Chapter 6 ®
Predicted Carbon Forms

updates

As it has been shown above, a grand variety of carbon allotropes and forms is currently known. They can be very common
(graphite, coal) or rare (nanoplates or nanocups) and can be well-developed industrially (carbon black) or intensively studied
on nano-level (carbon nanotubes or graphene), doped with metals and functionalized with organic and organometallic
moieties. At the same time, applying modern computational methods, a host of new carbon nanoforms (e.g., novamene [1]
or protomene [2]) are possible, which have not yet been observed experimentally. An efficient and reliable methodology for
crystal structure prediction was developed [3], merging ab initio total energy calculations and a specifically devised
evolutionary algorithm. This method allows one to predict the most stable crystal structure and a number of low-energy
metastable structures for a given compound at any P-T conditions without requiring any experimental input. While in many
cases it is possible to solve crystal structure from experimental data, theoretical structure prediction is crucially important for
several reasons.

1. | When experimental data are of poor quality for structure solution (defective or small samples, especially at high pressures and temperatures),
theory provides the last resort.

2. | Theory is the only way of investigating matter at conditions that cannot be studied with today’s experimental techniques, e.g., at ultrahigh
pressures.

3. | The ability to predict crystal structures will open up new ways of materials design.

Several carbon allotropes have been predicted, in particular M-carbon [4], F-carbon [5], orthorhombic W-carbon [6],
Z-carbon [7], H-carbon and S-carbon [8], Imma-carbon [9], M585-carbon [10], T12-carbon [11], C2/m-16 carbon [12],
P222,-carbon [13], Cco-carbon [14], and so on. But only Z-carbon-1, Z-carbon-2, Z-carbon-3, Z-carbon-7, and Z-carbon-10
are potential superhard materials (Fig. 6.1), unlike Z-carbon-5 and Z-carbon-6 which have a hardness of 34.1 GPa and
34.2 GPa, respectively. In this section, we present several representative predicted carbon allotropes.
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Fig. 6.1 The newly predicted superhard structures of carbon: (a) P2224, (b) Imma, (¢) C2/m-16, (d) Cm-32, (e) P2,/m, (f) Cm-40, (g) C2/m-20, (h)
C2/m-28, (i) Amm?2, and (j) I-4, respectively. The circled atoms in (j) are the wrinkled 5 + 6 + 8 member rings, as shown in (k). The dished lines in (b)
and (c) indicate the wrinkled six member rings [15]. (Reproduced with permission of the AIP Publishing Co.)

6.1 Graphyne

Graphyne [16] is a theorized allotrope of carbon, whose existence was conjectured before 1960 and confirmed by DFT
calculations. It has not yet been synthesized in large quantities, although research is continuing, and will be needed to provide
experimental data against which to test the computational predictions as well as to clarify some discrepancies regarding
mechanical properties. Graphyne was first proposed in 1987 by Baughman et al. as part of a larger investigation into the
properties of new forms of carbon that had been sporadically reported, but not systematically investigated.

Graphyne is a variation of graphene that has acetylenic linkages connecting the hexagons of graphene. The proposed
structures of graphyne are derived from insertion of acetylene bonds in place of C-C single bonds in a graphene lattice (simply
replacing one-third of the C-C bonds in graphene by triple-bonded -C = C- linkages, Fig. 6.2).
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Fig. 6.2 Examples of carbon allotrope materials, from graphene to graphyne and other carbon allotropes [17]. (Reproduced with permission of
Nature)
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Fig. 6.3 Graphyne cells with (a) different interatomic bonds and (b) bond angles. (Reproduced with permission of Hindawi. Reproduced from:
Journal of Nanomaterials, 2016, Volume 2016, Article ID 7487049, 15 pp.)

Main features of graphyne are as follows:

— It can be considered as a lattice of benzene rings connected by triple bonds. Bonding in graphyne cell is shown in Fig. 6.3.

— It is similar to graphene, since it is also a 2D structure of carbon.

— There are many types of graphynes — as their 2D framework contains triple bonds and not just double bonds as in graphene.
According to [18], seven basic structural modifications of graphyne can theorically exist: a-, p1-, f2-, f3-, y1-, y2-, and y3-
graphyne.
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Fig. 6.4 Graphyne, graphdiyne, graphyne-3, graphyne-4, and graphyne-5

— y-Graphynes should be the most stable structural modifications of graphyne.

— Mixed hybridization sp” (1 < n < 2), in a difference with graphene (spz) or diamond (sp3 ).

— The presence of sp- and sp*-hybridized carbon atoms in graphyne causes distinct properties, including large surface area,
chemical stability, and electrical conductivity, in addition to the remarkable properties of graphene.

— It can exist in several different geometries, including a hexagonal lattice structure and a rectangular lattice structure.

— Graphyne-like BN sheets can also exist [19].

Graphyne, graphdiyne, graphyne-3, graphyne-4, and graphyne-5 (Fig. 6.4) are allotropes of carbon, all belonging to a
family called graphyne-N. These structures are planar sheets of sp and sp” bonds of carbon atoms arranged in a crystal lattice.
The main difference between these types of graphyne is the number of acetylenic links existing between the hexagonal lattices
of carbon atoms (Fig. 6.5). Graphyne-N has 33% of the C-C bonds of graphene replaced by one acetylenic unit. Although
having a fixed amount of C-C bonds, there are several structures of graphyne. The most known are a-, -, y-, and R-graphyne
and 6,6,12-graphyne (Fig. 6.6). Four other 2D p-metallic carbon allotropes, it is also known about possible existence of
hexagonal ones (Cgs-, Cg3-, and C5;-sheets) and one tetragonal one (C4;-sheet) [20]. The Cgs-, Cg3-, and C4;-sheets are more
stable, and the C5;-sheet is slightly less stable than graphyne.

