. Acta Materialia Transylvanica 4/1. (2021) 1-8. ACTA
$ sciendo DOL: hungarian: https:/doi.org/10.33923/amt-2021-01-01 MATERIALIA
english: https://doi.org/10.33924/amt-2021-01-01 TRANSYLVANICA

The past, the present and the future of nanotechnologies

Janos B. NAGY

University of Namur, Belgium, janos.bnagyl@gmail.com

Abstract

Artists from the time of Mesopotamia or Egypt and in the Middle Ages astonished us with various coloured
Stained-glass windows, prepared with the help of metal nanoparticles.

The paper will deal with zeolites, nanoparticles and carbon nanotubes. The latter will be developed more
extensively, because we have founded the Nanocyl company, selling carbon nanotubes and it has become the
best European company. One carbon nanotube is 100,000 times thinner than a human hair, it is very light
— twice as light as aluminium -, its mechanical resistance is much higher than that of steel and it conducts
electricity better than metal conductors. The use of carbon nanotubes is very important in nanotechnology.
For example, with the help of coiled carbon nanotubes, the weight of a single nanoparticle can be measured,
it is equal to one femtogram (10'5 gram). Carbon nanotubes are used in car spray painting to cancel the
build-up of static electricity. With the help of carbon nanotubes, it is possible to decrease the velocity of flame
propagation, when they are included in composite materials. Carbon nanotubes are also very good as sensors
for toxic gases. Their uses will take up the most part of this paper.

The future of nanotechnology will be illustrated by nanomachines, by the lift between the Earth and the
Moon, and by graphene (one single sheet of graphite). The use of carbon nanotubes will be evoked in waste
water cleaning, in the production of drinking water from seawater.

Keywords: nanoparticles, carbon nanotubes, coiled carbon nanotubes, nanotechnology.

Results and discussion <M

Nanoparticles have two essential properties: the
very high surface area and the physical proper-
ties that depend on the size of the particles.

Figure 1. illustrates the importance of the sur- S il
face area. Let us start with a cube of 1 m edge. This iiftase d Sitaca
gives a surface area of 6 m? If we divide the edge (m?) (m?)
by 1,000, we get a cube of 1 mm? with a surface of 6x1mxim 6
6 m2. As we can form 1,000,000,000 cubes from the
initial one - the total volume being kept constant

Importance of the surface area ' iii»

(6%0,001 m x0,001
m)

- the total surface becomes equal to (6 x10%) m? or X10° (cubes)
inm=  (6x10%nmx10%

6,000m% B - it .

If we continue to divide by 1,000,000,000 we a=1 mm X107 (cubes)

arrive at cubes each of 1nm edge. The total the
surface area becomes in this case 6,000,000,000
(6x10%)m?2. Figure 1. The importance of the surface area.
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As a consequence, the total surface increases al-
ways by the same amount as the number used to
divide the initial edge.

The change of the physical properties is illus-
trated in Figure 2.

This shows the change of colour of the fullerenes
- which are balls formed only by carbon atoms —
as a function of their size [1].

The zeolites are aluminium silicates either in
natural or in synthesized form [2]. They are com-
posed of cavities and channels of nanoscopic size
(Figure 3.). They are used as adsorbents, as ionic
exchanger due to the presence of cations neutral-
izing the negative charges linked to aluminium
and as catalyst. Those who drive a car can be sure
that their gasoline has seen zeolites in their life as
they are used to cut the long chains of the mole-
cules composing the crude petroleum.
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The Color of Nanoparticles
Depends on the Size

Figure 2. The colour of nanoparticles depends on
their size.

Zeolites

Natural zeolite MFI| zeolite structure

Figure 3. Natural and synthesized zeolites.
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Inorganic nanoparticles can be prepared by re-
ducing the cations dissolved in microemulsions
formed by three components, water, surfactant
and organic solvent [3]. The water dispersed in
the organic solvent - thanks to the surfactant -
forms nanocages where the reaction of reduction
occurs and the so-formed nano-particles are sta-
bilized by the surfactant.

Figure 4. represents the formation of AgBr nan-
oparticles in two different conditions. In the first
case a kinetic control takes place and the colliding
nanoparticles form a fractal structure (in black in
the figure). In the second case, thermodynamic
control occurs and the nanoparticles tend to form
amore stable structure, i.e. a sphere. The reaction
has not completely finished and as an intermedi-
ate state a heart-like structure is formed (in red
in the figure). This figure could finally be red as ,I
love nano-particles”.

