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arbon exists in various fascinating
and aesthetically pleasing architectures
due to its ability to form sp-, sp’, and
sp>-hybridized bonds, fostering graphite, dia-
mond, hexagonal diamond (lonsdaleite), car-
bine, chaoite, amorphous carbon, nanotubes,
fullerenes, graphene, and so on. These carbon
allotropes possess outstanding and unparal-
leled properties, as well as unique scientific and
technological importance, such that searching
for new carbon allotropes has long been a hot
topic in scientific research communities.
Graphite is known to be the most thermo-
dynamically stable carbon configuration at
ambient conditions. To promote the transi-
tion from graphite to other carbon allotropes,
external energies are needed. Thus far, many
experimental technologies can achieve these
transformations. For example, high-pressure
and high-temperature methods for the synth-
esis of diamond and hexagonal diamond,'?
laser vaporization of graphite to form full-
erenes and carbon chain molecules,** pulsed
laser deposition for synthesis of amorphous
carbon,>® and mechanical peeling to obtain
graphene’® have all been achieved. Physical
and chemical reprocessing of the metastable
carbon phases obtained, such as amorphous
carbon, fullerenes, and nanotubes, was con-
sidered as an alternative and promising route
for the synthesis of new carbon phases with
novel electronic and mechanical properties. In
the past three decades, some interesting
carbon phases were successfully and artifi-
cially created, for example, body-centered
cubic (bcc) carbon,>'® one-dimensional (1D)
orthorhombic, two-dimensional (2D) tetrago-
nal (and rhombohedral), superhard three-di-
mensional (3D) polymeric phases of Cgo,'' '
and some undetermined carbon phases ori-
ginating from fullerenes and nanotubes.'> '8
To identify new carbon phases in conven-
tional experiments, researchers can suffer a
number of difficulties because small new
phases are often concealed in large amounts
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ABSTRACT Eight fascinating sp> and sp>-hybridized carbon allotropes have been uncovered

using a newly developed ab initio particle-swarm optimization methodology for crystal structure

prediction. These crystalline allotropes can be viewed respectively as three-dimensional (3D)
polymers of (4,0), (5,0), (7,0), (8,0), (9,0), (3,3), (4,4), and (6,6) carbon nanotubes, termed 3D-
(n, 0) or 3D-(n, n) carbons. The ground-state energy calculations show that the carbons all have lower

energies than g, fullerene, and some are energetically more stable than the van der Waals packing

configurations of their nanotube parents. Owing to their unique configurations, they have distinctive

electronic properties, high Young's moduli, high tensile strength, ultrahigh hardness, good ductility,

and low density, and may be potentially applied to a variety of needs.
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of the known phases of many products (e.g.,
raw material, generative graphite, and amor-
phous carbon)."®""~ '8 Corresponding theo-
retical designs are thus necessary as a powerful
tool for explaining experimental phenomena
or predicting novel viable carbon phases. Re-
cently, theoretically simulative monoclinic car-
bon (M-carbon), body-centered tetragonal C,4
(bct-carbon), and orthorhombic carbon (W-
carbon) were suggested as candidate struc-
tures of transparent superhard carbon phases
experimentally produced by the cold compres-
sion of graphite.'®~ > A honeycomb hexagonal
carbon structure was used to interpret a super-
hard carbon, which was experimentally recov-
ered from cold compression of carbon nano-
tubes.'”?* Quite noticeable is that bct-carbon
actually consists of interconnected armchair
(2,2) nanotubes, as obtained early on by the
theoretical compression of armchair (10, 10)
nanotubes;*> and this honeycomb hexagonal
carbon essentially derives from a 3D polymer
of zigzag (6,0) nanotubes.? Therefore, here we
call them 3D-(2,2) carbon and 3D-(6,0) carbon,
respectively.