Graphdiyne (it is part of the graphyne family; however, due to its interesting properties, it is typically considered
separately) is a variant of graphyne that contains two acetylenic linkages in each unit cell rather than the one linkage as in
graphyne. As a result, graphdiyne does not share graphyne’s exceptional mechanical properties. Graphdiyne is a softer
material than either graphyne or graphene, with an in plane stiffness of 120 N/m, which is equivalent to a Young’s modulus of
375 GPa, if a thickness of 0.320 nm is assumed. Graphdiyne was first predicted by Haley et al. in 1997. Main features of
graphdiyne are as follows:

— It was synthesized on Cu and Ag surfaces.
— It exhibits a nanoweb-like structure characterized by triangular and regularly distributed pores, which form a nanoporous
membrane.

A 2D carbon allotrope, rectangular graphyne (R-graphyne, Figs. 6.6, 6.7, and 6.8) with tetra-rings and acetylenic linkages,
was proposed [22] by first-principles calculations, showing that it is metallic as the valence band crosses the Fermi level.
Among other results, the most intriguing feature is that bandgaps of R-graphyne nanoribbons oscillate between semiconductor
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Fig. 6.7 The configurations
of R-graphyne nanoribbons
obtained by cutting through
an infinite R-graphyne along
two directions. (a) Armchair
nanoribbons of R-graphyne
with widths Ny = 1, 2 and
5, where N4 denotes the
number of chains of tetra
carbon rings. (b) Zigzag
edged R-graphyne
nanoribbons with widths
Nz =1, 1.5, and 3.5
expressed by Ny. The black
and white balls represent
carbon and hydrogen atoms,
respectively. (Reproduced
with permission of the Royal
Society of Chemistry)
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Fig. 6.8 The electronic structures and charge-density distribution of R-graphyne nanoribbons. (a) Amplification of the band structure(I) and DOS
(II) around the meeting point for Nz = 2.5. The charge-density distribution near EF for armchair R-graphyne nanoribbons (Nz = 3). (b) The
maximum point at valence band (c)/(e) and the minimum point at conduction band (d)/(f) for N = 2.5/N; = 3. The black balls represent carbon

atoms. (Reproduced with permission of the Royal Society of Chemistry)

and metallic states as a function of width. Particularly, the zigzag edge nanoribbons with half-integer repeating unit cell

exhibit unexpected Dirac-like fermions in the band structures.

Certain attention is paid to graphyne scrolls and ribbons, since graphyne could exist not only in the plane form but also in
scroll-like structure. Thus, the formation of graphyne and graphdiyne nanoscrolls, structures obtained by rolling up graphyne
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sheets into papyrus-like structures, was calculated [23] for a series of graphyne (a-, B-, and d-types) structures, as well as
their thermal stability for a temperature range of 200—1000 K. Their stability was found to be dependent on a critical value
of the ratio between length and height of the graphyne sheets. Additionally, these structures are structurally less stable
then graphene-based nanoscrolls, which were explained by the graphyne higher structural porosity which results in a
decreased m-n-stacking interactions. The intrinsic electronic and transport properties of four distinct polymorphs of graphyne
(-, B-, y-, and 6,6,12-graphynes) and their nanoribbons (GyNRs) were studied using DFT coupled with the non-equilibrium
Green’s function (NEGF) method [24]. Their nanoribbons possess many electronic, magnetic, and transport properties
that are notably different from those of known graphene and BN nanoribbons. Among the four graphyne sheets, 6,6,12-
graphyne displayed notable directional anisotropy in the transport properties. In a related report [25], it was shown
that all graphyne and graphdiyne nanoribbons with armchair and zigzag edges are semiconductors (with bandgaps of
0.59-1.25 eV armchair, 0.75-1.32 eV zigzag for graphyne nanoribbons, and of 0.54-0.97 eV armchair, 0.73-1.65 eV zigzag
for graphdiyne nanoribbons) with suitable bandgaps similar to silicon and their bandgaps decrease as widths of nanoribbons
increase.

Several other properties of graphynes have also been DFT-calculated. Thus, the mechanical properties of graphyne sheets
were evaluated by full atomistic first-principles-based ReaxFF molecular dynamics [26]. It was established that, unlike
graphene, (a) the fracture strain and stress of graphyne depends strongly on the direction of the applied strain and the
alignment with carbon triple-bond linkages, ranging from 48.2 to 107.5 GPa with ultimate strains of 8.2-13.2%; (b) the
sparser carbon arrangement in graphyne combined with the directional dependence on the acetylenic groups results in internal
stiffening dependent on the direction of applied loading, leading to a nonlinear stress—strain behavior. In case of metal-
decorated graphyne, the mechanical properties of Na- and Pt-decorated arrays of graphyne sheet were DFT-investigated
[27]. The proposed structures were consisted of Na- and Pt-decorated graphyne sheet (CC), analogous system of boron nitride
sheet (BN-yne), and graphyne-like BN sheet (CC-BN-yne). The largest value was presented by CC, which was higher than
that of obtained from non-decorated systems. The elastic properties of graphyne (Young’s modulus, Poisson’s ratio, bulk
modulus, and shear modulus) were established [28], and an analytical molecular mechanics model was proposed for relating
the elastic properties of graphynes to their atomic structures directly [29]. Thermal conductance of p-graphyne is only
approximately 26% of that of the graphene counterpart and also shows evident anisotropy [30].

