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Nanostructured materials

Properties of materials depends on chemistry and arrangement of the building 
blocks in three dimensional structures.
It is easy to understand or imagine that the properties of a single atom is different 
from a bulk arrangement of many atoms. A metal is conducting, while a single 
metal atom is not. A small metal cluster is also not conducting.
So the question is how small an arrangement may be and still keep its “bulk”
properties.
Typical dimensions where properties become very size sensitive are between 1 
and 100 nm. If one, two or three dimensions of a material falls in the nanometer 
regime, the materials may have surprising properties which are very different from 
the bulk materials.
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Size effects

• Finite size effects: Electronic bands are gradually converted to molecular 
orbitals. Confining electrons to small geometries results in “particle-in-a-box”
energy levels. Nanostructures are difficult to describe using either solid state 
physics (solid materials) or quantum chemistry (molecules and atoms).

• Surface and interface effects: A high percentage of atoms in nanomaterials are 
on the surface (or interface). 5nm spherical particle : ca. 50% of the atoms are 
on the surface.
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Nanomaterials

In nanocrystalline materials the 
dimensions of the grains are in the 
nanometer range. Two structural 
components: small crystallites and a 
network of intercrystalline regions.

Nanocomposites: Nanoparticles imbedded in a matrix.
Supported metal or metal oxide nanoparticles as heterogeneous catalysts.
Composites containing semiconductor nanoparticles (quantum dots).
Nanoparticles or nanofibers in ceramic matrices.
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Nanocomposites

Nature 444, 286 (16 November 2006) 
Materials: Carbon nanotubes in an ancient Damascus sabre M. Reibold, et al.

http://www.spiegel.de/wissenschaft/mensch/0,1518,448539,00.html
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Nanomaterials

Nanoporous materials(!): Pores with a diameter in the nanometer range.

Nanotubes and nanowires: Two dimensional nanostructures. Carbon nanotubes 
(SWNT, MWNT), inorganic nanotubes and nanoscrolls, nanowires, nanobelts,…

Nanometer scaled layers.: Biological membranes, inorganic single or 
multilayers (microelectronics, optics, magnetic properties)

Vanadium oxide nanotubes (scrolls)
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HardDiskHardDisk
Reading head:
Slider = 1.25 mm
Speed = 15000 rpm
Height = 100 Å
Reading rate = 900 Mbps

MIG25:
Length = 21 m
Speed = 1.172.640 m/s (mach 3540)
Height = 0.17 mm
Counting blades of grass
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Nanocrystalline ceramics

Typical grain size for ceramics: ca. 10μm
Nanocrystalline: 10-100 nm.
For 3nm grains: 70-80% of the atoms are in the interphase region
The density of the interphase is 60-70% of the bulk density.
The material is in a non-equilibrium state.

Chemical properties: e.g. catalytical properties of oxides.
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Melting points: When the mean thermal displacement (d) of the atoms becomes 
larger than some fraction of the interatomic distance, the material melts.
Surface atoms have lower coordination and a higher displacement (dS), a factor of 
2-4 compared to bulk (dV).
When the surface/volume ratio increases, the mean d increase, i.e. the melting 
point decreases.

The melting point is only constant as long as surface effect can be neglected!
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Nanocrystalline ceramics

Diffusion and sinterablilty: Nanoceramics may sometimes be densified by 
sintering at significantly lower temperatures than for conventional powders. Higher 
surface energy, short diffusion paths, low stability of interfacial region. 
Nanocrystalline powders may also be doped more efficiently at low temperatures.

Hardness and strength of sintered nanomaterials are higher than in conventional 
materials. 

Superplasticity: The capability to undergo large tensile deformation without 
necking or fracture. (100-1000%) (error in book). Superplasticity in ceramics at 
low temperature has yet to be properly proved, but is theoretically predicted.
Nanocrystalline ceramics may be ductile, as opposed to traditional ceramics. 
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Synthesis of nanoparticles

Many synthesis methods may be used. Increase nucleation and decrease growth rate.
If nanoparticles are formed, agglomeration and aggregation must be prevented.

Formation of nanoparticles from vapor.
Aerosol route – advantage: Particle size may be controlled by droplet size, 
concentration etc.