In view of significant progress in the
latest calculation methods, such as metady-
namics,>’~%° evolutionary algorithm,>°~33
random sampling,>*3® and particle-swarm
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optimization (PSO) algorithm,3”~3° the crystal struc-

tures of materials can now be forecasted with high
accuracy without requiring any experimental data. In
this work, we focus on such a class of 3D carbon
nanotube polymers, and eight novel carbon allotropes
are predicted using a new ab initio PSO algorithm 3’ —3°
These allotropes, called 3D-(n, 0) and 3D-(n, n) carbons,
originate from 3D polymers of zigzag (4,0), (5,0), (7,0),
(8,0), (9,0), and armchair (3,3), (4,4), (6,6) carbon nano-
tubes, respectively. All of them have lower ground-
state energies than Cgq fullerene, and some are en-
ergetically more stable than their nanotube parents.
Specifically, the exotic structural, electronic, and me-
chanical properties of these carbons are discussed.

RESULTS AND DISCUSSION

Structural Properties. Figure 1 shows the artistic crys-
tal structures of 3D-(n, 0) or 3D-(n, n) carbon allotropes.
The building principle of all structures is perfect junc-
tions by shared-wall identical nanotubes. The junctions
are formed by diamond-like sp* bond buckling, while
shared walls consist of flattened sp*-hybridized gra-
phene sheets. Flattened graphene sections without
wall-curvature energies are more stable than the cir-
cular surfaces of nanotubes and fullerenes, which are
responsible for the preference of such building con-
structions. The 3D-(n, 0) carbons can be viewed as
seamless interlinks of corresponding zigzag (n, 0)
nanotubes, while armchair (n, n) nanotubes make up
of 3D-(n, n) carbons with seams. In 3D-(3,3) and 3D-(4,4)
carbons, the seams are square four-atom rings; in
3D-(6,6) carbon, there are trigonal three-atom rings.
The details of the crystal structures, including their
space group, lattice parameters, and atomic positions,
are shown in Supporting Information (Table S1).

Based on these configurations, a notable feature is
the low density of the carbon allotropes, which are
intuitively porous along their axial directions. 3D-(4,4)
and 3D-(6,0) carbons have densities comparable with
that of graphite (2.295 g-cm ), and 3D-(9,0) and
3D-(6,6) carbons have the lowest densities with respec-
tive values of 1.902 and 1.720 g-cm . The densities of
other 3D-(n, 0) or 3D-(n, n) carbons are just between
those of diamond (3.633 g-cm ) and graphite (Table 1).
Interstitial sites in these structures could accommodate
other species, such as hydrogen and alkali metals. Such
carbons have potential applications as shape-selective
catalysts, molecular sieves, and absorbents.

Thermodynamics Stability. Figure 2 shows the com-
puted ground-state energy differences of Cgg, (n, 0)
or (n, n) carbon nanotubes, and 3D-(n, 0) or 3D-(n, n)
carbon allotropes, relative to graphite, respectively. In
the current study, the crystal structures of experimen-
tal low-temperature ordered Cg, phase,*® and periodic
hexagonal-lattice nanotubes (building principles see
Methods) were used to calculate their ground-state
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Figure 1. Top views of novel 3D-(n, 0) or 3D-(n, n) carbons
along their axial directions. 1—8:2 x 3 x 1 supercell of
3D-(4,0) carbon, 3 x 2 x 1 supercell of 3D-(5,0) carbon, 3 x
2 x 1 supercell of 3D-(7,0) carbon, 2 x 3 x 1 supercell of
3D-(8,0) carbon, 3 x 3 x 1 supercell of 3D-(9,0) carbon, 2 x
1 x 3 supercell of 3D-(3,3) carbon, 3 x 3 x 1 supercell of
3D-(4,4) carbon, and 3 x 3 x 1 supercell of 3D-(6,6) carbon,
respectively. The black arrows and their directions indicate
the corresponding x, y, z axes of crystal structures.

TABLE 1. The density (g -em—3), axial Young's moduli Y,
(TPa), radial Young's moduli Y, (TPa), axial tensile
strength o, (GPa), radial tensile strength o, (GPa), bulk
moduli B (GPa), shear moduli G (GPa), B/G ratio, and
Vickers hardness H (GPa) of 3D naonotube polymers