Various forms of graphynes have been studied in respect of their interaction with metal and nonmetal surfaces, in particular
possible formation of graphyne (a-, -, and y-phases) on transition-metal surfaces (Ru(0001), Rh(111), and Pd(111), Fig. 6.9)
[31]. The interlayer binding between graphynes and the metal substrates was found to reduce the formation energies of
graphynes by 0.16-0.34 eV, such that the growth of graphynes is competitive to that of graphene on the metal surfaces. The
a-phase of graphyne is thermodynamically most favorable in the carbon-poor environment, while formation of graphene is
dominant in the carbon-rich condition. Similar studies, related more with carbyne than graphyne, on the electronic and
geometric structures of carbyne on transition-metal surfaces were also investigated by theoretical calculations [32]. It was
found that carbyne on non-active metal surfaces (Cu) has a polyynic structure, while a polycumulenic structure is more stable
on active catalyst surfaces (Ni, Rh, Ru) (Figs. 6.10 and 6.11). Carbyne with a size of N < 10-13 is predicted to be the ground
state of carbon clusters on various transition-metal surfaces. Beyond the critical size of 10-12, the carbyne structure becomes
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Fig. 6.9 Simulated STM images of a-graphyne on (a) Ru(0001), (b) Rh(111), and (c) Pd(111), respectively, using a bias voltage of —2 V. The top
views of the atomic structures of a-GY on the three metal substrates are shown below each STM image. The C, Ru, Rh, and Pd atoms are indicated in
silver, blue, green, and wine, respectively. The yellow balls indicate the C atoms, which are buckled up in the out-of-plane direction and hence show
larger brightness in the STM images. (Reproduced with permission of the American Chemical Society)
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Fig. 6.10 The polyynic carbyne formation with alternative single and triple bonds (-C = C-),, (a) and the polycumulenic carbyne with double
bonding (=C=C=),, (b); the electron densities of polyynic carbyne (c) and polycumulenic carbyne (d); the formation of a carbon chain with
8 carbon atoms on the Cu(111) surface (e) and Ru(0001) (f) surfaces and their corresponding electron densities (g, h). (Reproduced with permission
of the Royal Society of Chemistry)

less stable than the sp® carbon network. The polyynic carbyne tends to be curved up on the less active metal surface, while
polycumulenic carbyne prefers to be formed in a straight line on the active metal surface. The self-assembly of carbyne on a
metal substrate could lead to the synthesis of graphyne (Fig. 6.12). In addition, atomic, electronic, and quantum transport
properties of y-graphyne absorbed on the silicon (111) surface were investigated from atomistic first principles [33]. The most
interesting result is that the transmission spectra of the y-graphyne/Si(111) hybrid device has a high broad peak at the Fermi
level due to a combination of states on y-graphyne/Si(111), and this peak persists even for the trenched y-graphyne/Si(111)
systems where the Si is removed underneath the y-graphyne in the scattering region.

Although graphyne has yet to be synthesized well, its properties are promising for several applications, such as nanofillers,
transistors, sensors for inorganic and organic substances, semiconductor metal hybrids, anisotropic conductors, and desali-
nators, among others. Thus, a nanoscale capacitor composed of heterostructures derived from finite size graphyne flake and
graphene (nitride) flake (graphyne/graphene, graphyne/h-BN, graphyne/AIN, graphyne/GaN) was proposed and DFT studied
[34], taking into account a significant charge transfer between two flakes generates permanent dipole in this heterostructures.
The formation process of these heterostructures was found to be exothermic and comparable with the binding energy of
graphene bilayer. The charge stored by each flake, energy storage, and capacitance are switchable under external electric field.
These structures can be considered as a suitable template for charge and energy storage.

The adsorption of sulfur dioxide (SO,) on pristine and modified graphyne (with defects and adatoms) was investigated by
DFT calculations [35], showing changes according to the dopant atom, site of doping, and vacancy. These changes were
especially strong in case of boron doping at the sp-hybridized carbon site and introducing a single carbon atom vacancy,
causing deformation of the graphyne structure and electron redistribution. It was established that these graphynes are a
potential material for SO, gas sensors. Similarly, the adsorption of formaldehyde on graphyne was investigated to search high
sensitivity sensors for detection of formaldehyde [36]. It is found that formaldehyde is physisorbed on the graphyne (and also
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Fig. 6.11 (a) Selected structures of carbon chains (C3, C7, C13) on Cu(111) and Ru(0001) surfaces. (b) The relative binding energy of a carbyne on
the Cu(111) surface as a function of the tilt angle, 6. (¢) Charge-density difference (CDD) for carbon chains with seven carbon atoms on Cu(111) and
Ru(0001) surfaces. (d) Formation energies of carbyne/carbon chains (1C-15C) on Cu, Rh, Ru, and Ni surfaces, respectively. All the energies are
fitted by the inserted linear equations. (e) Formation energies per carbon atom of carbon chains on Cu, Rh, Ru, and Ni surfaces. (Reproduced with
permission of the Royal Society of Chemistry)
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Fig. 6.12 Illustration of graphyne formation on a transition-metal surface by the self-assembly of the carbyne chains. (Reproduced with permission
of the Royal Society of Chemistry)
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on graphene) with large binding distance, small binding energy, and small charge transfer, modifying the electronic properties
of semimetallic graphene, a-graphyne, and f-graphyne and semiconducting y-graphyne. HCOH prefers to orient perpendic-
ularly with H atoms close to the sheets (Fig. 6.13). Also, adsorption of polycyclic aromatic hydrocarbons (PAHs) onto
graphyne was calculated [37], showing that, due to the porous character of graphyne, the adsorption strength of PAHs onto
graphyne surfaces is expected to be lower with respect to graphene (a perfect t-extended system).
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Fig. 6.13 Adsorption configurations of formaldehyde on graphene, a-graphyne, f-graphyne, and y-graphyne. (Reproduced with permission of the
Elsevier Science)

6.2 Metallic Carbon'?

One of the unsolved issues in carbon science has been to find a 3D form of carbon that is metallic under ambient conditions.
Carbon has abundant allotropes with superhardness, but few of them are metallic. Some rare carbon structures seem to be
metallic (for instance, armchair carbon nanotube [38, 39] in 1D systems or 2D graphene sheet) or were proved to be
nonmetallic (dense cold compressed graphite, T-, L-, Y-carbon, and cubane-based porous carbon). DFT studies are widely
used for prediction of possible metallic carbon allotropes and evaluation of their stabilities and magnetic properties. Thus, for
example, carbon nanostructures with unusually large paramagnetic moments were discovered [40] in a theoretical study of the
electronic and magnetic properties of carbon nanotubes bent into toroids (see the section above on carbon nanotori). The large
paramagnetic moment is due to the interplay between the toroidal geometry and the ballistic motion of the & electrons in the
metallic nanotube.

