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General Background of Carbon Materials

1.1 Carbon Allotrope

Carbon (atomic number 6) is one of the most abundant elements on Earth, with
a Clarke number of 14. As a fundamental component of all living organisms, carbon
plays a crucial role in both natural and synthetic materials. Unlike most elements,
carbon exhibits an extraordinary diversity of allotropes, each with distinct structural
and physical properties. A comprehensive database of carbon allotropes is available,
cataloging their crystallographic structures and properties [1]. These allotropes can
be classified based on the hybridization state of their carbon atoms, as outlined in the
following text, providing a framework for understanding their structural variations
and potential applications.

1.1.1 sp3-Carbon Allotropes

Among the carbon allotropes composed of sp3-hybridized carbon atoms, cubic dia-
mond (Figure 1.1a) is the most well known. Diamond is one of the hardest naturally
occurring materials on Earth. It exhibits exceptional properties, including trans-
parency, electrical insulation, high thermal conductivity, and chemical stability. Due
to these characteristics, diamond is highly valued not only as a gemstone, but also
as industrial material for applications, such as abrasives and heat dissipation com-
ponents. Additionally, boron- or phosphorus-doped diamond has been widely used
in semiconductor devices and corrosion-resistant electrodes.

Furthermore, under extreme conditions, such as meteorite impacts or ultrahigh-
pressure environments, the formation of hexagonal diamond (lonsdaleite) has been
reported (Figure 1.1b) [2, 3]. However, only minute quantities have been obtained,
and its physical properties remain largely unexplored experimentally. In addition to
these known structures, several other sp3-carbon allotropes, such as T-carbon [4],
have also been theoretically predicted.

1.1.2 sp2-Carbon Allotropes

Each sp2-hybridized carbon atom can form bonds with three adjacent atoms. Among
the possible structures based on the sp2-hybridized carbon configuration, the most
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2 1 General Background of Carbon Materials

(a) (b)Cubic diamond Hexagonal diamond

Figure 1.1 Structures of (a) cubic diamond (https://next-gen.materialsproject.org/
materials/mp-66) and (b) hexagonal diamond (https://legacy.materialsproject.org/
materials/mp-47/).

symmetric and fundamental geometric unit is the hexagon. As a result, graphene
represents the thermodynamically most stable sp2-carbon allotrope, consisting of
two-dimensional (2D) networks of hexagonally arranged carbon atoms. Throughout
this book, we will refer to a single graphene sheet simply as graphene, whereas
stacked sheets are treated separately, as described in Chapter 2. However, carbon
networks in which each carbon atom is bonded to three neighboring carbon atoms
are not limited to hexagonal arrangements; they can also incorporate pentagons,
heptagons, and octagons. As shown in Figure 1.2, different combinations of these
polygonal units form a variety of fundamental building blocks for complex carbon
structures.

When 20 hexagons and 12 pentagons assemble in an alternating fashion,
they form a spherical carbon molecule known as fullerene, exemplified by C60
(Figure 1.2a) [7]. When additional hexagons are introduced while maintaining
the number of pentagons, higher fullerenes such as C70, C76, C78, and C84 can be
obtained [8]. Fullerenes are capable of forming multilayered structures [9], and
when multiple layers are stacked concentrically, they are referred to as onion-like
carbons or carbon nano-onions (Figure 1.2a) [5, 10].

As shown in Figure 1.2b, a material obtained by formally rolling a graphene
sheet into a cylindrical form is known as carbon nanotubes (CNTs) [11, 12]. CNTs
exhibit numerous isomeric forms depending on their diameter and chirality, which
is defined by chiral vector and includes armchair and zigzag. These structural
parameters determine whether they exhibit metallic or semiconducting proper-
ties [13]. CNTs can also form multiwalled structures, known as multiwalled carbon
nanotubes (MWCNTs) [12, 14]. When the stacking number is further increased
and diameter increases beyond several hundred nanometers, these structures
are referred to as carbon nanofibers (CNFs) [6], and when the diameter exceeds
several micrometers, they are classified as carbon fibers. In this book, CNT-related
materials are introduced in the order of single-walled carbon nanotubes (SWCNTs),
MWCNTs, and CNFs to facilitate the reader’s understanding. However, historically,
carbon fibers were the first to be developed, followed by the emergence of CNFs [15]
(also referred to as carbon filaments [16]), MWCNTs [12], and finally, SWCNTs [11].
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4 1 General Background of Carbon Materials

The presence of 1D periodicity in carbon materials led to the emergence of
outstanding physicochemical, thermomechanical, and electrochemical properties
of covalently functionalized SWCNTs in a variety of energy-related applications.
These include photocatalysis [17, 18], solar cell [19–21], field-effect transistor
[22, 23], gas and biosensors [24, 25], and nanomechanical oscillators [26, 27], in
addition to various electrochemical applications [28, 29].

