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CARBON NANOTUBES AND THEIR PROPERTIES IN THE COURSE IN
NANOMATERIALS FOR ENGINEERING STUDENTS

The article describes the sequence of presentation of the basic concepts and achievements of
nanotechnology, nanomaterials types, the core technologies of their formation, methods of
investigation of nanostructures, the basic physical and chemical properties of nanomaterials, the latest
advances in the use of nanomaterials and nanotechnologies in various branches of engineering.

In the lecture course, students are introduced to the basic concepts and ideas of
nanotechnology and nanomaterials, their classification and basic properties, methods of
nanostructures’ forming.

In the theoretical material of the lecture course the latest achievements in the field of
nanomaterials are considered with the focus on graphene, carbon nanotubes and fullerenes. All of
these materials are constructed with carbon atoms. Listeners' attention is drawn to the fact that certain
special arrangement of carbon atoms can drastically change the properties of the material if created
with the specific arrangement of atoms. A necessary condition for such a review is appropriate
schematic arrangement of atoms.

Lecture material is related to the latest developments in nanotechnology, and is divided into
teaching units in line with some of the brightest main results obtained in such critical areas as
nanotechnology:  nanobiology, nanomaterials, nanochemistry, nano, nanoengineering,
nanoelectronics, nanoenerqetika, nanotechnoloqy safety.
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A course in nanotechnology and nanomaterials is now systematically read for
engineering students attaining a master degree at Donetsk national technical
university. The aim of the course is to give central concepts and ideas of
nanotechnology, show various kinds of
nanomaterials and their classification, study their
specific physical and chemical properties, and also
the most important methods of their fabrication and
investigation.

A special interest among nanomaterials
belongs to such carbon materials as fullerenes,
graphene and nanotubes. The students’ interest is
drawn to the fact that all these materials are formed
from only one element.

Carbon nanotubes (CNTs) were discovered in

Figure 1. Bucky ball: C60 1991 by Sumio ljima of the NEC laboratory in
molecule (computer simulation) Tsukuba, Japan, during highresolution transmission
electron microscopy (TEM) observation of soot
generated from the electrical discharge between two
carbon electrodes. The discovery was accidental,
although it would not have been possible without
liima’s excellent microscopist skills and expertise.
What ljima was, in fact, studying were Cego
molecules, also known as buckminster fullerenes,
previously discovered by Harold Kroto and Richard
Smalley during the 1970s. Kroto and Smalley found

Figure 2. Graphite sheet  that under the right arc-discharge conditions, carbon
wrapped into a cylinder to form atoms would self-assemble spontaneously into
a carbon nanotube (CNT) molecules of specific shapes, such as the Cg

molecule (see Figure 1).
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Figure 3. Single-
walled and multiwalled
carbon nanotubes

However, as shown by ljima’s discovery, under
different experimental conditions, carbon atoms can instead
self-assemble into CNTs.

CNTs are cylindrical molecules with a diameter
ranging from 1 nm to a few nanometers and length up to a
few micrometers. Their structure consists of a graphite
sheet wrapped into a cylinder (see Figure 2). Depending on
the processing conditions, CNTs can be either single-
walled or multiwalled (see Figure 3).

Single-walled nanotubes (SWNTs) may be metallic
or semiconductor, depending on the orientation of the
hexagonal network with respect to the nanotube long axis,
a property known as chirality. In particular, CNTs can be
classified by a chiral vector, given by

C=na+mb

where a and b are unit vectors and n, m are chiral vector
numbers that characterize the orientation of the hexagons
in a corresponding graphene sheet (see Figure 4). In this

configuration, the magnitude of the chiral vector C is the circumference of the
nanotube, and its direction relative to the unit vector a is the chiral angle 8. The
translation vector T defines the nanotube unit cell length, which is thus perpendicular
to C. These parameters describe the way in which the graphite sheets are rolled up
to form a tube structure. In this regard, three types of CNTs are possible: armchair,
zigzag, or chiral (see Figure 5). An armchair nanotube is formed when n = m. In

Figure 5 this occurs when the green atom
matches the blue atom. The zigzag nanotube
forms when m = 0 (the green atom matches
the red atom).

The chiral type occurs when the chiral
vector numbers (n, m) can assume any integer
values and the chiral angle is intermediate
between 0 and 30 (Figure 5). Among these
three different types, armchair SWCNTs are
metals, those with n-m = k (k is an integer) are
semiconductors with a small band gap, and the
remainder are semiconductors with a band gap
that is inversely proportional to the CNT
diameter.