Metallic carbon has been extensively studied for its potential applications in superconductivity, catalysis, and electronic
devices. Currently, the design of metallic carbon is mainly by educated intuition which could miss some more stable

""This term does not deal with carbon nanotubes containing metals as impurities.
2Reproduced with permission of the PNAS (Proc. Natl. Acad. Sci. USA. 2013, 110(47), 18809-18813).
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allotropes. Metallic carbon structures can possess properties even more novel than the semiconducting carbon structures,
possessing the following features:

— Exhibits phonon—plasmon coupling and displays negative differential resistance and superconductivity.

— Highly efficient catalytic property is possible due to its high electronic density of states (DOS) at the Fermi level.

— Metallic carbon can become magnetic when the stoner-like criterion is satisfied.

— Metallic carbon, due to its high density of states (DOS) at the Fermi level, can be effective as a catalyst.

— Metallic carbon showed a number of intriguing properties such as phonon-plasmon coupling, superconductivity, and
negative differential resistance.

— Metallic 3D carbon at this point does not exist: this is only theoretically predicted (see below). Some hypothetical metallic
3D carbon allotropes such as ThSi,-type tetragonal carbon, hexagonal H-6 carbon, and K4 carbon were found to be
dynamically unstable.

Some recent studies by first-principles calculations have revealed possibilities of existence of several metallic carbon
allotropes at distinct conditions. Thus, a stable anisotropic metallic carbon allotrope (Hex-C,4, Fig. 6.14) phase with
superhardness was proposed by DFT calculations [41]. The Hex-C,4 can be thought of as a superlattice of carbon nanotubes
and graphene nanoribbons composed of sp”- and sp’-hybridized carbon atoms. An evaluated possible synthetic route
(Fig. 6.15) toward Hex-C,4 from graphyne multilayers indicated to a uniaxial pressure of around 25 GPa, with the energy

Fig. 6.14 Atomic structure of Hex-C,4 composed of spz— and sp3—hybridized carbon atoms. (a) Top view, (b) side view, and (c¢) schematic
representation of the superlattice of (3, 0) CNTs and GNRs. (Reproduced with permission of the Royal Society of Chemistry)
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Fig. 6.15 A possible pathway of the structural transition of graphyne to Hex-C,4. The energy of the product (Hex-C,y) is set to zero, and the
numbers in parentheses are the energy referenced to the product (eV per atom). I (reactant), II (critical state), III (TS), IV (intermediate), and V
(product) columns show the key states in the reaction process. (a), (b), and (¢) rows show the transition processes of a, B;, and B3 structures.
(Reproduced with permission of the Royal Society of Chemistry)

barrier of this endothermic transition to be 0.04 eV per atom, while at a pressure of 34 GPa, the transition is barrierless for
specific initial configurations. A 3D metallic carbon (Tri-Co, Fig. 6.16) was built by distorting the sp> hybridization bond
[42]. The Tri-Cq is a metastable metallic carbon with a considerable bulk modulus of 365 GPa and that the metallic behavior of
Tri-Cy originates from the m bonds near Fermi level. A feasible synthesis route for Tri-Co was proposed by compressing
graphite.

The theoretical existence of a 3D form of carbon, that is, metallic under ambient conditions and pressure, was predicted
that it is formed from interlocking hexagons, dynamically, mechanically, and being thermally stable, and may be synthesized
chemically by using benzene or polyacenes molecules, unlike high-pressure techniques that require 3 TPa to make metallic
carbon [43]. It was demonstrated that 3D carbon structures formed of interlocking hexagons are metallic under ambient
conditions; they are systems with hybridized sp® and sp* bonding. The sp-bonded carbon atoms guarantee their stability, and
the sp”-bonded carbon atoms ensure their metallicity. At 500 K, the metallic T6 phase (Fig. 6.17) changes to the T12 phase,
whereas the metallic T14 phase changes to the metallic T28 phase. The predicted metallic carbon could have potential
applications ranging from electronics and superconductivity to lightweight space materials.

A 3D metallic carbon phase, termed Hex-C 5 (Fig. 6.18), also composed of sp>- and sp>-hybridized carbon atoms, was
found [44] to be energetically more favorable than most of the previously identified 3D metallic carbon allotropes. It was
DFT-predicted that Hex-C;g not only possesses a high thermodynamic stability, large heat capacity, high Debye stiffness,
anisotropic elasticity, and super hardness but also is a promising anode material for lithium-ion batteries. Another stable
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Fig. 6.16 (a—c) Building block (top) and corresponding crystal structure (bottom) for diamond, bct Cy4, and Tri-Co (1 x 2 x 1 supercell),
respectively. (d—f) Bonding charge density (top) and its 2D slices (bottom) for diamond, bet Cg4, and Tri-Co, respectively. The bonding charge
density is the difference between the total charge density of the structure and the superposition of the charge density of the neutral constituent atoms.
The isosurface of the bonding charge density is 0.2 e/A>. The red and blue colors in the slices indicate the electron accumulation and depletion,
respectively. (Reproduced with permission of the American Chemical Society)

metallic carbon allotrope is H;5 carbon (Fig. 6.19) with a mixed sp”—sp>-hybridized bonding network [45]. It would be one of
the unidentified carbon phases observed in detonation experiments, and it has a metallic feature mainly due to the C atoms
with sp® hybridization. This phase is composed of 18 atoms per hexagonal primitive cell (hereafter termed H;g carbon),
having a larger atom density of 3.135 g/cm® compared to 2.28 g/cm” for graphite. This phase is anticipated to be useful for
practical applications such as electronics and mechanics devices.
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Fig. 6.17 Crystal structure of T6-carbon: (a) perspective view and (b) polyhedral view from three axial directions. (¢) Corresponding first Brillouin
zone and the high-symmetry K point paths. (Reproduced with permission of the PNAS)
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Fig. 6.18 (a) Top view and (b) side view of the optimized structure of Hex-Cg. (¢) A schematic illustration of a possible synthesis strategy for
Hex-C;g by using C-H chains via dehydrogenation and assembly. (Reproduced with permission of the Elsevier Science)
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Fig. 6.19 Top (a) and side
(b) views of H,g carbon in
P6/mmm (D'g) symmetry
with single and double
bonds. (Reproduced with
permission of Nature)

6.3

It was predicted that the diamond can be transformed into the so-called Cg structure (such crystal structures are described in
detail in [46]), a body-centered cubic structure (bcc-carbon) with eight atoms in the unit cell at ultrahigh pressures of above
1000 GPa. Some peculiarities of various bec-carbons, found in available literature, are as follows:

— bece-Carbon was first predicted in 1989 [47].