2.

2

FoNot

I Love Nanoparticles...

NANOPARTICLES

Figure 4. AgBr nanoparticles forming a fractal struc-
ture (in black) and controlled by thermo-
dynamic stability tending to a spherical
form (in red).

Figure 5. Stained - glass windows of the Middle Age
(Sainte Chapelle, Paris, XII. Century).
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(10,10) tube

Figure 6. The allotropic forms of carbon.

Fullerenes Family C,

Figure 7. Fullerenes family.

As the past of nanotechnology, we show a beau-
tiful picture composed of nano-particles of silver
(giving the yellow colour) and of copper (giving
the red colour) leading to the stained — glass win-
dows in the Middle Age (Figure 5.).

This is proof that nanotechnology was discov-
ered prior to the twentieth century.

Figure 6. shows the various allotropic forms of
carbon.

Diamond is formed by a tetrahedral structure
linking every carbon atom. It has a beautiful col-
our and is one of the hardest materials. When all
the carbon atoms are linked to three other neigh-
bours, a plane structure is obtained formed by six
- membered rings. This is graphite, and it is quite
breakable, because the planes can slip over each
other. We know this from the way a pencil usual-
ly breaks easily. Fullerenes are balls formed only
from carbon atoms and the carbon nano - tubes
were initially considered as elongated fullerenes.

Synthesis of carbon nanotubes

Funpt

« Experimental device (Fixed bed engine).

* Deposited carbon yield.

%C =[(m m )/ m ., ]*100

tot ~ cat

Figure 8. Synthesis of carbon nanotubes by Chemical
Vapour Deposition.

J. B.Nagy, et al., Science, 1994, 265, 635-639

Figure 9. The Belgian nanotubes: Nanoharp.

Figure 7. Illustrates some members of the
fullerenes family [4].

Bob Curl, Harry Kroto and Rick Smalley re-
ceived the Nobel Prize in chemistry in 1996 for
the discovery of C, fullerenes.

The main part of the paper will be occupied by
the synthesis and use of carbon nanotubes.

We used a very simple method to prepare car-
bon nanotubes. A hydrocarbon, for example
acetylene, is decomposed on supported metal na-
noparticles at high temperature, i.e. 700 °C. The
generally used metal particles are Fe, Co or Fe —
Co, supported on various solids such as zeolites
or silica gel. The method is called Catalytic Vapour
Deposition (CVD) (Figure 8.).

Figure 9. shows various multiwalled carbon na-
notubes obtained on a Co/silica catalyst. We can
see linear nanotubes and coiled nanotubes [5].

The figure could represent a ,nanoharp”.



Figure 10. High resolution Transmission Electron
Microscope (TEM) pictures of Multi Wal-
led Nanotubes (MWNT) in the linear form
and in the coiled form.

FUNDd

Single wall Nanotubes (bundle)

g nanotubes (left),
And the section of a bundle of single wall nanotubes (right).

Figure 11. Single Walled Nanotubes (SWNT) forming
bundles.

Electronic

The lines traced by photolithography (in gray) seem
gigantic compared to the nanotube (in red) whose
diameter measures hardly more than one nanometer.

Figure 12. The very thin size of Single Walled Carbon
Nanotubes
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Table 1. Properties of Single Walled Carbon Nanotu-
bes.

Nanotube Properties

: The lithography by electron
SIZE 2;::::.‘? L beam can create broad lines of
: 50 nm and of some nm of
thickness.
__ || DENSITY 1.33 to 1.40 g/lcm?. Aluminium has a density of 2.7
@/4 A g/em?.
A7
< " The strongest steel alloys break
- ~|STRENGTH 45 pillion Pascal. at approximately two billions of
Pascal.
They can be Metals and the carbon fibers are
strongly curved fractured at the limits between
" || ELASTICIRY without irreversible  the grains.
deformation.
> CURRENT Estimated at one billion ~ The copper wire roasts at
TRANSPORT Alcm?. approximately one million
i Alemz,
They can activate Molybdenum tip requires
- phosphorus with a electric fields from 50 to 100
{ . ||FIELD tension ranging between  volts per
° || EMISSION 1and3 micrometer and have very
A volts when the electrodes limited life time.
are distant by 1 ym.
\ HEAT It would be 6000 W/m.K A quasi pure diamond
3 TRANSFER  at ambient temperature.  transmits 3320 W/m.K.
THERMAL  Stable upto 2800 ° Cin The metal wire of micro
vacuum andto 450" c chips melts between 600
SEARINE and 1000 ° C.

