNT 
“spezzati”, oppure AIBN ‐ azobisiso
butirronitrile che inizia legami 
covalenti tra carbonio e PMMA)

oppure surfattanti non‐ionici per
aumentare wettability

oppuremiscelamenti meccanici 
prolungati (Brabender a doppia vite
e temperatura alta)
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Other examples of CNT functionalization

Gold nanoparticles can be grafted to the CNT 
ll th hwall through:

‐Stabilization  of nanoparticles by thiol (or 
ammine) groups
‐An adhesion agent interposed between CNT wall 
d th ti land the nanoparticle

Further developments expected to lead to CNT 
functionalization by proteins or other 
bi tibl

Materiale tratto dal seminario di 
M. Barnabò,  Aprile 2004

biocompatibles
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Back to basics: the Nobel prize in physics, 2010 (yesterday)

Maybe, nanotube is too much in 
terms of structure to ensure 
exceptional provisions for new 
applications….
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Small and ultra-small scales in mechanics: a resume

We have seen:
• The intimate (ultra-small sized) nature of materials involves quantum mechanics (e.g., 

phonons, specific heat,…)

• Mechanical interactions at the small scale can be modeled in the classical scenario 
(Lennard-Jones, van der Waals, Hertz), but they “include” quantum mechanics

• Small and ultra-small scale interactions can be:
Used to build novel microscopes (see AFM);
Measured to investigate materials and surfaces at the local scale

• Nanosized (isolated) structures may possess unique mechanical features, as
ascertained in dedicated experiments: carbon nanotubes are an excellent example

• Atomic potential, a concept strictly related to ultra-small scale interactions, and its
variation upon a mechanical perturbation are the main ingredients to understand the 
observed behavior

Intimate Intimate relationshipsrelationships existexist betweenbetween ultraultra--smallsmall, , smallsmall and and notnot smallsmall

We’ll mention now another (rather different) example
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Mixing multiple length scales

Typical computational approaches:
Finite Elements (FE) for macroscopic problemsFinite Elements (FE) for macroscopic problems
Molecular Dynamics (MD) for ultra-small scale problems
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Where to put the ultra-small scale

FE
MD
(TB f id i h(TB – for considering the 
locally deformed bonds)
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Example of multi-scale simulation

Local/macroscopicLocal/macroscopic 
behaviors coupled together 

(and duly described)
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Integrating defects in the description

Goal: to improve description 
(and predictions) considering 
local defects (at the ultra-small 
scale)
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scale)



Conclusions

Small scale structures, e.g., nanostructures, can exhibit unique properties

The example of carbon nanotubes is highly suited:
o CNT can be easily produced;
o CNT are stable and own excellent Young modulus;

CNT b t d t l t i i i l f l t i tio CNT can be tuned, at least in principle, for electronic properties

In isolated nanostructures the ultra-small (atomistic) properties determine
the main features of the systemy

Such an interplay can be seen also in a completely different area, dealing
with fracture and localized stress phenomena and with their simulation

But: mechanics is not everything, and it’s now time to move to other
properties (optical, electronics)
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