— bce-Cg has an indirect band gap of 2.5 eV.

— bce-Cg is an excellent material for building few-layer structures.

— bce-Cq possesses exceptionally low-surface energy.

— Cubic Cg was predicted to be aromatic (according to Hirsch’s rule), but very reactive, both with itself and triplet
oxygen [48].

— bce-Carbon phase might have importance in astrophysics.

3Reproducv::d with permission of the American Chemical Society (J. Phys. Chem. C, 2012, 116(45), 24233-24238).
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(c) fce-Cy2 (d) fce-Cqo

Fig. 6.20 Crystal structures of (a) fcc-Cs,, (b) bee-Cyy, (€) fee-Cqp, and (d) fee-Cy, respectively. They consist of identical Csp, Cog, Cio, and Cqg
cages, respectively. Notably, a central atom in the C;, cage bonds to the nearest four atoms

Among many existing and predicted elemental carbon architectures, a group of 3D allotropes with cubic modifications
(fcc-Cig, fce-Cya, bee-Chg, and fee-Cs,, Fig. 6.20) and with quite low density were proposed by employing an ab initio
particle-swarm optimization methodology for crystal structure prediction [49]. Some of them were experimentally synthesized
and naturally exist. The lightest fcc-C ;o has a comparable density to Ceq fullerene, and the densest fcc-Cs; has a slightly higher
density than graphite. All they are semiconductors with excellent mechanical performance, high ductility, and specifically
superhardness, having potential applications as molecular sieves, shape-selective catalysts, absorbents, cutting tools, and
coatings, among others. Also, nanocrystals of the superdense carbon with a bee structure (bce-Cg) were synthesized by a
pulsed-laser induced liquid—solid interface reaction [50, 51]. The formed micro- and nanocubes are single crystals (Fig. 6.21)
with a bec structure with a lattice constant of 5.46 A, having a slightly truncated shape bounded mainly by {200} facets. This
carbon nanomaterial was found to be a semiconductor with blue luminescence.

The known carbon allotrope, 2D bce-Cq (Fig. 6.22, a metastable, body-centered carbon allotrope with six atoms per
primitive unit), according to DFT calculations, should have exceptionally low-surface energy and little size dependence down
to only a couple layer thickness [52], explained by the existence of the relatively-high-energy bcc-Cg during growth. bee-Cg
belongs to low-surface-energy allotropes but with much stronger layer—layer interaction than that in graphite. bce-Cg is more
similar to the experimental superdense carbon than the previously proposed supercubane Csg.
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Fig. 6.21 SEM images of the synthesized carbon micro- and nanocubes (a, b) and the insets are high-magnification SEM images of slightly

truncated carbon nanocube. Two distribution histograms of the size ration of cubes are shown in (¢). The corresponding XRD pattern is shown in (d).
(Reproduced with permission of the American Chemical Society)
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Fig. 6.22 2D layered
bee-Cg with (a) (111), (b)
(110), and (¢) (100) sur-
faces. Atoms in the first,
middle, and third layers are
shown in green, orange,
and purple, respectively.
(Reproduced with permis-
sion of the Royal Society
of Chemistry)

6.4 bct-Carbon*

6 Predicted Carbon Forms

3-layers (111)

Body-centered tetragonal carbon (bct-carbon) was first proposed in 2010. The bct-C4 phase (Fig. 6.23) is transparent and
dynamically stable at zero pressure [53]. All carbon atoms are symmetrically equivalent, forming a structure closely related to
those of graphite and hexagonal diamond. bet-Cy is an accessible form of sp® carbon along the graphite-to-hexagonal diamond
transformation path (Fig. 6.24) [54]. By rearranging half of carbon atoms, i.e., by changing the buckling pattern of these
layers, bct-C, can be transformed into hexagonal diamond. In addition, bet-Cg (Fig. 6.25) can be formed by sp*-bonded
carbon atoms and can be regarded as a compressed bundle of carbon nanotubes (CNTs) [55]. bet Cg is a semiconductor with
an indirect gap of 1.66 eV, can be transformed to semimetal being doping with boron and nitride atoms, and would have
fruitful applications in carbon-based electronics and energy storage (Li storage), in case of its synthesis.

“Reproduced with permission of the American Physical Society (Phys. Rev. B, 2010, 82, 134126).
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Fig. 6.23 Crystal structure of bet-Cy: (a) three-dimensional view, (b) view along the b axis, and (c) along the c axis. In (¢), if pairs of carbon atoms

in the gray boxes are flipped across the planes denoted by dashed lines, bct-Cy4 transforms to (d) hexagonal diamond. (Reproduced with permission
of the American Physical Society)
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Fig. 6.24 Transition paths of bct-carbon under pressure of 20 GPa (Reproduced with permission of the American Physical Society)

Selected features of bet-carbon are as follows:

— bet-Carbon is crystalline with sp® configuration with body-centered tetragonal 14/mmm symmetry.

— bct-Carbon consists of sheets of squares of four carbon atoms each, joined by “short” bonds perpendicular to the sheets.

— It can be synthesized when graphite is exposed to high pressure at normal temperatures.

— Its shear strength is 17 percent greater than diamond’s.

— It is more stable than graphite at 18.6 GPa.

— bct-Carbon has a higher shear strength than diamond due to its perpendicular graphene-like structure.