Gas condensation method: Ultra 
high vacuum (filled with ca. 100 Pa 
He) w. liquid nitrogen cold finger, a 
scraper, and in-situ compactor.
Evaporation of a solid (mostly 
metals) by heating. Clusters are 
formed, which grow by cluster-
cluster condensation. Convective 
transport towards cold finger.
Gram quantities may be produced.
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Synthesis of nanoparticles.

Formation of nanoparticles from solution.
Precipitation or sol-gel processes.

Mechanical attrition. (abrasion, grinding)
High energy ball milling may reduce particle size to 2-20 nm. (may also be used 
for synthesis or alloying)
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Semiconductor nanoparticles.

Semiconductor nanoparticles (1 - 20nm, quantum dots, Q particles) have a structural 
arrangement similar to bulk materials, but very different physical properties (optical, 
electrical).
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Semiconductor nanoparticles: Electronic properties

Linear combination of atomic orbitals form molecular orbitals (MO).
When the number of atoms increases, the mean energy difference between levels 
decreases. In a molecular cluster, discrete bonds are formed. In the bulk material the 
band structure is developed. In the nanoparticles, the situation is in-between. 
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Semiconductor nanoparticles: Optical properties

The energy gap between the valence band and the conduction band 
(corresponding to the HOMO-LUMO gap in molecular compounds) widens as 
the particle size decreases. The corresponding absorption band is blue-shifted 
and becomes sharper. The size distribution must be very narrow in order to obtain 
good optical properties.

The optical properties may also be influenced by 
interaction with e.g. solvent molecules or ligands, 
which may perturb the energy levels of the surface 
atoms.

Semiconductor nanoparticles in a transparent 
matrix exhibits photoluminescence and third order 
non-linear optical behavior (refractive index 
depends in the intensity of the incident light.
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Synthesis of semiconducting nanoparticles

The nanoparticles must be stabilized in a colloidal dispersion, i.e. aggregation 
must be prevented in order to keep the size related properties.

Aggregation occurs in order to minimize the free surface energy.
Agglomeration may be suppressed by steric or electrostatic modification. For 
instance it is possible to bind molecules to the surface, which prevents growth 
into larger particles., e.g. a polymeric stabilizer. One end may be covalently 
bonded to the semiconductor surface.

SPh groups may be grafted onto the surface of CdS. 
PhSH or PhS- is added as “capping agent”.
E.g. Cd32S14(SPh)36(DMF)4, a cluster containing a 32 
atoms sphalerite core. (1.5 nm without shell)
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Synthesis of semiconducting nanoparticles

May be produced by precipitation or by reaction in confined space.

Synthesis in confined spaces. Nanosized reactors, “Ship-in-a-bottle”. May be 
pores or channels in solids or liquid droplets.

Reversed micelle (water in oil microemulsions).

Formed by adding a small amounts 
of water to a surfactant in a 
hydrocarbon solvent. 
E.g. precipitation of CdS by adding 
sulfide to a solution of a cadmium 
salt. 
The size is determined by the size 
of the droplet (controlled by the 
water/surfactant ratio).
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Synthesis of semiconducting nanoparticles

Domains in ionomers:
Ionomers: copolymers containing ionic side chains groups (e.g. -COO-, -SO3

-) 
The ionic groups cluster, forming domains similar to micelles.
E.g. CdS in a ethylene-methacrylic acid copolymer)

Zeolite cages:
Confined growth of semiconductors. 
Cd exchanged zeolite (e.g. zeolite X) , dried and exposed to H2S.
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•CdMe2 and Se dissolved in TOP

•Cold solution is injected into hot 
TOPO (300ºC)

•Temperature drops to ca. 170ºC

•Increase of temperature to higher 
temperature (below 300ºC) for a 
specified time

Kinetically controlled synthesis

•Nucleation

•Growth

•Shape

•Composition

Synthesis of semiconducting nanocrystals

TOPO: Tri-n-octylphosphine oxide 
TOP: Tri-n-octylphosphine
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Metal nanoparticles

Quantum size effects: localized vs. delocalized electrons. Delocalization of 
electrons in the conduction band is not possible if the wavelength of the electron 
is similar to the diameter of the particle.
Additional effects from surface atoms due to unsaturated bonds. The presence of 
ligands will make the surface atoms even more different from the bulk atoms.