Carbon nanotubes exhibit various
unique properties, such as the ability to
withstand large stresses with little elastic
deformation (Young’'s modulus = 1000 GPa),
the capacity to endure enormous tensile
stresses (30 GPa), and the aptitude of
exhibiting superior current densities (10°A/cm?)
and thermal conductivity (6000 W/mK). These
two latter properties are due to the nearly 1-D
electronic structure in metallic SWNTs and
multiwalled nanotubes (MWNTSs), which leads
to ballistic transport, and the ease by which
phonons propagate along the nanotube,
respectively.

Figure 4. Graphene sheet rolled
into a cylinder described by unit vectors
a and b, chiral angle 60, chiral vector C,
and translation vector T. The figure
represents a (4,2) nanotube, where the
shaded area is one unit cell. (Adapted
from Barry J. Cox and James Hill,
University of Wollongong, Australia)
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Chiral

Figure 5. Chirality in nanotubes, describing the way in which the graphite sheets are
rolled up to form a particular tube structure.

So far, researchers around the world have been devising several
methodologies to synthesize carbon nanotubes. The most common methods are the
arc-discharge technique and chemical vapor deposition. These methods have seen
significant improvements over the years, but they still suffer from (1) low yield, (2)
very high cost, (3) difficulty in tuning the diameter of the nanotubes, and (4) difficulty
in producing a single type of CNT without impurities. Table 1 shows some of the
advantages and disadvantages of these current methods.

Table 1. Advantages and Disadvantages of Widely Used Techniques
to Synthesize CNTs

Method Type of Diameter Length Advantages | Disadvantages
Nanotubes
Laser SWNT 1-2 nm i Few defects, Very
o good size expensive
vaporization
control
Arc SWNT/MWNT | 0.6-1.4nm/10nm | Short Easyto | Random sizes,
. produce, few short length
discharge
defects
CVD SWNT/MWNT | 0.6-4 nm/10-240 nm | Long Easyto | Usualy MWNT,
produce defects

Although these techniques have been the subject of considerable research,
there are still many questions with respect to the processing variables that may
condition the formation and growth of CNTs. Some noteworthy parameters that seem
to affect the production of CNTs are temperature, pressure, and the type of catalyst
used. As an alternative to the methods shown in Table 1, one other route for
generating CNTs that could become promising in the near future is the process of
metal dusting. Simply, metal dusting is the disintegration of metallic alloys by
corrosion, which is initiated by exposure of pure metals or metallic alloys to strongly
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carburizing atmospheres. The result of the decomposition is a mixture of metal
particles and carbon nanostructures. The great advantages of this catalytic route are
that carbon nanotubes can be produced at moderate temperatures (around 650—
750°C) in large volumes as well as low cost and their structure can be tailored by the
catalytic properties of the metal or alloy selected. However, this method still requires
further investigation».

Analyzing the structure of fullerene molecules, it is interesting to mention the
analogy with filigree building constructions by the American R.B.Fuller. Such
spherical molecules have much free space inside and may serve as reservoirs for
various purposes, e.g. reservoirs of hydrogen molecules, which is very interesting in
energetics.

However, these methods may dissolve some of the CNTs, cause structural
damage to CNTs, or be unable to remove large particle aggregates. In addition,
these purity-driven techniques tend to be very expensive.

Nevertheless, due to these outstanding properties, carbon nanotubes are likely
to play a vital role in various areas, such as nanocomposites, nanoelectronics,
hydrogen storage, field emission devices, and nanosensors. The area of
nanocomposites is perhaps the first area where CNTs will have a commercial impact.
Due to the outstanding modulus and tensile strength resulting from the covalent
bonds between the carbon atoms, CNTs are one of the strongest materials known. In
addition, CNTs exhibit a high aspect ratio. Therefore, CNTs are ideal as a
reinforcement phase. In recent years, good progress has been made in developing
CNT-based nanocomposites. In fact, several investigations have shown important
enhancements in mechanical, electrical, and thermal properties of nanocomposite
materials. However, significant challenges still remain—for example, tailoring the
uniformity of dispersion within the matrix, controlling the alignment of CNTs, and
making sure that there is a good interfacial bond between the CNTs and the matrix.
Furthermore, due to the high cost of CNTs, particularly of pure SWCNTs, the addition
of CNTs has been restricted to about 5% in weight.».

Specifically, the U.S. Department of Energy (DOE) has set the technological
benchmark to 6.5 wt% (ratio of hydrogen to storage material). Currently, these
hydrogen levels can be achieved by using gaseous and liquid hydrogen.