— bct-Cy4 presents a super uniaxial compressive strength of 524.3 GPa, which is 6.9% more than the corresponding value of
diamond [56]. The high compressive strength originates from the high compressive rate of chemical bond deviating from
compressive direction.
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Fig. 6.25 Schematic drawing of the crystal structure of Bet Cg; (a) and (b) are the perfective views; (¢) and (d) are the side view and the top view,
respectively. The dash line indicates the unit cell. (Reproduced with permission of Elsevier Science)

6.5 Prismane Cg’

Prismane Cg (Fig. 6.26; should not be confused with corresponding hydrocarbon with the same name) is a theoretically
predicted metastable carbon allotrope. It consists of an atomic cluster of eight carbon atoms, with the shape of an elongated
triangular bipyramid — a six-atom triangular prism with two more atoms above and below its bases [57, 58]. It possesses a
rather high stability, the activation energy for prismane decay being about 0.8 eV. The prismane lifetime increases rapidly as
the temperature decreases, indicating the possibility of experimental observation of this cluster.

5Reproduced with permission of Springer (Journal of Experimental and Theoretical Physics Letters, 1998, 68(9), 726-731).
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Fig. 6.26 A (Cg)s ensemble
consisting of 5 Cg prismanes
[59]. (Reproduced with
permission of Springer)
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6.6 K4 Crystal

6 Predicted Carbon Forms

The K4 crystal is a theoretically predicted 3D crystalline metastable carbon structure, where each sp>-hybridized carbon atom
is bonded to three others, at 120° angles (like graphite) but where the bond planes of adjacent layers lie at an angle of 70.5°,
rather than coinciding. Various physical properties of the K4 carbon crystal, especially for the electronic properties, were
evaluated by first-principles calculations [60]. A possible pressure-induced structural phase transition from graphite to K4 was
suggested. Twisted = states across the Fermi level resulted in metallic properties in this carbon crystal. Structural differences
of diamond, graphite, and K, crystal are shown in Fig. 6.27. A significant difference is that the K4 crystal, with its three-
coordinated and three-dimensional (3C-3D) structure, has chirality, while the diamond crystal [with tetracoordinated (4C)-3D

structure] does not [61].

Fig. 6.27 Binding energy
vs. volume curves of dia-
mond (blue), graphite (grey
and black), and K4 (red)
crystal structures composed
of carbon atoms based on
(a) LDA and (b) GGA.
(Reproduced with permis-
sion of the American Physi-
cal Society)
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6.7 Penta-Graphene®

Whereas hexagons are the primary building blocks of many of carbon allotropes (except for Cy( fullerene), carbon structures
made exclusively of pentagons are not known. The penta-graphene, composed of only carbon pentagons and resembling
Cairo pentagonal tiling, can be dynamically, thermally, and mechanically stable. Proposed in 2014, it is a carbon allotrope
containing both sp”. and sp>-hybridized carbon atoms, composed entirely of carbon pentagons and resembling the Cairo
pentagonal tiling. It is unstable in pure form but can be stabilized by hydrogenation resulting penta-graphane [62]. Several
features of penta-graphene are as follows:

It is dynamically stable and can withstand temperatures up to 1000 K, although it is energetically metastable compared with
graphene.

It exhibits negative Poisson’s ratio, a large band gap, and an ultrahigh mechanical strength.

Penta-graphene is an insulator with an indirect band gap of 4.1-4.3 eV.

Its room-temperature thermal conductivity is about 167 W/mK [63], which is much lower than that of graphene.
Penta-graphene can be rolled up to form a 1D pentagon-based nanotube and stacked to form 3D stable structures.

It can be functionalized with hydrogen and other different functional groups, changing the failure stress, strain, and other
properties [64—66].

Penta-graphene is a promising anode material as the Li/Na-ion battery [67].

The data on penta-graphene stability are contradictory [68]. For example, as it was suggested, a 2D carbon sheet, penta-

graphene (Fig. 6.28), composed entirely of pentagons, could be obtained by chemically exfoliating a single layer from the
T12-carbon phase [69]. However, it was suggested and calculated by Kroto et al. [70] that penta-graphene will not be an

Fig. 6.28 (a) Crystal structure of T12-carbon viewed from the [100] and [001] directions, respectively. (b) Top and side views of the atomic
configuration of penta-graphene. The square marked by red dashed lines denotes a unit cell, and the highlighted balls represent the sp® hybridized C
atoms. (Reproduced with permission of PNAS)

6Reproduced with permission of PNAS (PNAS, 2015, 112(8), 2372-2377).
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AH= -0.075 eV/at AH= -0.068 eV/at AH= -0.618 eV/at
— > R —_—

Fig. 6.29 A calculated structural transformation route from (a) penta-graphene to (d) graphene; each step is exothermic. Red arrows indicate
direction of motion of atoms for 90° rotation of carbon—carbon bonds. Red (blue) lines indicate C—C bonds that are broken (formed). Note that
structures A—C were constrained within orthogonal unit cells; this constraint was lifted for step C to D. The final structure, graphene, is 0.761 eV per
atom more stable than A. Unit cells are marked with dotted lines; calculated cell dimensions are (a) 5.095 x 5.095 A, (b) 4.769 x 5.510 A, (c)
4.888 x 5.318 A, and (d) 4.883 x 6.476 10%, o = 100.88°. (Reproduced with permission of PNAS)

experimentally achievable allotrope of carbon. The problem is not only in its isolation among similar-energy isomers but also
due to its rapid restructurization yielding graphene (Fig. 6.29) in presence of impurities as catalysts. At the same time, it was
suggested that chiral penta-CNTs on penta-graphene basis are good candidates to be obtained experimentally. Thus, a
computational study on the structure and electronic properties of penta-graphene nanotubes (penta-CNTs, Fig. 6.30), based
on a periodic plane wave-pseudopotential approach, was carried out [71], considering chiral structures, among zigzag and
armchair structures. In particular, it was revealed that the energetic stability (binding energy per atom or BEA) of chiral penta-
CNTs is comparable with (n,n) penta-CNTs. In addition, penta-CNTs with reversed indexes (i.e., penta-CNTs with index (n,
m) and (m,n)) are equal, because of their chiral angles which are comprised between 0 and 45 degrees. Mechanical properties
of penta-graphene nanotubes [72] and its monolayer [73] were also studied. Finally, the mechanism of translation symmetry
breakdown in penta-graphene with multiple sp*/sp® sublattices was studied by GGA DFT, DFTB, and model potential
approaches (Fig. 6.31) [74]. It was shown that 2D sp2/sp3 nanostructures are correlated transition states between two
symmetrically equivalent bent structures. Strong mechanical stress prevents stabilization of the nanoclusters on any type of
supports by either van der Waals or covalent bonding and should lead to formation of pentatubes, nanorings, or nanofoams
rather than infinite nanoribbons or nanosheets. There are also other recent studies on approaches to penta-graphene models
and its possible transformations [75, 76].
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Fig. 6.31 Top (a) and side

