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1. Introduction

Carbon belongs to the group IV of periodic table with atomic number 6. Graphite, 
diamond and fullerene are the allotropic forms of carbon. Carbon-based materials 
are versatile in term of applications due to its nature to chemically combine with other 
carbon-based materials and to make a strong covalent bond with a range of different 
elements. Therefore, they have outstanding properties like high strength, high density, 
and high hardness. The amazing characteristics of carbon materials make them most 
suitable candidate in various applications of advance technology. Graphene, carbon 
fibers, carbon foams, structural graphite (special graphite), carbon nanotubes (CNT), 
diamond-like carbon (dlc) and nano-crystalline diamond (ncd) are all included in 
advance carbon materials category. Advance carbon material are backbone of next 
generation scientific revolution especially in field of nanotechnology and materials 
sciences, respectively. Advanced carbon materials which are graphene, fullerenes, 
CNTs are considered most researched nanostructures in last couple of decades. Due 
to outstanding physical properties of advanced carbon monoliths, it has been used in 
photovolatic, environment, energy, thermal, and electronic applications. 21st century is 
being considered as “Scientific era of graphene”, which is most amazing form of carbon 
due to highest electrical conductivity, thermal conductivity, strength and permeabile 
properties. Graphene is a material which conducts electricity and heat to maximum, 
which makes it an ideal candidate for energy and thermal applications, respectively. 
The following chapter will have a detailed insight in various forms of advanced carbon 
materials especially graphene, structural graphite, carbon nanotubes, diamond-like 
carbon (DLC), carbon foam and fullerene, respectively. The chapter grants detailed 
insight into physical properties and applications of advanced carbons materials.

2. Types of advanced carbon materials and related application

2.1 Graphene

Graphene is first ever 2-D allotropic form of carbon with hybridized Sp2 bonding 
which gave rise to new advancements in research and technology. The mysterious 



21st Century Advanced Carbon Materials for Engineering Applications - A Comprehensive…

2

electronics, structural, electrochemical, and physicochemical features of single layer 
of this material are significantly the big concern for the material scientists [1–4]. 
Mono atomic carbon layer extending across the two provided large surface areas due 
to an incredibly porous material [5], representing its potent absorbing ability. Hereby, 
scientists may conclude that it is a great adsorption applicant.

Thanks to the intersection among conduction and valence band at six posi-
tions in momentum at the Dirac points, graphene is often considered a zero-gap 
semiconductor [6]. Zero band gap depicts “zigzag” with the presence of an “arm-
chair”. Descriptive illustration of various structure of graphene is represented in 
Figure 1. Moreover, high charge room temperature durability, as demonstrated 
by previous research, is 15000 cm2.V−1.s−1 [7]. In some earlier studies, the identi-
cal charge flexibility for hole and electron was also stated [8–11]. The splitting 
stability of charge carriers at a room temperature of audible graphene phonons is 
noted to be 4.5 × 103 times more than copper [12]. At room temperature, gra-
phene plates give lowest resistivity 10−6 Ω cm, which is lower compared to silver 
[13]. Graphene in twisted bilayer form exhibited superconductivity [8, 14].  
Owing to its adsorption power which is nearly 2.3% of the red light, and approxi-
mately 2.6% of the green light, the mono-atomic dense bilayer surface can be 
observed with the naked eye [14]. Graphene has an exceptional clarity for mono-
layer atomic structure in vacuum [15]. Thermal behavior, one of the key charac-
teristics of graphene, an efficient and desirable tested route for many researchers 
because of its high ability in thermal applications. In previous experiments, a 
comparative study of graphite and graphene found that the thermal conductiv-
ity varies in both materials at room temperature which are 2000 W.m−1.K−1 and 
5300 W.m−1.K−1, respectively [16]. However, recent progress has demonstrated 
that the former thermal conductivity value is sustainable, in fact it ranges from 
1500 to 2500 W·m−1·K−1 for individual layer of graphene [17–25].

Graphene has two dimensions. The LA and TA showed linear dispersion relation 
whereas the quadratic scattering relation was observed because of off-plane mode. 
That is why the linear dispersion mode has high thermal conductivity relative to the 
off-plane mode [26]. The negative GPs found by the phonon graphene bands and at 
low temperatures are significant, while the clear link between the negative GPs and 
thermal expansion coefficient [27]. The graphene structure is layered and the spac-
ing is around 0.335 nm between each sheet. Toughness of graphene is 130 GPa and 

Figure 1. 
Descriptive illustration of various structures of graphene.
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it has 1TPa Young’s Modulus, which is why it is significantly a stronger material than 
others [28]. Scientists have found that Graphene monolayer have a large-angle-bent, 
which gives a slight strain, so 2D carbon monoliths displayed important mechanical 
and physical features. Moreover, the charge mobility in the monolayer of graphene 
does not alter after high disruption [29].