Giant metal clusters: 
Au55(PPh3)12Cl6: 4 different gold atoms: 13 inner atoms (“metallic”), 24 
uncoordinated surface atoms, 12 atoms coordinated to PPh3, 6 bonded to Cl.

Other large clusters: Ni147(Ppr3)12Cl6, Pd561(phen)60(OAc)180.

The metallic properties of a cluster or a small metal particle arise from the core 
atoms. 
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Metal nanoparticles, properties

Chemical properties of metal particles also depends on the electronic structure. 
Chemical reactions depends on electron affinity/ionization, orbital energies etc.
Much used in heterogeneous catalysis. 
Example:   
Fischer-Tropsch reactions: conversion of CO and H2 (synthesis gas) into 
hydrocarbons. E.g. Co nanoparticles are used; optimal size 6-8 nm.

Optical properties. Discovered (well, rediscovered?) by Michael Faraday (1791-
1867) (Studies of gold colloids). The colour of colloidal gold depends on the 
particle diameter (and the separation and the shape and the difference (contrast) in 
dielectric function of the metal and surroundings).
Intense band in the absorption spectrum, which is not present in bulk gold.
Plasmon resonance. (collective oscillations of conduction electrons)
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Mesogold: http://www.purestcolloids.com/index.htm

MesoGold is 0.9999 pure gold in colloidal form.
• All natural mineral supplement - colloidal gold. 
• No adverse side effects have ever been reported. 
• A true colloidal gold is ruby red as shown in photo. 
• Contains only pure water and pure gold nanometer sized particles. 
• High purity gold 0.9999. Beyond 4 nines is meaningless. 
• Made using the highest purity, sterile reagent grade deionized water. 
• Concentration: 10 ppm (minimum) of gold particles . Does not contain gold ions. 
• True colloidal gold, not ionic gold (not gold chloride). 
• MesoGold is non-toxic. See Material Safety Data Sheet (MSDS). 
• Does not interact or interfere with any medications. 
• Does not require refrigeration after opening. 
• Tasteless liquid, like water. 
• Infinite shelf life. 

500 ml 10 ppm gold: $50
5mg, i.e. $10000/g gold
Sold also in gallons:  $217 per jug

MesoSilver MesoGold 
MesoCopper MesoPlatinum 
MesoPalladium MesoIridium 
MesoTitanium MesoZinc 
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Metal nanoparticles, optical properties

Plasmon resonance, 
theory developed by Mie.
The electron mean free 
path in metals is between 
5 and 60 nm.

Absorption max for 5 nm particles: 
520nm (in water) (565 nm in Al2O3)

Smaller particles; the absorption is 
blue shifted, i.e. towards higher 
energy.
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Metal nanoparticles, electric properties

Transition from metallic to non-metallic behavior below a few nanometers.
(Size-induced metal-insulator transition, SIMIT effect)
The energy bands gradually change toward molecular orbitals. Bulk metals follow 
Ohms law (collective movement)

In nanosized metal particles the electrostatic 
contribution must be included (describing 
the energy associated with adding or 
removing an electron), Eel = e2/2C, 
C is the effective capacitance.
Single electron transfer, SET, result in a 
Coulomb staircase. (similarity to molecules)
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Metal nanoparticles, magnetic properties

Ferromagnetic materials (Fe, Co, Ni, Gd, CrO2…) spin alignment below TC, 
the Curie temperature. Magnetic domains are present, separated by Block 
walls.
When the size of the magnetic particle is in the same range as the domain size, 
only one domain is present in one particle.
Critical sizes: Fe: 14 nm, Co: 70 nm, Fe3O4: 128 nm.
The coercivity is the field needed to reverse the magnetization. This is higher 
for single domain particles than for bulk, because the spin has to be flipped, not 
rotated by moving the block wall.

Smaller particles may display 
superparamagnetism

(e.g. 7.6 nm for Co at 300K)
i.e. the coercivity =0
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Metal nanoparticles, magnetic properties, cont.

The coercivity of magnetic particles increases with decreasing size, but then 
decreases below a critical diameter.

Giant magnetoresistance (GMR): a dramatic drop in electric resistance in a 
magnetic field. Observed in nanocomposite materials (and multilayers of 
ferromagnetic and non magnetic materials (Fe/Cr, Co/Cu) 
(and colossal magnetoresistance, CMR, in e.g. manganite perovskites)
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Synthesis of metal nanoparticles

Gas phase growth of smaller clusters. Many methods, not discussed here.
Gas condensation, discussed earlier.