However, gaseous hydrogen occupies large volumes, whereas liquid hydrogen
requires cryogenic containers, which drastically increase the system’s overall cost.
Solid-state hydrogen is thus the most
promising route for hydrogen storage.
Several publications have reported very
high hydrogen storage capabilities in
CNTs, ranging from 10 wt% to less than
0.1 wt% (see Figure 6). These
experiments have been performed at

Figure 6. Carbon nanotubes (CNTs)  ambient pressure and temperature, high
for hydrogen storage pressure and room temperature, and
cryogenic temperature.

However, many of these experiments have been difficult to reproduce. This
has been attributed to several factors, such as a large variation in the type and purity
of CNTs tested as well as some difficulties in the characterization procedure. In
addition, the mechanisms of hydrogen adsorption and the nature of chemical
interaction have not yet been understood. Although some researchers claim that the

Water bonds — — Hydrogen
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major portion of hydrogen absorption is due to trapping sites, namely dangling bonds,
with energies between 4.4 eV and 2.3 eV, depending on the trapping site, others
argue that hydrogen trapping sites in carbon-related materials are either a result of
physisorption (0.1 eV) or chemisorption (2-3 eV). Currently, the number of hydrogen
trapping sites available under normal conditions is not sufficient to fulfill the goals set
by DOE».

The material of the lecture about contemporary achievments of
nanotechnology should be divided into didactic units in accordance with bright results
in such important fields as nanobiology, nanoelectronics, nanoenergetics,
nanotechnology for safety etc.

«In the area of nanoelectronics, CNTs have been sought as the new
generation of interconnect structures as well as field-effect transistors.

Interconnects, which carry the electrical signals between transistors, are
currently made of copper, but as electronic circuits continue to shrink, copper
interconnects will suffer from overheating.

Conventional metal wires can typically exhibit current densities of 10° A/cm?
until resistive heating becomes a problem. On the other hand, because of the nearly
one-dimensional electronic structure of CNTs, electronic transport in metallic SWNTs
occurs ballistically along the nanotube length, allowing the conduction of high
currents with no heating. In fact, current densities up to 10° A/cm? have been
observed in SWCNTs. This is because the electronic states are confined in the
directions perpendicular to the tube axis. As a result, the remaining conduction path
occurs along the tube axis. Due to the lack of phonon and/or impurity scattering
perpendicular to the tube, CNTs behave as 1-D ballistic conductors.

Field-effect transistors (FETs), a type of transistor used for weaksignal
amplification, are currently made from silicon. However, these devices are still a few
hundred nanometers in size. The use of CNTs with sizes less than 1 nanometer in

diameter would allow more of these

—18nm— switches to be part of a chip. In an

Drain ﬂ’}wﬁiﬁ?”ﬂ Source FET, the current flows through a CNT
e with semiconductor properties along a

“\ path called the channel. At one side of

/__ silicon oxide  the channel is a gold electrode called

the source; at the other side of the
channel is a gold electrode called the
Figure 7. Typical field-effect transistor (FET) drain (see Figure 7). When a small
voltage is applied to the silicon
substrate, which acts as a gate in FETs, the conductivity of the CNT can change by
more than a million times, allowing a FET to amplify a signal. Still in the area of
nanoelectronics, a more challenging idea is to build entire electronic circuits out of
CNTs, making use of their metallic and semiconducting properties. In this case,
semiconducting CNTs are aligned on an insulator substrate, whereas metallic CNTs
are placed above in close proximity to the bottom layer. By controlling the current, the
top CNTs can be made to contact the bottom CNTs, producing a metal-
semiconductor junction that acts as a switch.
Another application for CNTs is in the area of fuel cells and batteries, both for
storage purposes. In the case of fuel cells, CNTs have been sought to store hydrogen,

Gate-electrode
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particularly for automotive applications, where hydrogen should be contained in small
volumes and weights, yet enabling reasonable driving distances (500 Km).

Another area in which CNTs can potentially be of great interest is the field of
supercapacitors. This is because CNTs exhibit high porosity, large specific surface
area, high electrical conductivity, and chemical stability. In a conventional capacitor,

energy is typically stored by the transfer of

n —AV— electrons from one metal electrode to

S [ another metal electrode separated by an

R - (A3l current electronically insulating material. The
collector capacitance depends on the separation

Secrob® distance and the dielectric material

7Y |Chi] | electrode inserted between electrodes. In the case

500l Separator of 5 supercapacitor, there is instead an

Individual electrical double layer (see Figure 8).

ultracapacitor cell Each layer contains a highly porous

Figure 8. Schematic of a supercapacitor electrode suspended within an electrolyte.