Figure 10. illustrates a high resolution transmis-
sion electron microscope picture of a coiled mul-
tiwalled carbon nanotube. The tube is formed by
some 10 concentric layers. The coiled carbon na-
notubes were called « Belgian tubes » by Japanese
and South - Korean scientists as we synthesized
them for the first time. We have founded the Na-
nocyl company in order to prepare various car-
bon nanotubes in large amounts.

Single walled carbon nanotubes can also be pre-
pared and they form bundles, because the van
der Waals attraction is very high between the
tubes (Figure 11.).

The carbon nanotubes can be used in nanotech-
nology. They are thinner than the frame obtained
by lithography and one can put many more elec-
tric conductors in the same volume (Figure 12.).

Table 1. compares the various properties of car-
bon nanotubes with other known materials. They
are thinner than the wire made by silicon to be
used in computers.

They are twice aslight as the corresponding light
metal aluminium used in aeroplane parts. They
are more resistant than steel and they conduct
electricity better than known metallic conductors.
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Curved nanotubes

(a) Curved nanotube (
(b) Curved nanotube (

Figure 13. Curved nanotubes.

Electronic &)

SuNot

The first electronic devices which use nanotubes are vacuum

lamps for lighting (on the left) and a flat-faced colored screen
(on the right).

Figure 14. Light emitting properties of carbon nano-
tubes.

They emit electrons easily and are already used
in car painting in order to reduce the static elec-
tricity on the surface. They are very flexible, and
they come back to the initial position after can-
celling the initial force. Their heat transfer is
twice as good as the best material known so far.
The thermal stability is high in vacuum, stable
up to 2,800 °C, but in air it is oxidized at 450 °C.
It should be noted that metal microchips melt be-
tween 600 °C and 1,000 °C.

Figure 10. also shows models to illustrate the
two concentric layers in a MWNT. Let us concen-
trate now on the curved nanotubes of Figure 13.
We can distinguish clearly two different struc-
tures formed by the six - membered rings. When
the sides of the six - membered rings are perpen-
dicular to the tube axis, it is a metal conductor,
while when the sides of the six — membered rings
are parallel with the tube axis, it is a semi - con-
ductor. This curved nanotube can hence be used
in nanotechnology, as a switch, letting the current
pass in one tube and cutting it in the other.

- A —
Transmission electron microscopy images with low and high
resolution, showing the presence of a metallic particle
encapsulated in a multiwall nanotube.

Figure 15. Encapsulated particles.

Application of carbon nanotubes °
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Figure 16. NanoPiston

The electron emitting properties can be used in
vacuum lamps for lighting and in a flat — faced
coloured screen (Figure 14.). Indeed, the first
lamps used carbon fibres, but they had only a
short life, that is why one replaced them by tung-
sten used until recently. Nowadays, one could
come back to carbon, because the lifetime of car-
bon nanotubes is much longer.

Metal particles used as catalysts are sometimes
encapsulated in the nanotube (Figure 15.). In ad-
dition, the figure shows that the end of the nano-
tube is closed. We have to open the nanotube by
gentle oxidation and this way we can use them
as sorbents. Hence, we can eliminate toxic gases,
and for example, the carbon nanotubes adsorb
dioxine 1,000 times better than the adsorbents
known at present. In the open form, nanotubes
are also used as sensors because their electric
conductivity depends not only on the nature of
the gases, but also on their quantity.

Carbon nanotubes can also be used as a Nano-
piston. Figure 16. Illustrates the Nanopiston



Artificial muscle containing
nanotubes

This paper, made from the million of carbon nanotubes,
contracts when it is charged. Subjected to an electric charge,
like the normal muscles, the individual nanoctubes lengthen and
cause a displacement of the whole structure.

Generation of energy starting from the
movements of the oceans

Figure 17. Artificial muscle containing carbon nano-
tubes.

position-sensitive
photodetector

-’.\.\6;‘:.‘

piezoplate ‘

TMNAARY

Figure 18. Atomic Force Microscopy of helical
MWNTs.

functioning, where a fullerene molecule push-
es the other molecules in the internal tube of a
MWNT.