Carbon  Density ¥, Y, Oq o, B G BG H
3D-(3,00 3.623 1.241 1374 9538 10091 4545 5512 0.82 96.9
3D-(40) 3314 1.284 0.636 142.28 69.44 3728 3722 1.00 56.8
3D-(50) 3.200 1.226 0.553 160.18 50.52 3525 2855 1.23 409
3D-(6,0) 2448, 0.957 0449 53.10 7431 2741 2431 1.13 549
2.449°
3D-(7,00 3.020 1.184 0.220 174.82 31.82 2739 2016 136 49.8
3D-(8,0) 2944 1.212 0299 177.19 2670  280.6 1983 1.42 545
3D-(9,00 1.902 0.740 0.094 119.01 51.53 2077  101.5 2.05 36.0
3D-(2,2) 3438 1.243 0943 11236 93.80 420.1, 427.1, 098 926
487" 4
3D-(3,3) 3.054 1.133 0487 129.98 76.54 3439 2835 121 909
3D-(4,4) 2404 0925 0.565 114.05 115.09 2776 1404 198 79.8
3D-(6,6) 1720 0.678 0.092 83.13 50.79 1954 941 2.08 46.7

“ Reference 24. ° Reference 21. “ Reference 22.

energies. The 3D-(n, 0) or 3D-(n, n) carbon allotropes we
investigated also include previously proposed sp>-
hybridized 3D-(2,2) carbon,'**?> sp- and sp>-hybri-
dized 3D-(6,0) carbon,?*?® and sp>-hybridized hexago-
nal diamond [viz. 3D-(3,0) carbon]. Figure 2 shows that
well-known carbon nanotubes, Cs, and the 3D-(n, 0) or
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Figure 2. The computed ground-state energy differences of
3D nanotube polymers, relative to graphite.

3D-(n, n) carbon allotropes all have energies higher
than graphite, specifically indicating their metastabil-
ity. The energy difference between Cq, and graphite is
0.393 eV/atom, compared with other calculated value
(0.387 eV/atom).*' The energy difference between the
(7,0) nanotube and graphite is 0.241 eV/atom, com-
pared with other calculated value (0.25 eV/atom).' As
seen from Figure S1 (Supporting Information), smaller
nanotubes have larger bending bond angles at the
corners of a curved graphene sheet, which result in
higher energies (Figure 2). Even so, experimental evi-
dence still shows that the smallest zigzag (4,0) and
smallest armchair (2,2) nanotubes can be grown from a
larger nanotube and inside a multiwalled carbon nano-
tube, respectively.**** In the eleven 3D nanotube
polymers considered in this work, the 3D-(6,0) carbon
has the highest energy, the 3D-(3,0) carbon has the
lowest energy, and other polymers have close ener-
gies. Of these, all the carbons, except the previously
proposed 3D-(6,0) carbon, have lower energies than
Cso; 3D-(3,0), 3D-(4,0), 3D-(5,0), 3D-(7,0), 3D-(8,0),
3D-(2,2), and 3D-(3,3) carbon allotropes all have lower
energies than their corresponding nanotubes parents.
Because of the low energies of the 3D-(n, 0) or 3D-(n, n)
carbon allotropes, it is highly worth testing to synthe-
size them through dealing with high-energy carbon
nanotubes and/or fullerenes.

Electronic Properties. We first studied the peculiar
electronic properties of 3D nanotube polymers and
compared them with their corresponding nanotube
parents. Previous experimental results demonstrate
that zigzag nanotubes have band gaps with magni-
tudes that depend inversely on the square of the tube
radius, whereas isolated armchair nanotubes are all
metallic.**** According to the relations of band gaps
and tube radii,***® the band gaps of zigzag (3,0), (4,0),
(5,0), (6,0), (7,0), (8,0) and (9,0) nanotubes are 0.72,0.41,
0.26,0.18,0.13, 0.10, and 0.08 eV, respectively.

All the seven 3D-(n, 0) carbons investigated, except
the 3D-(3,0) carbon, are conducting, distinct from their
semiconducting zigzag nanotube parents. Four 3D-
(n, n) carbons studied, except the 3D-(6,6) carbon, are
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Figure 3. Band structures of semiconducting 3D-(n, 0) or
3D-(n, n) carbons.

