Classification of nanoparticles

Nanoparticles can be broadly grouped into two: namely organic and
inorganic nanoparticles. Organic nanoparticles may include protein, lipid,
polymers (sugars) and carbon nanoparticles (fullerenes) while some of the
inorganic nanoparticles may include magnetic nanoparticles, noble metal
nanoparticles (like gold and silver) and semiconductor nanoparticles (like
titanium dioxide and zinc oxide).

There is a growing interest in inorganic nanoparticles as they provide
superior material properties with functional versatility. Due to their size
features and advantages over available chemical imaging drugs agents and
drugs, inorganic nanoparticles have been examined as potential tools for
medical imaging as well as for treating diseases. Inorganic nanomaterials
have been widely used for cellular delivery due to their versatile features
like wide availability, rich functionality, good biocompatibility, capability of
targeted drug delivery and controlled release of drugs. For example
mesoporous silica when combined with molecular machines prove to be
excellent imaging and drug releasing systems. Gold nanoparticles have been
used extensively in imaging, as drug carriers and in thermo therapy of
biological targets. Inorganic nanoparticles (such as metallic and
semiconductor nanoparticles) exhibit intrinsic optical properties which may
enhance the transparency of polymer- particle composites. For such reasons,
inorganic nanoparticles have found special interest in studies devoted to
optical properties in composites. For instance, size dependant colour of gold
nanoparticles has been used to colour glass for centuries.

Strategies used to synthesize nanoparticles

Traditionally nanoparticles were produced only by physical and chemical

methods. Some of the commonly used physical and chemical methods are



ion sputtering, solvothermal synthesis, reduction and sol gel technique.
Basically there are two approaches for nanoparticle synthesis namely the
Bottom up approach and the Top down approach.

In the Top down approach, scientists try to formulate nanoparticles using
larger ones to direct their assembly. The Bottom up approach is a process
that builds towards larger and more complex systems by starting at the
molecular level and maintaining precise control of

molecular structure.

Physical and chemical methods of nanoparticle synthesis

Some of the commonly used physical and chemical methods include:

a) Sol-gel technique, which is a wet chemical technique used for the
fabrication of metal oxides from a chemical solution which acts as a
precursor for integrated network (gel) of discrete particles or polymers. The
precursor sol can be either deposited on the substrate to form a film, cast into
a suitable container with desired shape or used to synthesize powders.

b) Solvothermal synthesis, which is a versatile low temperature route in
which polar solvents under pressure and at temperatures above their boiling
points are used. Under solvothermal conditions, the solubility of reactants
increases significantly, enabling reaction to take place at lower temperature.
c) Chemical reduction, which is the reduction of an ionic salt in an
appropriate medium in the presence of surfactant using reducing agents.
Some of the commonly used reducing agents are sodium borohydride,
hydrazine hydrate and sodium citrate.

d) Laser ablation, which is the process of removing material from a solid
surface by irradiating with a laser beam. At low laser flux, the material is

heated by absorbed laser energy and evaporates or sublimates. At higher



flux, the material is converted to plasma. The depth over which laser energy
Is absorbed and the amount of material removed by single laser pulse
depends on the material’s optical properties and the laser wavelength.
Carbon nanotubes can be produced by this method.

e) Inert gas condensation, where different metals are evaporated in separate
crucibles inside an ultra high vacuum chamber filled with helium or argon
gas at typical pressure of few 100 pascals. As a result of inter atomic
collisions with gas atoms in chamber, the evaporated metal atoms lose their
Kinetic energy and condense in the form of small crystals which accumulate
on liquid nitrogen filled cold finger. E.g. gold nanoparticles have been

synthesized from gold wires.

Synthesis

There are several methods for creating nanoparticles, including both attrition
(The act of rubbing together; wearing something down by friction and)
pyrolysis (Transformation of a substance produced by the action of heat). In
attrition, macro or micro scale particles are ground in a ball mill, a planetary
ball mill, or other size reducing mechanism. The resulting particles are air
classified to recover nanoparticles. In pyrolysis, a vaporous precursor (liquid
or gas) is forced through an orifice at high pressure and burned. The
resulting solid is air classified to recover oxide particles from by-product
gases. Pyrolysis often results in aggregates and agglomerates rather than
single primary particles.