Graphene is a 2D material consisting of a single atomic layer of carbon hexagonal
networks (Figure 1.2c) [30]. While graphene has long been recognized as the funda-
mental building unit of graphite, isolating an individual graphene sheet remained
challenging due to the strong interlayer van der Waals interactions arising from π–π
stacking. It was only relatively recently that single-layer graphene was successfully
exfoliated [31]. Graphene exhibits extraordinary physical and chemical properties,
making it one of the most remarkable materials in modern science. It has an intrin-
sic tensile strength of approximately 42 N m−1, surpassing that of steel with the
corresponding thickness (approximately 0.13 – 0.18 N m−1) by more than an order
of magnitude, and an elastic modulus of around 1 TPa, demonstrating exceptional
mechanical robustness [32]. In terms of electrical properties, graphene possesses an
electron mobility exceeding 200,000 cm2 V−1 s−1 at room temperature [33], signifi-
cantly higher than that of silicon (approximately 1,400–1,500 cm2 V−1 s−1), enabling
its potential for high-speed electronic applications. Additionally, graphene displays
exceptional thermal conductivity, reaching values above 5,000 W m−1 K−1 [34],
making it one of the best known thermal conductors. Its optical transparency
is also remarkable, as a monolayer graphene sheet absorbs only 2.3% of visible
light [35]. These unique characteristics position graphene as a highly promising
material for applications in nanoelectronics, energy storage, sensors, and flexible
devices. Moreover, graphene has various derivatives depending on its size and shape.
Narrow ribbon-like structures are known as graphene nanoribbons (GNRs) [36, 37],
while small fragments with dimensions below a few nanometers are referred to
as graphene nanodots or graphene quantum dots (GQDs) [38, 39] (Figure 1.2c).
These nanostructures introduce a bandgap into graphene, which is originally a
Dirac semimetal with zero bandgap, due to quantum confinement effects [40].

When two graphene layers are stacked, the resulting structure is referred
to as bilayer graphene [41]. It is well established that the physical properties of
bilayer graphene vary significantly depending on the stacking angle between the
layers [42]. When multiple layers of graphene are stacked, the material is termed
multilayer graphene. As the number of layers increases, the characteristics of mul-
tilayer graphene gradually converge toward those of graphite. Graphite is the most
well-known, naturally occurring allotrope composed of sp2-hybridized carbon.
As illustrated in Figure 1.2c, the crystalline structure of graphite consists of periodi-
cally stacked graphene layers. A detailed examination of this stacking arrangement
reveals that if one graphene layer is designated as the A layer, the adjacent B layer
exhibits a slight in-plane displacement of its carbon atoms. Furthermore, the
subsequent A’ layer aligns with the initial A layer when viewed along the direction
perpendicular to the hexagonal plane. This repeating A→B→A→B stacking
sequence forms the structure known as the ABA configuration, or hexagonal
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1.1 Carbon Allotrope 5

graphite structure. While graphite is classified as a crystal, as it possesses a
well-defined unit cell (Figure 1.2c), not all carbon materials exhibit such regular
stacking. When graphene sheets do not follow the ABA stacking order and instead
adopt a random rotational misalignment between layers (Figure 1.2c), the resulting
carbon material is referred to as turbostratic carbon [43]. This type of carbon serves
as a primary structural component in various carbon materials, including activated
carbons, carbon blacks, glassy carbons, and carbon fibers.

It is important to recognize that the terms fullerenes, CNTs, and graphenes do
not refer to single, well-defined materials but rather encompass a broader class
of structures based on graphene sheets arranged in different dimensional forms:
zero-dimensional (0D) spheres, 1-dimensional (1D) tubes, and 2-dimensional
(2D) sheets (Figure 1.2). These fundamental sp2-bonded carbon structures serve
as the primary building blocks for a diverse range of carbon nanomaterials and
constitute the family of sp2-carbon allotropes. Their structural variations enable
tunable electronic, mechanical, and chemical properties, making them highly
versatile for applications in electronics, energy storage, catalysis, and advanced
composites. It should be noted, from a macroscopic perspective, that discrete
π-conjugated molecules can be considered as 0D materials. Accordingly, in this
book, large sp2-conjugated molecules such as cycloparaphenylenes (CPPs) [44, 45]
and warped nanographene [46] are also regarded as 0D carbons.