2.1.1 Applied applications of graphene based materials

Graphene is versatile material owing to excellent physical properties. It has been 
used in many applications in industry and environment. Following are the applica-
tions of components from graphene.

• Energy storage and solar cell [30, 31]

• Sensors, photo detectors, Transistors and memories [32–40]

• Flexible, stretchable and foldable electronics [41–45]

• Biotechnology and medicines [46–51]

2.2 Structural graphite

The word “Graphite” is taken from a Greek-word “graphein” having meanings of 
“to write”. This is a grayish-black naturally-occurring carbon-material with a radi-
ant black-shine. It is a unique material which shows properties of both crystalline & 
non-crystalline and of a metal & non-metal. On this basis, graphite can be classified 
as natural and synthetic-graphite.

2.3 Natural-graphite

Naturally-occurring graphite is further grouped into three classes:

• Crystalline-graphite or structural-graphite

• Amorphous-graphite

• Flake-graphite

2.3.1 Crystalline or structural-graphite

Graphite has a layer-structure with hexagonal-arrangement of C-atoms con-
taining covalent-bonding “honeycomb-structure”. The layers are stacked together 
by secondary-bonding type that is, Van-der-Waals interactions which measure 
the weak shear-strength of graphite. Therefore, by applying a small shear-stress, 
deformation in structure happens and thus graphite comes out to be anisotropic 
where properties depend on the direction of applied-force. In structural-graphite, 
every C-atom is covalently associated to three neighboring C-atoms and that is how 
each atom leaves a spare free-electron. These free-electrons form a delocalized-
cloud of electrons which is weakly bonded to layers which is an ultimate-reason of 
graphite’s good electrical-conductivity along each layer [52]. Structure of graphite is 
respresented in Figure 2.
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2.3.2 Artificial or synthetic-graphite

Artificial-graphite is obtained by graphitization of nongraphitic carbon and via 
chemical-vapor-deposition CVD from hydro-carbons using higher temperatures. 
This graphite is not highly crystalline as natural-graphite or structural-graphite. 
Example includes synthetic-graphite obtained via heating calcined-petroleum at 
about 2800°C.

2.3.3 Applied applications and physical properties of graphite

On account of structural, chemical and mechanical properties of graphite, some 
important applications are listed in the table below:

Properties Areas of application

Chemical-inertness & high-T 

stability

Used as refractory-materials such as in making of refractory-bricks 

Mag-Carbon ‘Mg-C’.

Directional electrical-conductivity In chemical-industry, graphite is used as an electrode [53] in specific 

electrolytic-solutions and in various anti electrical-instrumental 

coverings as charges-passivator.

High-coefficients of thermal-

conductivity & low-absorption of 

neutron

These properties enable graphite to use as moderator-rods and 

reflector-components in nuclear-reactors [54].

2.4 Carbon foam (C-foam)

The C-materials are best known for their wide-range porous-structure with 
variety of size and number of pores [55, 56]. Among fibrous, tubular, granular and 
other platelet & spherical morphologies of C-materials, C-foam has a particular-pore 
organization, where there is an interconnection of various macropores (cells) to 
form an open-cell-structure. Actually, this unique cell-structure defines the novel 
characteristics and features of these substances such as low density, high thermal-
stability, water resistive surfaces, efficient thermal and electrical-conductivities, etc. 

Figure 2. 
Structure of graphite [52].
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Thermal and electrical conductivities can be altered for bulky-C-products by making 
controlled-changes in the internal. Cell-structure to define C-foam can be understood 
thoroughly from the SEM-image in Figure 3. Two distinct pores can be observed in 
the image: a macropore called “cell” which is surrounded by “C-wall” and other is a 
hole in C-wall called “window”. Window connects the neighboring cells together to 
form a Cell-structure. With these terminologies, the concept of C-foam is described 
as: Components with enlarged pores where cells (macropores or sometimes meso-
pores) are interconnected through windows and thus provide space to introduce other 
types of substances inside the pores to increase substrate compatibility [58].

2.4.1 Applied application and physical properties of C-foam

Properties Applications

Low & High-

electrical-

conductivity 

(0.01-106 Ω)

Low conductivity-foams are perfect-electrical-conductors having a wide-bandgap 

to use in radar-absorption and electromagnetic-shielding applications. Similarly, 

RVC-foams (foams obtained through reticulated-vitreous-carbon) with high 

conductivity, 97% high-pore volume and honeycomb-structure are used as 

optically-transparent electrodes [59].