(b) projections of 2D penta-

graphene and 1D

pentaribbon (c, d) calculated a)
using PBC approach. Car-

bon atoms of sp° sublattice

are depicted in red, the sp2

carbon dimers of the top and

bottom subblattices are 7z

depicted in blue, and the unit

cells of penta-graphene and b) mﬁ :m
pentaribbon are marked by Y >4

green rectangles.
(Reproduced with permis-
sion of the American
Chemical Society)
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6.8 Haeckelites

Haeckelites, first proposed by Terrones in 2000, are layered sp>-like threefold coordinated networks of carbon atoms in 2D
Bravais lattices, generated by a periodic arrangement of pentagons, hexagons, and heptagons. They can consist, in particular,
of equal numbers of pentagons and heptagons, in addition to any number of hexagons. Similar atomic arrangements have been
observed in 5—7 and 5-8 defect lines, among others. Some features of haeckelites are as follows:

— Haeckelites can be rolled so as to generate nanotubes of different diameter and chirality.

— Haeckelite structures were shown to be good candidates of conducting wires with great potential in nanoelectronics [77].

— Haeckelite sheets and tubes (Fig. 6.32) are metastable and more favorable than Cg; their mechanical properties are similar
to those of graphene [78]. All structures, according to calculations, possess an intrinsic metallic behavior, independent of
orientation, tube diameter, and chirality.

Starting from a planar Haeckelite array, tubular structures (Fig. 6.33) were obtained by applying the same wrapping
procedure as for the usual nanotubes, which are rolled up sheets of graphene [79]. The haeckelite nanotubes may adopt various
shapes, in particular coiled structures, double-screw molecules, corrugated cylinders, and pearl-necklace-like nanotubes.
Studying lithium insertion to such haeckelite nanotubes, as well as to classic carbon nanotubes, it was revealed [80] that the
metal interacts preferably with the pentagonal and heptagonal rings of the haeckelite rather than the hexagonal of the carbon
nanotube. Haeckelites were found to be more promising materials for lithium storage applications (storing Li with a density of
LiC, ¢) than carbon nanotubes. Among several other recent investigations on haeckelites, DFT structural studies together with
DFT-based non-equilibrium Green function calculations were applied to investigate how the presence of non-hexagonal rings
affects electronic transport in graphitic structures [81], resulting that infinite monolayers, finite-width nanoribbons, and
nanotubes formed of 5-8 haeckelite with only five- and eight-membered rings are generally more conductive than their
graphene-based counterparts.



Fig. 6.32 Haeckelite sheets
consisting of various units
cells: (a) rectangular _R5,7,
(b) hexagonal _H5,6,7_, and
(c) oblique _05,6,7_.
Nonchiral haeckelite tubes
of similar diameters

(ca. 1.4 nm) have been cre-
ated using the three types of
layered crystals: (d) R5,7
_6,0_, (e) H5,6,7 _6,0_,
and (f) 05,6,7 _0, 8_ [Note:
Subindices _5, 6, 7_ of the
above structures indicate the
presence of pentagonal,
hexagonal, and heptagonal
rings, respectively].
(Reproduced with permis-
sion of the APS Physics)

Fig. 6.33 Ball-and-stick
representations of (0,m)
nanotubes generated from
the haeckelite stripe.
(Reproduced with permis-
sion of the IOP Publishing)
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6.9 Phagraphene

Among graphene allotropes, penta-graphene and phagraphene, the Haeckelite-like Phagraphene, proposed in 2015, is
composed of 5-6-7 carbon rings (Fig. 6.34); it is only dynamically and thermally stable [82, 83]. Phagraphene, as well as
graphene, is a material where Dirac cones appear, and electrons behave similar to particles without mass. In phagraphene, due
to the different number of atoms in the rings, the Dirac cones are inclined. This 2D carbon structure with Pmg plane group is
lower in energy than most of the predicted 2D carbon allotropes due to its sp>-binding features and density of atomic packing
comparable to graphene. Some features of phagraphene are as follows:
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Fig. 6.34 (a) Structure of phagraphene with notable space-inversion symmetry, C1-C6 are unequivalent carbon atoms in its unit cell. (b) Distorted
Dirac cone formed by the valence and conduction bands in the vicinity of the Dirac point. (¢) Comparison of band structures from DFT (blue line)
and TB (red circle) model. The corresponding DOS is zero at the Fermi level. Inserted first BZ with high symmetric k points: I" (0,0,0), X (0.5,0,0), Z
(0.5,0.5,0), Y (0,0,5,0), and Dirac point: D (0, 0.377,0). (d) Charge-density distributions near the distorted Dirac cone, both Dirac bands (denoted as I
and II) are from pz orbitals of spz-carbon atoms. Fermi level has been set to zero. (Reproduced with permission of the American Chemical Society)
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Fig. 6.35 Schematics of the atomic structures for penta-graphene and phagraphene. Unit cells are shown in pink. Side views of penta-graphene are
shown on the top of this figure with three planes of atom (P1, P2, and P3). The atoms in P2 plane are marked in green. (Reproduced with permission
of the Royal Society of Chemistry)

x direction

Fig. 6.36 A periodic
supercell in the atomic
structure of phagraphene.
A 20-atom unit cell is also
shown. In this study the
properties are investigated
along the armchair and
zigzag directions.
(Reproduced with
permission of the Royal
Society of Chemistry)

Armchair

Zigzag

— Phagraphene is unstable or, at least, almost unstable with respect to transverse atomic displacements in the monolayer [84].

— Phagraphene has a potential energy of 193.2 kcal/mol.

— The bond order is 1.33, the same as for graphene.