For a long time, graphite, which comprises stacked layers of 2D graphene, was
the only known allotrope of sp2-hybridized carbon except amorphous carbons.
However, the discovery of 0D fullerenes in 1985 [7] and 1D CNTs in 1991 [12]
broadened the understanding that sp2-carbon networks could exist across multiple
dimensions. Naturally, this recognition led researchers to explore the possibility
of three-dimensional (3D) sp2-carbon architectures. While CNTs and graphene
can be constructed solely from hexagonal carbon networks, the incorporation of
pentagons induces positive Gaussian curvature, enabling the formation of closed,
curved structures. According to Euler’s theorem, 12 pentagons are required to
fully enclose a carbon framework, as seen in fullerenes. Conversely, the intro-
duction of heptagons or octagons imparts negative Gaussian curvature, yielding
saddle-shaped surfaces. These geometric considerations suggest the feasibility of
constructing continuous 3D carbon frameworks composed entirely of sp2-carbon
atoms [47]. Among these structures, particular interest has been directed toward
Schwarz minimal surfaces, a class of mathematically defined surfaces characterized
by their triply periodic minimal geometry (Figure 1.2d, top). Researchers have
explored the possibility of realizing such structures by envisioning novel 3D
sp2-carbon networks with unique electronic and mechanical properties, called
carbon schwarzites [48]. Efforts to synthesize carbon schwarzites have persisted
for over three decades, with numerous studies reported in the literature. How-
ever, a perfect synthesis achieving an ideal crystalline structure has yet to be
accomplished. Nevertheless, even if a fully ordered crystalline form remains
elusive, a material composed of curved monolayer graphene, forming a continuous
structure without exposed graphene edges (edge sites), could still exhibit many
of the highly desirable properties anticipated for 3D graphene. This concept has
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C C C C C C C C C C C

(a) (b)Polyyne-type Cumulene-type

Figure 1.3 Structures of carbynes. (a) polyyne-type and (b) cumulene-type. The number
of carbon atoms shown is illustrative and intended to represent extended one-dimensional
chains rather than specific molecular sizes.

guided the development of novel materials, including the graphene mesosponge
(GMS; Figure 1.2d, bottom) [49], which will be discussed in detail in Chapter 5 of
this book.

1.1.3 sp-Carbon Allotropes

Carbyne is a unique 1D carbon allotrope composed entirely of sp-hybridized carbon
atoms, forming a linear chain structure [50]. It can exist in two distinct bonding
configurations: the polyyne-type (Figure 1.3a), characterized by alternating single
and triple bonds (—C≡C—C≡), and the cumulene-type (Figure 1.3b), consisting
of consecutive double bonds (=C=C=C=). Carbyne is predicted to exhibit unique
mechanical, electronic, and optical properties, which are different from diamond
and graphite. However, its extreme instability under ambient conditions has
significantly hindered experimental studies, as it readily crosslinks into more
stable carbon phases such as graphite. Despite these challenges, recent advances in
chemical synthesis, encapsulation within CNTs [51], and high-pressure techniques
have enabled the fabrication of carbyne chains in controlled environments. While
its large-scale synthesis and stabilization remain unsolved challenges, carbyne’s
remarkable theoretical properties continue to drive research interest.

1.1.4 Carbon Allotropes Consisting of Multiple Carbon Hybridization
States

In addition to the carbon allotropes composed solely of sp3-, sp2-, or sp-hybridized
carbon atoms, allotropes exist that are formed by the combination of carbon
atoms with different hybridization states. Material composed of a mixture of
sp3- and sp2-hybridized carbon atoms is known as diamond-like carbons (DLCs),
exhibiting a unique combination of diamond-like hardness and graphite-like elec-
trical conductivity [52]. The proportion of sp3 content determines its mechanical
and electronic properties, with higher sp3 fractions leading to greater hardness and
wear resistance. DLC films are widely used as protective coatings in various indus-
tries, including automotive, biomedical, and electronics, due to their exceptional
properties such as high hardness, low friction, chemical inertness, and biocom-
patibility. Advanced deposition techniques, such as plasma-enhanced chemical
vapor deposition [53] and sputtering [54], enable precise control over the structural
and functional characteristics of DLC, expanding its applications in emerging
fields such as wear-resistant coatings for medical implants and high-performance
electronic devices.
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Graphyne

Graphyne-3

Graphyne-4

Graphdiyne

Figure 1.4 Representative examples for graphyne and related materials.