An applied potential on the positive
electrode attracts the negative ions in the electrolyte, whereas the potential on the
negative electrode attracts the positive ions. A dielectric material between the two
electrodes prevents the charges from crossing between the two electrodes. If the
electrodes are made of CNTs, the effective charge separation is about a nanometer,
compared with separations on the order of micrometers for ordinary capacitors. This
small separation, combined with a large surface area, is responsible for the high
capacitance of these devices (one to two orders of magnitude higher than
conventional capacitors). In addition, although it is an electrochemical device, no
chemical reactions are involved, allowing the ultracapacitor to be rapidly charged
and discharged hundreds of thousands of times. Supercapacitors employing
multiwalled carbon nanotube electrodes have already achieved a capacitance
ranging from 18 to 250 F/g.

Field emission is another area in which CNTs can prove particularly useful. As

previously discussed, the concept of field emission involves the application of an

electrical field along the CNT axis to induce

the emission of electrons from the end of

the tube. So far, the research has been

directed toward using SWCNTs and

Nanotube  MWCNTSs for flat-panel displays and lamps.
emitters . .

SUE L pads of nanotube In th.e.case of flat-panel dlsplays., used in

emitters televisions and computer monitors, an

electric field directs the field-emitted

electrons from the cathode, where the

CNTs are located, to the anode, where the

(i +— cathode

S Phosphor

ke Anode electrons hit a phosphorus screen and emit
b light (see Figure 9). The area of flat-panel
Figure 9. Flat-panel display displays has attracted a good deal of

attention from the industrial community,

including Motorola and Samsung, which
have produced several prototypes. Despite the potential market for this application,
the current technology still suffers from several problems that are not easy to solve,
such as the development of low-voltage phosphorus.
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Obviously, once the technical problems are surpassed, the advantages of
CNTs with respect to conventional liquid crystal displays are significant, in particular
high brightness, a wide angle of view, and low power consumption. The technology
for CNT-based lamps is imilar to the one used for flat-panel displays, comprising a
front glass covered with the phosphor coating and a back cathode glass that includes
the CNTs. CNT-based lamps are attractive because they are mercury-free while
maintaining high efficiency and long lifetime».

After considerations of another obvious cases from various branches of
nanoscience and technology the lecturer gives to students quite complete general
picture of present-day achievements in nanotechnology.
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E.N.Bonkoea, B.B.Mpucedckuti YITIEPOAHbIE HAHOTPYBKW U UX CBOUCTBA B
KYPCE «<HAHOMATEPWAIbI» 151 CTYQEHTOB UH)XXEHEPHbIX CIIELUMAJTIbHOCTEN

B cmambe usnoxeHa nocrnedosamesibHOCMb pedcmassieHUsi OCHOBHbIX MOHAMUU U
docmuxeHull  HaHOmMexHosoeuu, eudo8  HaHOMamepuasiog, OCHOBHbIX  MexXHono2ull  ux
gopmuposaHusi, Memooo8 uccredoB8aHusi HaHOCMPYKMyp, OCHOBHbIX (bU3UYECKUX U XUMUYECKUX
ceolicme HaHoMamepuasios, CO8PEMEHHbIX O0CMUXeHUU 8 MPUMEeHeHUU HaHoMamepuanos u
HaHOMeXxHo102ull 8 Pa3/IuUYHbIX OMPAacsiX MeXHUKU.
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B nekyuoHHomM Kypce cmydeHmbl 3HAaKOMSIMCsl C  OCHOBHbIMU  MOHAMUSMU U
npedcmasnieHUsIMU HaHOMEXHOo2UU U HaHoMamepuaros, Kraccugukayuel U UX OCHOBHbIMU
ceolicmeamu, Memodamu ¢hopMuUpPO8aHUS HAHOCMPYKMYP.

B meopemuveckomM Mamepuane IeKUUOHHO20 Kypca fpu paccMOmpeHUU CO8PEeMEHHbIX
docmuxxeHuli 8 obriacmu HaHoMamepuarios, 8 rnepeyt o4epedb, OCHOBHOE 8HUMaHUE 0bpauleHo Ha
epagbeH, yerepodHble HaHOmMpybku u cbynnepeHbl. Bce amu mamepuarnbsi co3daHbl Ha OCHO8e
amomos yenepoda. BHumaHue crywamersnel obpawieHo Ha mo, 4ymo ornpedenieHHoe crieyuanbHoe
pacrionoxeHue amomoeg yarepoda 0380/155iem KOPEeHHbIM 06pa3oM u3MeHUmb ceolicmea
Mamepuarna, co30aHHO20 C MaKuM pacrosioxXeHuemM amomos. HeobxodumbiM ycrosueM makoz2o
paccMompeHusi Aerisiemcsi cxemamu4eckoe U300paxeHue Ccoomeemcmeyruux pacronoxeHul
amomos.