semiconducting, unlike their metallic armchair nano-
tube parents. Therefore, from nanotubes to 3D nano-
tube polymers, changes in conduction properties may
occur. Through a detailed analysis of band structures
(see Figure 3, Figure 4, and Supporting Information,
Figure S2), 3D-(3,0), 3D-(2,2), 3D-(3,3), and 3D-(4,4)
carbons have respective band gaps of 3.05, 3.52, 1.21,
and 0.93 eV; 3D-(4,0), 3D-(6,0), and 3D-(6,6) carbons are
semimetallic according to the suggested standard,*®
and 3D-(5,0), 3D-(7,0), 3D-(8,0), and 3D-(9,0) carbons
are metallic. Because density functional theory (DFT)
can systematically underestimate the band gaps by
about 30%—40%, semiconducting 3D nanotube poly-
mers would have larger band gaps. Because semime-
tallic polymers have fewer charge carriers than metallic
polymers, they typically have lower electrical and
thermal conductivity.

We combined the electron orbits and local density
of states (LDOS) (see Figure 4, Figure 5, and Figure S2)
to explain the unusual conducting directions of semi-
metallic and metallic 3D nanotube polymers. This is a
key for understanding which atoms in a crystal would
give contributions at the Fermi level and bring about
conductivity (see LDOS in Figure 5 and Figure S2). For
3D-(4,0), 3D-(5,0), 3D-(6,0), 3D-(7,0), 3D-(8,0), and
3D-(9,0) carbons, almost all the conducting electrons
at the Fermi level come from the 2p, orbits of sp?
bonded carbon atoms (green, olive, and dark olive
atoms in crystal structures) without the contributions
of sp® bonded atoms (red atoms). However, both sp?
and sp® bonded atoms in the 3D-(6,6) carbon contri-
bute at the Fermi level. Further studies of electron
orbits can describe the directional movements of
excited electrons under varying electric fields or tem-
peratures. It is known that each energy band is defined
by the position of its eigenvalue in the ordered list of
electronic energies at each k-point; and the corre-
sponding electron orbit is the square of the absolute
value of the wave function for this given electronic
band, summed over all k-points. Here, our drawn
electron orbits are the summations from the blue
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Figure 4. Band structures and electron orbits of conducting 3D-(n, 0) or 3D-(n, n) carbons. The green, red, olive, and dark olive
atoms are corresponding to different atomic positions of crystal structures. Red atoms are sp® hybridized, and green (or olive)
atoms are sp? hybridized. The gray parts represent the electron orbits.

bands (Figure 4) near the Fermi level. Every electron carbons have planar conductivity; and 3D-(9,0) and

orbit figure includes two projections of electron orbit: 3D-(6,6) carbons are 3D conductive.

upper and lower projections are two top views along The carbons from 3D-(4,0) to 3D-(9,0) are all con-
the axial and radial directions of the crystal structure, ductive because their bands pass through the Fermi
respectively. Because of the short distance (about (3)'/? level (see Figure 4 and Figure S2). However, the con-

bond length of diamond) between adjacent flattened ductivities of these carbons show unusual variations
graphene sections, the 2p, orbits of sp® bonded atoms due to the different sp?/sp> ratios and the varied sp?
of 3D-(n, 0) carbon (n = 4, 5, 6, 7, 8, and 9) are bond distributions in the crystal structures. In the
overlapped and form the sz bonds (see upper 3D-(n, 0) carbons, the sp?/sp® ratios are calculated as
projections). Moreover, their corresponding electron the sp? and sp> hybridized bond numbers per unit cell
orbits do not appear in sp> bonded atoms, so the sp® (see Supporting Information, Figure S3). The sp?/sp’
bonded atoms are not conductive, which is consistent ratios of the 3D-(4,0), 3D-(50), 3D-(6,0), 3D-(7,0),
with the results of LDOS. Consequently, 3D-(4,0) car- 3D-(8,0), and 3D-(9,0) carbons are 2/20, 8/20, 3/14,
bon is conductive in the y-axes, but its conductivity is 20/20, 26/20, and 12/14, respectively. The sp® bonds
interrupted in the x- and z-axes; 3D-(5,0) carbon is are distributed in isolation for the 3D-(4,0) and 3D-(6,0)
conductive in the xz plane, but its conductivity is carbons, in zigzag chains for the 3D-(5,0) and 3D-(9,0)
interrupted in the y-axes; 3D-(6,0) carbon is conductive carbons, in zigzag hexagons for the 3D-(7,0) carbon,
in the xy plane, but its conductivity is interrupted in the and in three-hexagon chains for the 3D-(8,0) carbon

