
www.reginna4-0.eu

Graphene ɬ
Magic of Carbon
Professor Volodymyra BOICHUK, D.Sc. 



Page 2

In the second part of the eighteenth-century carbon was 
first identified as an element.
The name "carbon" comes from the Latin word carbon, 
meaning "charcoal".

Carbon. Starting point

Carbon (C) is the sixth element on the periodic table and the
sixth most abundant element in the universe.

Carbon is unique because of its four valence electrons, 
which make it very versatile and allow it to bond with many 
other elements.

https://www.britannica.com/science/carbon-chemical-element
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Carbon. Allotropes
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Carbon. Allotropes

Allotropy is the property of certain chemical elements to exist in two or more distinct forms (phases), 
known as elemental allotropes. 
Allotropes have different structure : the atoms of the same element are bonded together in different 
ways.
The allotropes of carbon include: 

diamond
graphite
graphene
fullerenes
carbon nanotubes
Q-carbon 
Carbyne
amorphous carbon
schwarzites
cyclocarbon
glassy carbon

What is the reason for structural variations and cardinal changes in properties?
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Carbon atoms are made up of a nucleus of six protons and six neutrons 
(12C isotope) and surrounded by six electrons. 
3ÏÌɯÌÓÌÊÛÙÖÕɯÊÖÕÍÐÎÜÙÈÛÐÖÕɯÖÍɯÊÈÙÉÖÕɯÐÚɯƕÚƴɯƖÚƴɯƖ×ƴȭ
The 1s orbital is the lowest energy level. Since 1s can only hold two 
electrons the next 2 electrons for C goes in the 2s orbital, and it can also 
hold a maximum of two electrons. 

Carbon. Atom

The 2p orbital is the third energy level, and it consists of 
three sub-levels: 2p , 2p , and 2pz. 
Each of these sub-levels can hold a maximum of two 
electrons. In carbon atom two of the 2p orbitals (2p and 
2py) hold one electron each, while the third 2p orbital 
(2pz) is empty.

The first wonder of carbon is the electronic structure
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Hybridization is a concept describing the mixing of atomic 
orbitals to form hybrid orbitals with different geometries and energies. 

This hybridization occurs when atoms join together to form a more 
energetically favorable configuration.

The most common types of hybridization for carbon are: 
sp3 , sp2 , sp

Carbon. Electronic structure

The shape of the single sp- , sp2 

or  sp3-hybridized orbital
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Carbon. Electronic structure
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Carbon. Electronic structure
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Carbon. Electronic structure



Page 10

Carbon. Structure of Allotropes

Different geometries of hybridized orbitals result in linear (1 -dimensional), planar (2-dimensional), or 
tetrahedral (3-dimensional) spatial organization of crystalline and amorphous allotropes of carbon.

Two main allotropes: graphite and diamond corresponding to sp 2 and sp3 hybridization
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Carbon. Diamond

Properties
V Diamond is the densest form of carbon.
V Diamond is the hardest natural substance.
V The melting point of the diamond is 3843K (approx 3570 oC).
V In diamonds, all valence electrons participate in bond 

formation. It does not have a lone pair of electrons. Diamond 
has a very low electrical conductivity. 

V Diamond is insoluble in all solvents.
V When heated at 475K in presence of sulfuric acid and potassium 

dichromate, diamond is oxidized directly into carbon dioxide, 
leaving no residue.

V Diamond has a very high refractive index.
V It is a good conductor of heat.
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Properties of graphite :
VGraphite is black in color and has a metallic luster.
VHigh melting point: The carbon atoms in each layer are bound 

by strong covalent bonds, so that the melting point of graphite 
is high, about 3500ȘC.
VConductivity: Every carbon in graphite is sp 2-hybridized. Thus, 

one valence electron of each carbon atom can move freely from 
one point to another. Non -hybrid orbitals containing one 
electron each overlap in the transverse direction, forming bonds 
in one layer. These free electrons are delocalized and move 
under the influence of thermal and electric fields. Thus, it is a 
good thermal and electrical conductor.
VLow density of 2.26 g/cm3 due to large distance between layers.
VGraphite is slippery because of its characteristic layered 

structure. It is often used as a dry lubricant.
VGraphite is chemically stable 

Carbon. Graphite
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Carbon. Graphene. General

Carbonnanostructuresorderedfollowingdimensionalityanddiscoverytime

For the discovery of graphene in 
2004, the 2010 Nobel Prize in Physics 
was awarded jointly to Andre Geim
and Konstantin Novoselov
"for  ground-breaking experiments 
regarding the two-dimensional  material 
graphene"
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Carbon. Graphene. General

Graphene is a single atom thick sheet of carbon.