Solvated metal atom dispersion method: metal is vaporized, and co-deposited 
with a large excess of an organic solvent at liquid nitrogen temperatures. When 
heating to room temperature, ultrafine particles are formed. Used e.g. for organic 
synthesis, catalysis, bimetallic particles, metal particles in polymers.

When using a large excess of solvent 
and slow warming, small particles are 
formed. The clusters coalesce to some 
size, and then growth is hindered by 
cluster/particle interaction with the 
solvent molecules.
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Synthesis of metal nanoparticles

Reduction of metal salts: Small metal particles may be formed by reduction of 
solvated metal ions. Dialysis may be used to remove remaining salts. A thickener 
(gelatin, thiols, amines, surfactants…) may be used to prevent agglomeration.
May be used for production of fairly narrow size distribution particles.
E.g.
In water: 4Co2+ + 8BH4

- + 18 H2O 2Co2B + 25 H2 + 6B(OH)3

In dry diglyme, bis(2-methoxyethyl) ether): Co2+ + 2BH4
- Co + H2 + B2H6

Using highly reducing alkali metals for reduction may produce nanoparticles. The 
reaction must be performed in a moisture free environment., e.g.:
In dry xylene: AlCl3 + 3 K Al + 3KCl
This may be improved by pre-reacting potassium with naphtalene in diglyme. 
This results in a soluble, very reactive potassium compound.

Other reducing agents: Citrate, alcohols, H2, formaldehyde, CO
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Thermolysis, photolysis

Thermolysis of e.g. transition metal carbonyls under an inert atmosphere may 
produce metal colloids.
e.g. thermolysis of Fe(CO)5 Fe + 5CO in an organic surfactant produces 
“ferrofluids” of metallic iron nanoparticles (8.5 nm).

Ni, Co, Fe and Cu nanoparticles have been prepared from the formiates:

M(OOCH)x M + xCO2 + x/2 H2 (or M + x/2 CO + x/2 CO2 + x/2 H2O)

Or from the oxalates

Photolysis, e.g. photochemical decomposition of silver halide nanocrystals.

30

Metal on support

Mainly used in catalysis, highly dispersed metals. E.g. automobile exhaust catalyst
Dispersion is the percentage of metal atoms on the surface.
Supports: alumina, silica, carb on, aluminosilicates (cordierite, (Mg,Fe)2Al4Si5O18)
Needs high surface area, highly porous, large amount of micropores.
Stabilizes the particles (toward agglomeration), acts as a heat sink and may be 
involved in catalytic reactions.
Catalyst may be deposited by CVD, but wet chemical methods are more common.

Impregnation of the support by a metal salt. The distribution on the support and 
the size and size distribution depends on the surface properties, porosity, drying 
conditions, reduction temperature. And the gas composition during reduction.

Ion exchange: Introducing catalytically active sites in a zeolite, or ion exchange of 
OH groups in silica.

Coprecipitation: The support and the catalyst precursor is precipitated together. A 
single phase or a two-phase mixture may be formed during precipitation.
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Metal on support, cont.

Sol-gel processing: Active metal precursor ions/compounds may be added to 
a precursor for sol-gel processes and incorporated into the gel network.
Dispersion may be improved by coordinating to e.g. alkoxysilanes using 
complexing groups:

General: Interactions between the support and metal (metal-matrix interactions) 
may occur. It may range from weak interactions to electron transfer.

32

Nanotubes

Nanotubes may be seen as rolled up layers. They may be open or closed. 
Many interesting properties may arise. 
Note that the inner surface is different from the outer surface.
May be single-walled (SWNT) or multi-walled (MWNT) (or scrolls)

Mostly studies are the carbon nanotubes.
Other examples are nanotubes of boron nitride (BN), silica, transition metal 
oxides (e,g. VOx and hydrogen titanates), sulfides (WS2, MoS2) and halides.
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Carbon nanotubes, CNT

•Electric conductivity
•Chemical and thermal stability
•Extremely high tensile strength and elasticity
•Ability to adsorb gases as anocapillaries
•Potential of chemical functionalization

The electronic properties depends on how the graphite sheets are rolled up.
Roll-over vector: Ch = na1 + ma2.  n = m: armchair, m=0: zigzag (achiral)
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The magnitude of n and m determines the diameter. (usually between 1 and 2 nm)
Armchair tubes are metallic, while most of the other are semiconducting (except 
when (n-m)/3 = 2n (i.e. an integer) when they are metallic)



35

Carbon nanotubes, preparation
Prepared by evaporating carbon by arc discharge in a helium atmosphere.
(e.g. n-tech, at IFE, Multiwalled nanotubes)

Decomposition of hydrocarbons (e.g. acetylene) in an inert atmosphere at 700C 
in the presence of transition metal particles, Fe, Co, Ni….