z-axes; 3D-(7,0) carbon is conductive in the xz plane, (see Figure S3). The p, electrons are basically localized
but its conductivity is interrupted in the y-axes; 3D-(8,0) in the 3D-(4,0) and 3D-(6,0) carbons, in contrast to the
carbon is conductive in the yz plane, but its conductiv- gradually delocalized p, electrons in the 3D-(5,0),

ity is interrupted in the x-axes; and 3D-(9,0) carbon is 3D-(9,0), 3D-(7,0), and 3D-(8,0) carbons. Compared with
3D conductive. Although the 3D-(6,6) carbon is 3D the 3D-(4,0) and 3D-(6,0) carbons, the 3D-(5,0) and
conductive, its conducting electrons partially come 3D-(9,0) carbons have two steeper bands across the
from sp® bonded atoms. Its blue bands near the Fermi Fermi level (blue bands in Figure 4), indicating higher
level are the results of hybridization of the 2p, orbits of conduction electron velocities. Compared with the
sp? bonded atoms and the hybridized orbits of sp> 3D-(4,0), 3D-(6,0), 3D-(5,0) and 3D-(9,0) carbons, the
bonded atoms. In short, 3D-(4,0) carbon has a linear 3D-(7,0) and 3D-(8,0) carbons have four steep bands
conductivity; 3D-(5,0), 3D-(6,0), 3D-(7,0), and 3D-(8,0) across the Fermi level (blue bands in Figure 4),
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Figure 5. Local density of states (LDOS) (electrons/eV - per atom) of conducting 3D-(n, 0) or 3D-(n, n) carbons. Green, red, olive,
and dark olive LDOS are corresponding to total LDOS of per atom at different atomic positions of crystal structures of the

inserts, respectively.

indicating additional electronic transfer channels.
Therefore, conductivities are gradually increased in
the sequence of 3D-(4,0) or 3D-(6,0—3D-(5,0) or
3D-(9,0—3D-(7,0)—3D-(8,0) carbons. The tunable con-
ductivity is another unique feature for 3D nanotube
polymers compared with those of graphite and gra-
phene. These distinctive electronic properties of 3D
nanotube polymers indicate the potential applications
in optical or electronic nanodevices.

Young's Moduli. One-dimensional carbon nanotubes
are highly stiff in their axial directions. The theoretically
and experimentally confirmed axial Young's moduli of
the nanotubes are insensitive to tube radius or chir-
ality, and have values of around 1 TPa, which are
consistent with the in-plane isotropic Young's moduli
of a graphene sheet*” >' However, tubes appear
extraordinarily flexible and elastic in their radial direc-
tions. The experimentally obtained radial moduli of
multiwalled nanotubes are only in the range of 0.3—4
GPa and 9.7—80.0 GPa.>>** Compared with 1D nano-
tubes, our calculated axial Young's moduli (Table 1) of
3D-(n, 0) and 3D-(n, n) carbons can reach 1 TPa, and

ZHAO ET AL.

their radial Young's moduli are higher with hundred
GPa or even 1 TPa units. Consequently, the newly
designed 3D nanotube polymers cannot only retain
the superior mechanical performance in axial direc-
tions of nanotubes, but also give great enhanced
reinforcements in their radial directions through sp*
bond buckling.

Tensile Strength. The sp” hybridized C—C bond in
graphene is very strong chemical bond. The experi-
mental tensile strength values of defect-free graphene
and carbon nanotubes reach 130 £+ 10 and 150 + 45
GPa, respectively.>**® Today, the ideal tensile strength
of a crystal can be accurately determined by first-
principles calculations.>®~>® Recently, we presented a
simple and semiempirical model to calculate the the-
oretical tensile strength, and the values can be repro-
duced from first-principles calculations.®®  Our
calculated tensile strength of graphene in the zigzag
(10) direction and (10, 0) nanotubes in the axial direc-
tion are 162.7 and 161.0 GPa, respectively.®