Thermal plasma (a fourth state of matter distinct from solid or liquid or gas
and present in stars and fusion reactors; a gas becomes a plasma when it is

heated until the atoms lose all their electrons, leaving a highly electrified
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collection of nuclei and free electrons) can also deliver the energy necessary
to cause vaporization of small micrometer size particles. The thermal plasma
temperatures are in the order of 10,000 K, so that solid powder easily
evaporates. Nanoparticles are formed upon cooling while exiting the plasma
region. The main types of the thermal plasma torches used to produce
nanoparticles are dc plasma jet, dc arc plasma and radio frequency (RF)
induction plasmas. In the arc plasma reactors, the energy necessary for
evaporation and reaction is provided by an electric arc which is formed
between the anode and the cathode. For example, silica sand can be
vaporized with an arc plasma at atmospheric pressure. The resulting mixture
of plasma gas and silica vapour can be rapidly cooled by quenching with

oxygen, thus ensuring the quality of the fumed silica produced.

In RF induction plasma torches, energy coupling to the plasma is
accomplished through the electromagnetic field generated by the induction
coil. The plasma gas does not come in contact with electrodes, thus
eliminating possible sources of contamination and allowing the operation of
such plasma torches with a wide range of gases including inert, reducing,
oxidizing and other corrosive atmospheres. The working frequency is
typically between 200 kHz and 40 MHz. Laboratory units run at power
levels in the order of 30-50 kW while the large scale industrial units have
been tested at power levels up to 1 MW. As the residence time of the
injected feed droplets in the plasma is very short it is important that the
droplet sizes are small enough in order to obtain complete evaporation. The
RF plasma method has been used to synthesize different nanoparticle

materials, for example synthesis of various ceramic nanoparticles such as



oxides, carbours/carbides and nitrides of Ti and Si (see Induction plasma

technology).

Inert-gas condensation is frequently used to make nanoparticles from metals
with low melting points. The metal is vaporized in a vacuum chamber and
then supercooled with an inert gas stream. The supercooled metal vapor
condenses into nanometer-sized particles, which can be entrained in the inert

gas stream and deposited on a substrate or studied in situ.

Nanoparticles can also be formed using radiation chemistry. Radiolysis from
gamma rays can create strongly active free radicals in solution. This
relatively simple technique uses a minimum number of chemicals. These
including water, a soluble metallic salt, a radical scavenger (often a
secondary alcohol), and a surfactant (organic capping agent). High gamma
doses on the order of 10* Gray are required. In this process, reducing
radicals will drop metallic ions down to the zero-valence state. A scavenger
chemical will preferentially interact with oxidizing radicals to prevent the re-
oxidation of the metal. Once in the zero-valence state, metal atoms begin to
coalesce into particles. A chemical surfactant surrounds the particle during
formation and regulates its growth. In sufficient concentrations, the
surfactant molecules stay attached to the particle. This prevents it from
dissociating or forming clusters with other particles. Formation of
nanoparticles using the radiolysis method allows for tailoring of particle size

and shape by adjusting precursor concentrations and gamma dose.
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Sol-gel

The sol-gel process is a wet-chemical technique (also known as chemical
solution deposition) widely used recently in the fields of materials science
and ceramic engineering. Such methods are used primarily for the
fabrication of materials (typically a metal oxide) starting from a chemical
solution (sol, short for solution) which acts as the precursor for an integrated

network (or gel) of either discrete particles or network polymers. [%]

Typical precursors are metal alkoxides and metal chlorides, which undergo
hydrolysis and polycondensation reactions to form either a network “elastic
solid" or a colloidal suspension (or dispersion) — a system composed of
discrete (often amorphous) submicrometer particles dispersed to various
degrees in a host fluid. Formation of a metal oxide involves connecting the
metal centers with oxo (M-O-M) or hydroxo (M-OH-M) bridges, therefore
generating metal-oxo or metal-hydroxo polymers in solution. Thus, the sol
evolves towards the formation of a gel-like diphasic system containing both
a liquid phase and solid phase whose morphologies range from discrete

particles to continuous polymer networks.?]