High-thermal 

conductivity

With good thermal conductivity and low thermal-expansion coefficients, C-foams 

can be used in thermal-energy storage-devices [60].

Coupling of 

low-weight, high-

strength & resistance 

to fire

These properties enable C-foam to use in air-crafts and ship materials.

High-specific-area 

due to open-cell 

structure

Activation agents are used in C-wall to increase the volume of pores which 

ultimately provide a larger-specific-area for the adsorption/desorption of water 

[61–63], radioactive-Cs [61–65], carbon-dioxide and oxygen.

2.5 Carbon nanotubes (CNTs)

As the name suggests, these are tubes of carbon with diameters of nanometer-
range which are also known as “bucky-tubes”. The tubular C-structure was first 
studied in 1991 by Iijima [66, 67]. These were named as “multi-walled CNTs 

Figure 3. 
SEM-shot of C-foam [57].
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(MW-CNT)”. Single-partition (SW) CNT was synthesized by Bethune [68]. Both 
the types can synthesize using three methods: arc-ablation, thermal decomposi-
tion and catalytic-growth. To understand the structure of SW-CNT, structure 
of crystalline-graphite should be known. As graphite contains stacked-layers of 
hexagonally-arranged C-atoms with sp2-configuration. The stacking of these layers 
is due to inter-molecular forces and separately single layer is known as “graphene 
sheet”. Each nanotube comprises of millions of C-atoms and in SW-NT only ten 
atoms are arranged at circumference and thickness of tube is ~1 atom [69, 70]. The 
structures of single wall and multi wall nanotubes are shown in Figure 4.

2.5.1 Applied applications and physical properties of CNT’s

CNTs show a great combination of superlative-mechanical, electrical and 
thermal properties which is mainly due to sp2 C-C bonding ability. These properties 
have opened their ways to the various areas of industrial-applications, some of them 
are listed below.

Properties Areas of application

High-stiffness & High-

tensile strength

CNTs are the strongest-material among other C-materials ever discovered 

by humans’ history. These are the materials with Young’s Modulus >1TPa 

which is 5× more than of steel and tensile-strength of ~63GPa which is 50× 

more than that of steel [72]. Due to these properties, CNTs have replaced 

steel in many applications such as sports-goods: bicycle-components, ice 

hockey-sticks, baseball-bats, skis etc.

Strong chemical 

and environmental-

reliability & efficient 

thermal-conductivity

If these properties of CNTs are coupled with the light-weight property of 

C-based materials, then these materials have potential applications in the 

field of aerospace [73].

Electrical-conductivity CNTs have high-electrical conductivity which is comparable to that of 

copper and are being used in electronics [74].

2.6 Fullerene

The fullerene discovery in 1985 has revotulized the scientific field. It has been used 
widely in physical, biological and chemical applications, respectively. Amazing physi-
cal properties are attribute of C60, which is actually a member of fullerene family.

2.7 Diamond-like carbon (DLC)

Diamond-like carbon (DLC) is undefined carbon [75, 76]. In DLC, considering 
the hybridization of sp3, no periodicity exists because of the heterogeneity of the 

Figure 4. 
(a) SW-NT [4] & (b) MW-NTs [71].
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bond angle C-C-C. The DLC has low density than that of diamond. Preferably DLC 
is composed of only sp3 carbon atoms. The processed content, though, sometimes 
contains sp3 and s2 carbon atoms. The existence of sp2 carbon atoms does not make 
the substance electrically isolated. In terms of hardness and thermal conduction, DLC 
is not as strong as diamond, but is much cheaper. The DLC is widely used for painting 
purposes for better wear resistance and thermal conductivity, owing to its low coeffi-
cient of friction. The DLC is normally produced by plasma enhanced chemical vapor 
deposition (PECVD. The accumulation conditions vary from DLC to diamond. The 
DLC is hydrogenated frequently during its development to inactive the collar bonds. 
Such passivation is beneficial to minimize the electric capacitance in the DLC [77].

3. Conclusion

Advanced carbon materials are backbone for scientific revolution of 21st century 
especially in nanotechnology. Carbon nanotubes (CNTs) and graphene are most 
researchered nanomaterials for the last decade due to outstanding physical proper-
ties. Graphene, being the first ever 2-D material, bring huge opportunities and 
potential for novel materials research due to good electrical conductivity, thermal 
conductivity, tensile strength and good dielectric properties, respectively. Due to 
unique characteristics of graphene monoliths, it has been employed in various fields 
such as electrical, thermal. Mechanical, and optical applications. In conclusion, 
advanced carbon materials will be the driving force for next generation scientific 
revolution.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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