Graphyne and graphdiyne are emerging carbon allotropes that extend the struc-
tural diversity of sp2-carbon networks by incorporating sp-hybridized carbon atoms
(Figure 1.4) [55]. Unlike graphene, which consists solely of sp2-hybridized carbon
in a hexagonal lattice, these materials feature alternating sp- and sp2-hybridized
bonds, introducing acetylenic (—C≡C—) linkages between hexagonal carbon
units. Graphyne consists of single acetylenic linkages, whereas graphdiyne contains
diacetylenic (—C≡C—C≡C—) connections. Furthermore, the acetylene linkage
can be extended even further (Figure 1.4), leading to increased porosity and tunable
electronic properties. These unique characteristics provide graphyne and the related
materials with potential advantages over conventional graphene-based materials,
particularly in applications requiring adjustable band gaps, high carrier mobility,
and porous structures for molecular sieving, energy storage, and catalysis. Despite
significant theoretical predictions of their superior properties [56], experimental
synthesis remains a challenge, with current methods producing limited quantities
of these materials. Nevertheless, continued advancements in synthetic strategies
are expected to unlock their full potential in next-generation electronic and energy
devices.

1.2 Synthesis of sp2-Based Carbon Allotropes

As previously discussed in the given chapter, carbon exhibits a wide variety of
allotropes, each of which has been the subject of extensive and intriguing research
due to their diverse structures and properties. In this book, we focus specifically on
3D structures composed of sp2 carbon, particularly 3D graphene (Figure 1.2d). To
gain a deeper understanding of the synthesis strategies, anticipated properties, and
potential functionalities of 3D graphene, this section provides an overview of the
fundamental synthesis methods of sp2-carbon materials.

When organic compounds are heated under an inert atmosphere at ambient or
lower pressures, noncarbon elements such as hydrogen and oxygen are volatilized,
leading to the concentration of carbon and the formation of sp2-carbon materials.
This transformation process is well illustrated by “Iceberg Model” (Figure 1.5)
proposed by Ohtani [57], which effectively depicts how various organic precursors
can be converted into carbon materials as their carbon concentration increases.
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Fullerene CNT

Graphene
Graphite

Crystallinity
Carbon content

Figure 1.5 The “Iceberg Model” for carbon materials. The original illustration [57] has
been adapted and stylized to fit the context of this book.

Despite the vast diversity of organic compounds, any precursor can ultimately yield
carbon materials once the carbon content is sufficiently enriched. When the carbon
concentration exceeds approximately 90%, the material is generally considered
a carbon material (corresponding to the region above the water surface in the
Iceberg Model). However, these materials exhibit a wide range of crystallinity,
from low-crystalline to highly crystalline structures. Low-crystallinity carbon
materials include charcoal, activated carbon, carbon fibers, carbon black, and glassy
carbon. By increasing crystallinity through high-temperature treatment or catalytic
processes, these materials can be further refined, eventually forming highly ordered
structures such as fullerenes, CNTs, graphene, and graphite.

As illustrated by the ‘Iceberg Model’, there are countless pathways for
synthesizing sp2-carbon materials from organic compounds, reflecting the enor-
mous diversity of organic precursors, and numerous methods have been proposed
over the years. These synthesis routes can be broadly classified into solid-phase
carbonization, liquid-phase carbonization, and gas-phase carbonization, depending
on the physical state of the precursor during the transformation process. Thus,
understanding the fundamental principles behind these carbonization mechanisms
is crucial for developing effective sp2-carbon synthesis strategies as it allows for
precise control over the structures, crystallinity, and functional properties of the
resulting materials.

1.2.1 Solid-Phase Carbonization

When pieces of wood or plants are pyrolyzed under oxygen-deficient conditions at
high temperatures, they transform into charcoal, one of the earliest carbon mate-
rials used by humankind. Charcoal retains the original morphology of the wood
precursor due to the 3D cross-linked structure of lignin, which, upon carbonization,
forms an intricate network of interconnected graphene sheets. This process, where
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(b) PAN

(a) 3D cross-lined polymers

Precursor

OHOHOH

OHOHOH

C
H

2
C
H

2

C
H

2

C
C
H

2

C
C

C
C

C
H H

N N

C

HH
C

N N N

H

CH
2

CH
2

CH
2

Carbon

Carbon Carbon fiber

“Soft carbon”

“Hard carbon”

Figure 1.6 Schematic illustrations of solid-phase carbonization processes for (a) 3D
cross-linked polymers and (b) polyacrylonitrile (PAN).

a solid precursor is converted into carbon while maintaining its shape, is known as
solid-phase carbonization (Figure 1.6a). While the overall morphology is preserved,
a slight volume shrinkage typically occurs. Similarly, thermosetting polymers, such
as phenolic resins and furan resins, which possess 3D cross-linked networks, are
widely used as precursors for carbon materials that retain their original shape via
solid-phase carbonization. Carbon derived from these polymers consists of graphene
sheets randomly arranged and often interlinked, making it difficult to convert into
graphite even at temperatures exceeding 2,000 ∘C. This type of carbon is referred to as
hard carbon, characterized by its high structural disorder and resistance to graphiti-
zation. Hard carbon is of significant importance as an anode material in lithium-ion
and sodium-ion batteries, offering high capacity and structural stability [58].