In the case of the colloid, the volume fraction of particles (or particle
density) may be so low that a significant amount of fluid may need to be
removed initially for the gel-like properties to be recognized. This can be
accomplished in any number of ways. The most simple method is to allow
time for sedimentation to occur, and then pour off the remaining liquid.

Centrifugation can also be used to accelerate the process of phase separation.
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Removal of the remaining liquid (solvent) phase requires a drying process,
which is typically accompanied by a significant amount of shrinkage and
densification. The rate at which the solvent can be removed is ultimately
determined by the distribution of porosity in the gel. The ultimate
microstructure of the final component will clearly be strongly influenced by
changes implemented during this phase of processing. Afterwards, a thermal
treatment, or firing process, is often necessary in order to favor further
polycondensation and enhance mechanical properties and structural stability
via final sintering, densification and grain growth. One of the distinct
advantages of using this methodology as opposed to the more traditional
processing techniques is that densification is often achieved at a much lower

temperature.

The precursor sol can be either deposited on a substrate to form a film (e.g.
by dip-coating or spin-coating), cast into a suitable container with the
desired shape (e.g. to obtain a monolithic ceramics, glasses, fibers,
membranes, aerogels), or used to synthesize powders (e.g. microspheres,
nanospheres). The sol-gel approach is a cheap and low-temperature
technique that allows for the fine control of the product’s chemical
composition. Even small quantities of dopants, such as organic dyes and rare
earth metals, can be introduced in the sol and end up uniformly dispersed in
the final product. It can be used in ceramics processing and manufacturing as
an investment casting material, or as a means of producing very thin films of
metal oxides for various purposes. Sol-gel derived materials have diverse
applications in optics, electronics, energy, space, (bio)sensors, medicine (e.g.
controlled drug release) and separation (e.g. chromatography)

technology.oIEY
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Colloids

The term colloid is used primarily to describe a broad range of solid—liquid
(and/or liquid—liquid) mixtures, all of which contain distinct solid (and/or
liquid) particles which are dispersed to various degrees in a liquid medium.
The term is specific to the size of the individual particles, which are larger
than atomic dimensions but small enough to exhibit Brownian motion. If the
particles are large enough, then their dynamic behavior in any given period
of time in suspension would be governed by forces of gravity and
sedimentation. But if they are small enough to be colloids, then their
irregular motion in suspension can be attributed to the collective
bombardment of a myriad of thermally agitated molecules in the liquid
suspending medium, as described originally by Albert Einstein in his
dissertation. Einstein proved the existence of water molecules by concluding
that this erratic particle behavior could adequately be described using the
theory of Brownian motion, with sedimentation being a possible long-term
result. This critical size range (or particle diameter) typically ranges from

nanometers (10~° m) to micrometers (10°¢ m).
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Nanostars of vanadium(lV) oxide

Scientists have taken to naming their particles after the real world shapes
that they might represent. Nanospheres, nanoreefs, nanoboxes and more
have appeared in the literature. These morphologies sometimes arise
spontaneously as an effect of a templating or directing agent present in the
synthesis such as miscellar emulsions or anodized alumina pores, or from
the innate crystallographic growth patterns of the materials themselves.
Some of these morphologies may serve a purpose, such as long carbon
nanotubes being used to bridge an electrical junction, or just a scientific

curiosity like the stars shown at right.

Amorphous particles usually adopt a spherical shape (due to their
microstructural isotropy) — whereas the shape of anisotropic microcrystalline
whiskers corresponds to their particular crystal habit. At the small end of the
size range, nanoparticles are often referred to as clusters. Spheres, rods,
fibers, and cups are just a few of the shapes that have been grown. The study

of fine particles is called micromeritics.
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