Strength, flexibility, electrical conductivity, exceptional optical
properties have opened up new horizons for researchin the field of
high energy particle physics, as well as for electronic, optical and
energy applications .

What is the advantage of graphene over graphite?

In graphene, each carbon atom is covalently bonded to three other carbon atoms.
Thanks to the strength of its covalent bonds, graphene boasts great stability and, for example, 
very high tensile strength (the force you can stretch something before it breaks).
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Carbon. Graphene. Unique Properties 

Very exiting, but what is a reason for 
these properties ?
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1. Therearetwo typesof electronsin solid carbon- electronsin the s- and p-shellsassociatedwith the
atom,
andelectronsthat haveleft theshellsandtransferredto thecrystal

2. Theenergyof all electronsis quantized
3. According to Pauli exclusionprinciple, only two electronswith oppositespins can havethe same

energyin thesamequantumsystem; whena systemconsistsof many identicalatoms,the individual
energylevelsof theelectronsof individual atomsturn into energybands

4. The energyof electronsdependson the lattice. The spatial distribution of atomsis the reasonfor a
certain symmetryof the intracrystalline electricfield, which determinesthe allowedenergystateof
electrons.

5. Thegroupingof thesedifferentenergylevelsfor freeandboundelectronsformsenergybands.

Carbon. Electronic structure-glossary

The electrical and optical properties are due to a very special band structure

Five quite important facts 
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Valancebandconsistsof energylevelsof
valenceelectrons.
Conduction band consists of energy
levelsof freeelectrons.
Forbiddenenergygap is the energygap
between the valence band and the
conductionband.

Carbon. Electronic structure-glossary

6ÏÈÛɀÚɯÈÉÖÜÛɯÎÙÈ×ÏÌÕÌɯȳɯɯ

Thevalencebandandconductionbandoverlapin thecaseofa conductor
Thereis a smallbandgapbetweenthevalencebandandtheconductionbandin thecaseofsemiconductors.
Betweenthevalencebandandtheconductionbandin thecaseof insulatorsthereis a largebandgap.
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Carbon. Electronic structure-glossary
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The wave vector (k-vector) determines the quasi-momentum and energy of an electron in a crystal
wk
d

Quasimomentum

( ) ( ) ( ) ( )
2 22 22

( , , )
2 2 2

x y z

x y z

k k k kp
KE f k k k

m m m

+ +
= = = =Kinetic energy of an electron

Absorption or emission of 
electromagnetic waves 

occurs when an electron 
passes between cells

The space in which an 
electron exists is 

quantized and consists 
of separate cells, each of 

which can contain a 
maximum of two 

electrons with opposite 
spins at the same time.

Empty cells

Occupied cells

bandgap determines the 
class of material - conductor, 
semiconductor or insulator
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Graphene has a special electronic structure: 
$ÈÊÏɯÈÛÖÔɯÐÕɯÈɯÎÙÈ×ÏÌÕÌɯÚÏÌÌÛɯÐÚɯÊÖÕÕÌÊÛÌËɯÛÖɯÛÏÙÌÌɯÕÌÈÙÌÚÛɯÕÌÐÎÏÉÖÙÚɯÉàɯϦ-ÉÖÕËÚɯÈÕËɯÈɯËÌÓÖÊÈÓÐáÌËɯϣ-bond, 
which contributes to the formation of a valence band that spans the entire sheet.
The valence band touches the conduction band, making graphene a semimetal with unusual electronic 
properties that are best described by massless relativistic particle theories.
Charge carriers in graphene show a linear rather than quadraticdependence of energy on momentum. 

Carbon. Graphene. Electronic structure

Result: Graphene typically has a zero band gap, which is due to its massless electrons.
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Carbon. Graphene. Electronic structure

Quantum confinement effect is a restriction on the movement of an
electron in a material to specific discrete energy levels rather than to
quasi-continuum of energy bands when the length of a particle is
reduced to the same order as the wavepacket(the condition is fulfilled for
singleandmultilayer graphene)

The difference in energy between filled states and the empty states 
depends on the size of graphene particles, so the band gap can be tuned 
(band gap typically increases withdecreasing particle size)

The transition from single -layer to multilayer graphene makes it 
possible to vary the electronic properties of the material along with a 
change in the interlayer distance.

Yes, graphene can be multilayered ɬup to 10 layers   



Page 21

Graphene sheets are building blocks for other 
graphitic materials

1. Graphene sheets stacked on top of each 
other make 3D graphite (1 mm thick 
graphite contains about 3 million layers 
of graphene)

2. Graphene sheets  rolled up make a 
carbon nanotube

3. Graphene sheets cutting and folding  
into a spherical shape make a fullerene

Carbon. Graphene as a building block

Yes, the properties of nanotubesand fullerenes 
are special and size-sensitive
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Carbon. Graphene. Obtaining

In micromechanical exfoliation method, graphene is 
separated from a graphite crystal using adhesive 
tape. After peeling it off the graphite, multiple -
layer graphene remains on the tape. By repeated 
peeling the multiple -layer graphene is cleaved 
into several flakes of few-layer graphene.