With the help of the carbon nanotubes, it is pos-
sible to realize an artificial muscle (Figure 17.).

Two sheets formed by carbon nanotubes are
attached on an isolating plastic sheet. Into one
sheet, a positive charge is introduced - hence the
valence bond lengths are decreased -, while into
the other, a negative charge is introduced — hence
the valence bond lengths are increased. This pro-
vokes a bending imitating the movement of a
muscle. Conversely, one could generate electricity
by bending the sheet suspended in the sea. This
experiment has already been realized near Lis-
bon in Portugal.

It is also possible to write on a silicon plate using
carbon nanotubes, this is thus the NanoPencil [6].

We made the first NanoBalance using helical or
coiled carbon nanotubes (Figures 18. and 19.).
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Application of the helical nanotubes
as nano-

150 200
Frequency, MHz

Figure 19. Use of helical carbon nanotube as a Nano-
Balance.

Composite materials

Figure 20. Dispersion in polymeric chains.

A coiled multiwalled carbon nanotube is depos-
ited on the piezo plate of the Atomic Force Micros-
copy. With the tip of the cantilever one taps on the
nanotube (Figure 18.). The basic frequencies in
MHz are registered (Figure 19.).

When a nanoparticle is deposited on the coiled
carbon nanotube, the basic frequencies are di-
minished due to the weight of the nanoparticle.
From the differences in the frequencies it is possi-
ble to compute the weight of a single nano - parti-
cle: it is in the femtogram range (105 g).

It is also possible to make a NanoSpring using
coiled carbon nanotubes, by attaching one end to
a fixed material [7]. One can measure the elastic
modulus of the tube that is in the TPa range. In-
troducing current into a coiled nanotube, quite
large magnetic fields can be induced leading to a
NanoSolenoid [8].

The preparation of composite materials is very
interesting. The dispersion of the nanotubes
should be as good as possible in order to increase
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Figure 21. Flame retardant properties of composite
materials.

The fuel cell

Hydrogéne Membrane Oxygéne
(H,) d'électrolyte (0,)

Figure 22. The fuel cell where the electrolyte memb-
rane contains carbon nanotubes.

<,’-:ME"L
The Future of Nanotechnology "

£UNDY

Nanomachines
The Lift between Earth and Moon

Figure 23. The future of nanotechnology.
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the interaction between the polymeric chains and
the nanotubes (Figure 20.) [9].

The presence of nanotubes is also responsible
for the flame - retardant properties of the com-
posite material. The carbon nanotubes dispersed
alone in the polymer have no flame - retardant
properties (Figure 21. left picture). When some
layered silicate is added to the polymer, the flame
—retardant property is improved (Figure 21. mid-
dle picture). However, when both carbon nano-
tubes and layered silicate are dispersed, the re-
sult due to synergistic effects is excellent (Figure
21. right picture) [10].

Carbon nanotubes are also used in fuel cells where
the membrane is composed of carbon nanotubes fa-
vouring the transfer of the hydrogen atoms towards
the oxygen molecules that are reduced, thereby
producing electric current (Figure 22.). These fuel
cells are becoming increasingly important, because
electric cars help to reduce CO, content in the air.

Hydrogen can be directly produced by a heteroge-
neous catalytic reaction between water and meth-
anol:

H,0 + CH,0H-- 3H, + CO,

The future of nanotechnology can be illustrated
by the nanomachine formed by Prof. Jean — Pierre
Sauvage, Nobel Prize in Chemistry in 2016 and
the lift between Earth and Moon imagined by
Rick Smalley, Nobel Prize in Chemistry in 1996
(Figure 23.).

The physics and chemistry of graphene (one
single graphite sheet) are developing fast and are
very promising. New sensors are found to detect
the toxic gases. The use of carbon nanotubes in
purifying waste waters is increasing in the scien-
tific literature [11], as well as their use in prepar-
ing drinking water from sea water [12].

Conclusions

Nanoparticles were used in ancient times to
prepare, for example, various coloured stained -
glass windows.

The endless applications of carbon nanotubes
include nanoelectronics, nanosoleonids, nanos-
prings, nanobalances, flat — faced screens, com-
posite materials, sensors, fuel cells...

The future of nanotechnology deals with nano-
machines, graphene and its application, includ-
ing water purification
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