In addition to resins with 3D cross-linking, polyacrylonitrile (PAN) is another
widely used precursor for solid-phase carbonization, particularly in the pro-
duction of carbon fibers (Figure 1.6b) and graphite sheets. Unlike lignin-based
materials, PAN does not initially possess a 3D cross-linked structure, but during
thermal decomposition, it undergoes structural transformation into graphene-like
layers, making it a graphitizable carbon, commonly referred to as soft car-
bon. When PAN fibers are heat treated at high temperatures, they yield highly
crystalline, high-strength carbon fibers, which are extensively used in aerospace,
automotive, and high-performance composite applications.

1.2.2 Liquid-Phase Carbonization

When thermoplastic polymers, such as polyvinyl chloride or polyvinyl alcohol, are
heated, they undergo thermal decomposition above 200 ∘C, transitioning into pitch,
a complex mixture of polycyclic aromatic hydrocarbons (Figure 1.7). At around
300 ∘C, pitch remains in a liquid state, but as the temperature increases further,
it solidifies, ultimately transforming into a sp2-carbon material. This process, in
which the precursor material passes through a liquid phase before carbonization, is
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Cl

C
C

H

H H

CarbonPitch

“Soft carbon”

> 600 °C~ 300 °C

Thermoplastic polymers

Figure 1.7 Schematic illustration of liquid-phase carbonization.

referred to as liquid-phase carbonization. The structural characteristics of the liquid
precursor are largely retained in the final carbon material. Instead of synthesizing
pitch in situ, coal tar pitch and similar materials can also be directly used as
precursors. Because liquid carbon precursors can easily infiltrate the nanopores
of template materials, such as oxide ceramics [59], templating techniques are
commonly used to achieve precise control over the nanostructure of the result-
ing carbon materials. Specifically, mesoporous oxide ceramics and oxide ceramic
nanoparticles are frequently used as templates to guide the formation of well-defined
carbon nanostructures. Additionally, since polycyclic aromatic hydrocarbons in
pitch exhibit a high degree of parallel alignment, the resulting carbon material tends
to be soft carbon, which can be further processed to enhance its graphitic structure.

1.2.3 Gas-Phase Carbonization

Gas-phase carbonization refers to the thermal decomposition of gaseous carbon
precursors, such as hydrocarbon gases and alcohols, at high temperatures, leading
to the formation of carbon materials. This method is widely used in industrial
production, particularly for carbon black. In the flame method (Figure 1.8a), hydro-
carbon gases such as acetylene and vaporized liquid fuels are fed into a burner,
where combustion generates soot, which consists of interconnected spherical
carbon black nanoparticles. In the absence of catalysts, hydrocarbons decompose
thermally, resulting in the formation of these nanocarbon aggregates. Fullerenes
can also be synthesized using a similar flame-based approach.

In contrast, when carbon precursor gases are thermally decomposed without
direct combustion, the process is referred to as chemical vapor deposition
(CVD) (Figure 1.8b). Catalyst-free CVD, where a hydrocarbon source undergoes
pyrolysis and deposits carbon onto a substrate, is used in the synthesis of highly
oriented pyrolytic graphite (HOPG) and molecular sieving carbons. Meanwhile,
catalyst-assisted CVD, using transition metals or oxide ceramics, enables the
controlled synthesis of nanostructured carbon materials, such as CNTs and
graphene. In particular, catalytic CVD with nanoporous oxide ceramic templates
has emerged as a promising strategy for fabricating 3D graphene architectures with
highly controlled nanostructures [60]. One of the close-to-genuine 3D graphene
materials introduced in this book, graphene mesosponge [49], is synthesized using
an oxide ceramic-catalyzed CVD process, enabling precise structural control and
enhanced material properties.
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(a) Flame method

(b) CVD

Figure 1.8 Schematic illustration of gas-phase carbonization. (a) Flame method.
(b) Chemical vapor deposition (CVD).
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