This simple method was applied by 
graphene inventors
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Carbon. Graphene. Obtaining

Chemical vapor deposition (CVD) represents a viable synthesis 
route to produce good -quality, large -area graphene films. The 
technique relies on the thermal decomposition of a carbon-rich 
source and the further deposition of carbon atoms in a 
honeycomb pattern on top of a metallic catalyst film.

Complicated and expensive, but scalable 

Meanwhile, graphene costs less than 
$0.1 per gram, which can be very 
profitable, with gold being around 
$60-65 per gram.
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Carbon. Graphene. Obtaining

Chemical exfoliation is a top-down approach to obtain graphene in dispersion from graphite 
using stages of intercalation , exfoliation, and  sonification The advantage of this manufacturing 
route is that the intercalation compounds spontaneously dissolve in polar solvents.

This method is very close to graphene oxide route
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Carbon. Graphene Oxide. General

Functional groups are arbitrarily located 
and randomly aggregated

Contains epoxy, hydroxyl and carbonyl groups on the basal plane, 
and carboxylic groups on the edges.
Higher interlayer spacing than graphene, due to sp3 carbons.
Higher ability to  retain compounds.
Lower electron mobility compared to graphene.
Soluble in water.
Amphiphilicity.
Surface-functionalization capability and versatility.

Biocompatibility and ability to interact with 
biological cells and tissues.
Highly hydrophilic, forming stable aqueous colloids.
Substrate-deposition capability.
Convertible into a conductor.

Graphene 
Oxide
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Possible functionalization points:
- Hydroxyl groups
- Epoxy groups
- Carboxylic groups

Really cheap multifunctional material
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Carbon. Graphene Oxide. Obtaining

Intercalation with 
sulfuric acid Intercalated graphite

KMnO4

Sonification and exfoliationGraphene oxide 

Graphite
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Graphene Oxide

Graphite

Carbon. Graphene Oxide. Obtaining

Photos from my 
ÚÛÜËÌÕÛÚɀɯÞÖÙÒɯ

D º1 nm
D º10 nm

X-ray diffraction patterns
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Carbon. Reduced Graphene Oxide

Schematic representation of the reduced graphene oxide production 
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Carbon. Reduced Graphene Oxide

Reducedgrapheneoxide(rGO) is the form of GO that is processed
by chemical,thermal and other methodsin order to reducethe
oxygencontent, while graphite oxide is a material producedby
oxidation of graphitewhich leadsto increasedinterlayer spacing
andfunctionalizationof thebasalplanesof graphite.

One of the most important differencesbetweenGO and rGO is the
electrical conductivity of these materials. While GO shows
insulating or semi-conducting behavior, rGO shows excellent
electricalconductivitywhichis almostasgoodasgraphene.

The main disadvantage of the rGO is defect structure

/ÏÖÛÖɯÍÙÖÔɯÔàɯÚÛÜËÌÕÛɀÚɯÞÖÙÒɯ
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Carbon. Graphene Materials. Applications

Schematic of a graphene-based FET with an 
Ag/AgCl reference probe as the gate electrode.



Page 31 Flow chart illustrating the digitalization of composite structures using graphene nanoparticles
asinterface for creating a digital factory environment .

Carbon. Graphene Materials. Applications
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Carbon. Nanotubes. General

CNT is a tubular form of carbon with diameter as small 
as 1nm (single wall). Length: few nm to microns. 

Single Wall CNT (SWCNT) and multiple Wall CNT 
(MWCNT) can be metallic or semiconducting 
depending on their geometry

TEM image of an individual MWNTs
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Carbon. Nanotubes. Geometry

A CNT is characterized by its Chiral Vector: C h = na + mb, 
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Carbon. Nanotubes. Reason

CNT is configurationally equivalent to 
a two-dimensional graphene sheet 

rolled into a tube. 

What is the cause of carbon nanotube formation?

Nanotubes and fullerenes are composed of carbon atoms that exhibit
a combination of sp2 and sp3 hybridization .
Finite size of graphene layer has dangling bonds (an unsatisfied
valenceof an immobilized atom).
Thesedangling bonds are associatedwith high -energy states.
Removing these dangling bonds and increasing strain energy both
result in a reduction in the overall energy.