— Phagraphene is considered an advanced material for flexible electronic devices, transistors, solar batteries, display units,
and many other things.

DFT calculations were applied to evaluate the mechanical properties of penta-graphene and phagraphene (Fig. 6.35) and
compared with graphene, graphane, and pentaheptite [73], resulting that the ultimate tensile strength (UTS) and the strain
corresponding to UTS in both penta-graphene and phagraphene are smaller than that of graphene. Also, the charge density in
sp> bonds is lower than that in the sp bonds. In phagraphene, all the broken bonds were found to belong to the largest carbon
ring in the structure. The thermal conductivity was found [85] to be anisotropic, with room-temperature values of
218 +£20 W m~' K ! along the armchair direction and 285 + 29 W m~' K~' along the zigzag direction (Fig. 6.36). Both
values are one order of magnitude smaller than for pristine graphene.
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Effects of Doping and Impurities A mixed-edge phagraphene ribbon was selected to study B-, N-, and BN-doping effects,
respectively, on the geometric stability, electronic structure, carrier mobility, and device property [86]. These structures were
found to be energetically stable. N or BN doping at different positions can modify the bandgap of ribbons, making ribbons
become a wide, medium, or narrowed bandgap semiconductor. In case of silicon impurities, the structural, electronic, and
magnetic properties were investigated systematically of pristine and Si-doped phagraphene nanoribbons (PHAGNRs) with
different edges, including zigzag edge (ZPHAGNR) and mixed edge (MPHAGNR) [87]. It was revealed that the geometric
structure is drastically changed when silicon atom replaces the different carbon atom on 5-6-7 rings of PHAGNRs. Among
other effects, Si atom always prefers to substitute carbon atom at the edge position or on heptagon carbon ring both in
6-MPHAGNR and 4-ZPHAGNR. Also, DFT calculations on the lithium-ion storage capacity of two membranes, biphenylene
(BP) membrane and phagraphene (PhG), showed a larger capacity than graphene, Li,Cg, and Li; sCs compared to LiCq
[88]. Li was found to be very mobile on these materials and does not interact as strongly with the membranes. Li atoms
transfer a significant amount of charge to each of the membranes and that the bonding character is ionic.

Further Reading Stone—Wales defects in phagraphene [89]; simulation of the elastic properties of phagraphene [90];
modulation of the electronic and mechanical properties of phagraphene [91].

6.10 R3-Carbon’

Phase transformation in glassy carbon (GC), simulated by means of DFT calculations in a wide range of pressures (079 GPa),
revealed change in bonding type from sp- and sp>-type to sp’-type bonding [92], leading to a crystalline carbon allotrope
possessing R3 symmetry (R3-carbon, Fig. 6.37). Its mechanical properties significantly vary due to the change of bonding
type. With increasing pressure, the bulk moduli, shear moduli, and Young’s moduli approach diamond values.

"Reproduced with permission of Nature (Scientific Reports, 2013, 3, Article number: 1877).
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Fig. 6.37 (a) The R3-structure, the (001)-plane and the (010)-plane. Three-membered rings are colored in purple. (b) The calculated diffraction
pattern of the R3 phase, Cco-C8 Carbon, Bct-Carbon, M-Carbon, Z-Carbon, P-Carbon, R-Carbon, S-Carbon, T-Carbon, W-Carbon, and X-Carbon,

respectively. (Reproduced with permission of Nature)
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6.11 Imma-Carbon

The polymorph sp* carbon allotrope, Imma-carbon (Fig. 6.38), is dynamically stable and a semiconductor with a direct band
gap of ~2.6 eV [93]. Calculations of bulk modulus and hardness indicate that this carbon is an ultra-incompressible and
superhard material (bulk modulus of 444.7 GPa and a Vickers hardness of 83.5 GPa, which are larger than that of c-BN
(66.3 GPa and 403.0 GPa)).

0.2 T T T
(C) L iamonld — J’U-carbon
—— 0C32-carbon — W-carbon
’é‘ 0.1 bet-C4 Cco-c8
=] ——— Imma-carbon|
g ]
; \
i 0.0
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«-0.1
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T
e 0.2 1
0.3 . I . r . . . ' :
0 5 10 15 20 25

Pressure (GPa)

Fig. 6.38 (a, b) Polyhedral views of the crystal structure of Imma-carbon along two different directions, respectively. (¢) Enthalpy differences of
various carbon allotropes relative to graphite. (Reproduced with permission of the Elsevier Science)
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6.12 I-Carbon®

I4-carbon was first proposed by Zhang et al. [15] This is a three-dimensional superhard carbon allotrope, which is confirmed
to be thermodynamically, mechanically, and dynamically stable, having larger bulk modulus (393 GPa), shear modulus
(421 GPa), Young’s modulus (931 GPa), and hardness (55.5 GPa), all of which are all slightly larger than those of c-BN. 14—
carbon is an indirect bandgap semiconductor [94].

6.13 Superdense Carbon Allotropes

<

A\

« C

Searching for possible superdense carbon allotropes, three structures (hP3, 112, and P12, Fig. 6.39) were found [95] that have
significantly greater density. The 4#P3 and P12 phases have strong analogy with two polymorphs of silica (B-quartz and
keatite), while the fI12 phase is related to the high-pressure SiS, polymorph. At ambient conditions, the #P3 phase is a
semiconductor with the GW band gap of 3.0 eV, 7112 is an insulator with the bandgap of 5.5 eV, while P12 is an insulator, the
band gap of which is remarkably high (7.3 eV), making it the widest-gap carbon allotrope. These allotropes are metastable and
have comparable to diamond or slightly higher-bulk moduli. Superdense carbon allotropes are predicted to have remarkably
high refractive indices and strong dispersion of light. Authors believe that it is possible to obtain them by rapid dynamical
compression of low-density forms of carbon. Alternatively, these allotropes can be synthesized by CVD techniques on a
suitable substrate. Their dynamical stability indicates that, once synthesized, these allotropes can exist long at ambient
conditions.

8Image reproduced with permission of the MDPI (Materials, 2016, 9, 484, 15 pp.).
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