Pyrolysis of organometallic compounds or mixtures of organometallic 
compounds and hydrocarbons.

Catalyst impact:

SWNT when the particle 
diameter is around 1 nm. 

MWNT when the particle 
diameter is 10-50 nm.

Growth of aligned CNT; 
important e.g. for emitters
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Growth mechanism

1. Hydrocarbon decomposition on the surface of the metal particle. Carbon is 
dissolved in the particle.

2. Carbon diffuses to the rear face, and forms the start or cap of the nanotube.
3. The supply of carbon is faster to the front face, and blocking is avoided by 

forming a “skin” resulting in the tube growing in length. The catalyst 
particle is always located at the growing end of the tube.

4. Overcoating of the catalyst particle and deactivation terminates growth.

Not possibly to produce pure samples. Contaminants include amorphous carbon 
and catalyst particles.
Removed by oxidizing acids, microfiltration, chromatography…

Length of CNT: typically 50 μm.
Defects modifies/destroy the electronic and mechanical properties.
Defects may be used for functionalization.
Caps are most reactive, so the CNT may be opened by oxidation (O2, HNO3)
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Mono- and multilayers

One dimensional nanostructures. Organic, inorganic or hybrid materials.
Important for biological processes, microelectronics, optical devices…

Multilayers of inorganic materials: Alternating layers (few nm) of different 
compounds. Compositional modulation. If the multilayers are topotactical, single 
crystal layers they are called superlattices.
Large interface area and periodicity in the layer structure gives them special 
properties.

Typical methods of preparation are PVD and CVD. ALD gives a unique control 
over the layer thickness and stacking.
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Langmuir monolayers

Deposition of mono or multilayers from solution; use for films of organic compounds.
Self-organization of e.g. insoluble amphiphile molecules deposited at the water/vapor 
interface. (i.e. the surface…) This is know as Langmuir films or Langmuir 
monolayers. Model system for membranes.

Long-chain amphiphilic molecules, e.g. stearic acid (CH3(CH2)16COOH) deposited 
from a solution (organic solvent. When the solvent evaporates, a film is formed at the 
water surface. Organized in a monolayer. When the available surface area is reduced 
the molecules are compressed. (A movable barrier is used) When the layer is 
compressed so the tails are perpendicular to the surface, the packing resembles that in 
a single crystal (Area/molecule ca. 0.22 nm2 for stearic acid). A phase diagram can be 
constructed with temperature and “pressure” as two parameters.
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Transfer of Langmuir films

The Langmuir-Blodgett technique is used to transfer Langmuir films to a substrate. 
Usually the substrate is lowered into the water and then withdrawn. The surface 
pressure is kept constant by moving the barrier.
First withdrawal deposits a single layer with the hydrophilic heads towards the 
(hydrophilic) surface. Second immersion deposites layer number two, and the 
following withdrawal deposits the third layer.
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Phospholipid bi-layer in biological membranes.

Structure very similar to the Langmuir-Blodgett films. LB films are used as 
model systems in membrane reasearch.
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Self-assembled monolayers (SAM)

Monomolecular films may be prepared by self-assembly on a surface. 
Self-assembly: Spontaneous assembly of molecules in a stable, well defined 
structure by non-covalent interactions.

Best studied and described system: alkane thioles (X(CH2)nSH) on gold surfaces.
N>11: a 2-3 nm thick layer is formed by dense packing of the parallel alkyl 
chains. X may be a functional group.

Nanostructuring of electronic devices: a way of decreasing the size in integrated 
circuits. (The quantum effects is a different issue.) Higher energies must be used 
for standard lithographic processes in order to increase resolution.
Self-assembled monolayers (SAMs) may be used for high resolution lithography
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