Why does something happen spontaneously?
Because it leads to a decrease in the energy of the system.
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Carbon. Nanotubes. Electronic properties 

Band structure of CNTs in comparison with 
band structures of free electrons and graphene

Metallic CNT

Semiconductor CNT

Changing the type of geometry (zigzag, chiral, 
armchair) makes it possible to tune the CNT band 
structure from metallic to semiconductor.
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Carbon. Nanotubes. Properties 

CNT electronics 
Carrier transport is 1-D.
All chemical bonds are satisfiedÝ CNT electronics is not obligated to use SiO2 as an insulator.
High mechanical and thermal stability and resistance to electromigration Ý Current densities up to 109 A/cm2

can be sustained.
The diameter is controlled by chemistry, not fabrication.
Both active devices and interconnects can be made from semiconductor and metallic nanotubes.
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Carbon. Nanotubes. Synthesis 

Arc Discharge  (close to Laser Ablation method)
Involves condensation of C-atoms generated from evaporation of solid carbon sources. 
Temperature ~ 3000-4000K, close to melting point of graphite.
Both produce high-quality SWNTs and MWNTs.
MWNTȯɯƕƔɀÚɯÖÍɯmm long, very straight & has 5-30 nm diameter. 
SWNT: needs metal catalyst (Ni, Co, etc.). 
/ÙÖËÜÊÌËɯÐÕɯÍÖÙÔɯÖÍɯÙÖ×ÌÚɯÊÖÕÚÐÚÛÐÕÎɯÖÍɯƕƔɀÚɯÖÍɯÐÕËÐÝÐËÜÈÓɯnanotubesclose packed in hexagonal crystals.  

Electricarcdischargemethod:
A potential of 20ɬ25 V is applied acrossthe pure graphite electrodes
separatedby 1 mm distanceand maintained at 66.7 kPa pressureof
flowing helium gasfilled inside the quartz chamber. When the electrodes
aremadeto strikeeachotherundertheseconditions,it producesan electric
arc. The energyproducedin the arc is transferredto the anode,which
ionizesthe carbonatomsof puregraphiteanodeand producesC+ ionsand
plasmaforms(atomsor moleculesin vaporstateat high temperature).
Thesepositively chargedcarbonions movetowardscathode,get reduced
and depositedand grow asCNTs on the cathode. As the CNTs grow, the
length of the anodedecreases,but the electrodesare adjustedand always
maintainagapof1 mm betweenthetwo electrodes.
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Carbon. Nanotubes. Synthesis 

Chemical Vapor Deposition:
The chemical vapor deposition 
method is to cleave a carbon atom-
containing gas continuously flowing 
through the catalyst nanoparticle to 
generate carbon atoms and then 
generate CNTs on the surface of the 
catalyst or the substrate.

Hydrocarbon  gas + Fe/Co/Ni catalyst at 550-1000ȘC
Steps:
ɈDissociation of hydrocarbon.
ɈDissolution and saturation of C atoms in metal nanoparticle.
ɈPrecipitation of Carbon.
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Carbon Nanotubes. Applications
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Schematicdiagram representingdifferent modification processesof CNTs for contaminant removal from water and

wastewater(C: carbon; CNT: carbonnanotube; ENVT: environmental; Hg: mercury; KOH: potassiumhydroxide)

Carbon Nanotubes. Applications
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Nanotube composites and
macrostructures. (a) Micrograph
showing the cross section of a carbon-fi
ber laminate with carbon nanotubes
(CNTs) dispersed in the epoxy resin and
photograph of a lightweight CNTɬfi ber
composite boat hull for maritime security
boats. (b) Micrographs of CNT sheet and
yarn, and photographs of their use in
lightweight data cables and
electromagnetic (EM) shielding material .

Carbon Nanotubes. Applications
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Energy-related applications of
nanotubes. (a) Mixture of multiwall
carbon nanotubes (MWCNTs) and
electrochemically active powder for a
battery electrode. (b) Concept for
supercapacitors basedon CNT forests. (c)
Solar cell using a single-wall -carbon-
nanotube-based transparent conductor
(TC) film . (d) Prototype portable water
filter using a functionalized tangled CNT
mesh in the latest stageof development ..

Carbon Nanotubes. Applications
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Carbon. Fullerenes. General

Fullerenesconsist of 20 hexagonal and 12 pentagonal rings, which
form the basis of a closed framework structure with icosahedral
symmetry.
Each carbon atom is bonded to three others and is sp2

hybridized . The C60 molecule has two bond lengths - 6:6 ring
bonds can be considered "double bonds" and are shorter than the
6:5 bonds.
C60 is not "superaromatic" as it tends to avoid double bonds in
the pentagonal rings, resulting in poor electron delocalization .
As a result, C60 behaves like an electron deficient alkene, and
reactsreadily with electron-rich species.
The geometry and electronic bonding factors in the structure
determine the stability of the molecule.