Mamepuan nekuuu, cesi3aHHOU C COBPEMEHHBbIMU OOCMUXEHUSIMU HaHOMexXHo1o02ul, pasbum
Ha Oudakmu4eckue eOUHUUbI 8 COOmMEemcmeue C HeKomopbiMU, Haubosiee SPKUMU OCHOBHbLIMU
pesynbmamamu, [Ofly4YEeHHbIMU 8 MmaKux B8axXHelwux ompacssax HaHOmMexHono2ull  Kak:
HaHobuoo2us, HaHOMamepuarsibl, HAHOXUMUST, HAHOMeOUUUHA, HaHOUH)XEHEPUS, HAHO3/TIEKMPOHUKa,
HaHOSHepaemuka, HaHomexHosoa2uu 0s1s1 6e3onacHocmu.

Knrouyeeble cnoea: HaHomexHoso2usl, HaHompybka, HaHoCcmpykmypa, hyrnepeH,
UHXeHepHoe obpa3osaHue.

O.l.Bonkoea, B.B.Mpucedcwukuti BYIJIEUEBI HAHOTPYBKN TA IX BJIACTUBOCTI B
KYPCI «<HAHOMATEPIAJIN» 4J151 CTYQEHTIB IH)XEHEPHUX CIMNELIAJIbHOCTENA

Y cmammi euknadeHa mocnidosHicmb npedcmasieHHsI OCHOBHUX [MOHSIMb | OOCSieHEeHb
HaHomexHosoaii, eudie HaHoMamepiasnig, OCHOBHUX MexHomoail ix ¢opMyeaHHs, Memodie
00CnidOKEeHHST HaHOCMPyKmMyp, OCHOBHUX (hi3UYHUX | XIMIYHUX eslacmugocmell HaHoMmamepiarnis,
cy4acHux docsicHeHb 8 3aCmocCy8aHHi HaHOMamepiarie i HaHOMEXHOI02il y Pi3HUX 2aly35X MEXHIKU.

Y nekujtHomy Kypci cmyOeHmu 3HaluoOMASIMbCS 3 OCHOBHUMU MOHAMMSAMU ma ysSe8reHHIMU
HaHomexHoso2ii i HaHoMamepiarie, Knacugikayieto ma ix OCHOBHUMU erilacmugocmsamu, mMmemodamu
opMy8aHHs1 HARHOCMPYKMYyp.

Y meopemuy4HoMy Mamepiasni eKyiliHo2o Kypcy npu po3ernsdi cydacHux OOCS2HEHb 8
obnacmi HaHoMamepiarie, 8 rnepuwy 4epey, OCHOBHa yeaza 368epHeHa Ha epacheH, eyaneuesi
HaHoOmpybKu i ¢bynepeHu. Bei yi mamepianu cmeopeHi Ha OCHOBI amomie 8yarieyro. Yeazy criyxadie
38EpHEHO Ha me, WO MeeHe creyiallbHe po3mauly8aHHs amomie gyareulo 00380J155€ OOKOPIHHO
3MIHUMU 8rlacmueocmi Mamepiasly, CmeopPeHO20 3 makuM po3mauwlysaHHsM amomis. HeobxidHor
YMOBOI0 MaKo20 po3asisidy € cxeMamuyHe 306pakeHHs 8idrnogiOHUX po3maulyeaHb amomis.

Mamepian nekuii, noe'ssaHoi 3 cy4yacHUMU OOCSi2HEHHAMU HaHOMmexHosoail, po3bumul Ha
QudakmuyHi oOuHuyi y e8idrnoesidHicmi 00 Oesikux, Halbinbw SCKpasux OCHOBHUX pe3yrbmamis,
OMpUMaHUX 8 maKux Hal8aXuegiux 2any3six HaHomexHorsogzili sK: HaHobionoezii, HaHoMamepianu,
HaHOXiMisi, HaHoOMeOuUUHa, HaHOIHXEHEPIs, HaHOENIEKMPOHIiKa, HaHOeHepaemika, HaHOomexHosoail
0nsa 6esneku.

Knro4oei cnoea: HaHomexHorsoziss, HaHompybka, HaHOCmpykmypa, hynepeH, iHXeHepHa
oceima.
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