In the current study, the theoretical tensile strength
in a specified direction is microscopically determined
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by bond strength and broken bond number (bond
density). Weak bond strength and small bond density
would result in low tensile strength, and vice versa. The
bond strength of i—j bond is proposed to be equal to
the maximum tensile force Fj; unbinding i—j bond, and
proved to be exclusively dependent on two micro-
scopic parameters: bond length d; and effectively
bonded valence electron (EBVE) number nj. Here nj;
can be calculated from the expression: n; = nin/(n/ +
n?)'?, n; = Z/N; n; = ZJN; where Z; and Z; are the
valence electron numbers of atom i and j, respectively,
and N; and N; are the coordination numbers of atoms i
and j, respectively. Fj; is calculated to follow the for-
mula: Fy(N) = 6.6 x 107 '° d;"*? exp(3.7n;). Finally,
the theoretical tensile strength oy, of a crystal in the
(hkly direction can be calculated according to the
formula:aiis°" (Pa) = FiiShiis where Spy, in units of m~2,
is the number of the broken bonds per unit area on the
(hkl) plane, which has the lowest bond density.

On the basis of our model, the theoretical tensile
strengths of 3D nanotube polymers were calculated
(see Table 1, Supporting Information, Table S3, and
Table S4). In the axial directions, the 3D-(6,0) carbon
has the lowest tensile strength of 53.10 GPa, and
whereas the 3D-(8,0) carbon has the highest strength
of 177.19 GPa. In the radial directions, the 3D-(8,0)
carbon has the lowest tensile strength of 26.70 GPa,
whereas the 3D-(4,4) carbon has the highest strength
of 115.09 GPa. The three factors that cause variations in
tensile strength are ny;, dj, and Sp,. For bond |, formed
by two sp® hybridized carbon atoms (red atoms in
Figure 6), n; = 0.707; for bond Il, formed by two sp?
hybridized atoms (green or olive atoms), n;; = 0.943; for
bond Ill, formed by sp® bonded (red atom) and sp?
bonded (green atom) atoms, n; = 0.800. The length
sequence of the three types of bonds is d, > d,; > d.
Therefore, bond Il is the strongest, bond Il is moderate,
and bond | is relatively weak, based on n; and dj. The
isosurfaces of electron density differences in Figure 6
are a good indication of bond strength. As seen in
Figure 6, bond Il (in blue square brackets) has the
highest electron density, and bond | (in blue ovals)
has the lowest value, which is consistent with our
theory. Aside from bond strength, the number of
broken bonds per unit area on the (hkl) plane is also
pivotal to the tensile strength of crystals in the (hkl)
direction. The lowest bond density on the (hk/) plane
usually determines the maximal tensile strength. The
axial tensile strength o, of the 3D-(6,0) carbon
(Figure 6a) and the radial tensile strength o, of the
3D-(8,0) carbon (Figure 6d) correspond to breaks of the
weaker bond | with low bond density, which accounts
for their low tensile strength. However, g, of the
3D-(8,0) carbon (Figure 6c) corresponds to the breaks
of bond | and Il with high bond density, which is
responsible for its high o,. For the 3D-(4,4) carbon,
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x._T_.y(Réd'ial) L.X(Rédial)

(a) 3D-(6,0) (b) 3D-(4,4)

(d) 3D-(8,0)

Figure 6. Isosurfaces of electron density differences
(yellow) of 3D-(6,0), 3D-(8,0), and 3D-(4,4) carbons in their
axial or radial directions. The green, red, olive, and dark
olive atoms are corresponding to different atomic positions
of crystal structures. Red atoms are sp® hybridized, and
green (or olive) atoms are sp? hybridized. Different electron
density differences between atoms are shown in blue
square brackets, ovals, and rhombus, respectively.

the broken bonds are strongest bond Il in the radial
directions (Figure 6b), resulting in high o,.

Hardness. The bulk and shear moduli of the carbon
allotropes (Table 1) were also calculated according to
the Voigt-Reuss-Hill rule.°*~%2 The 3D nanotube poly-
mers have significantly higher bulk moduli B and shear
moduli G than corresponding nanotubes (see Support-
ing Information, Table S2). In our microscopic theore-
tical model of hardness, the hardness of covalence-
dominant crystals is dependent not only on the bond
length, bond density, and ionicity of the bond, but also
on the metallicity of the bond and orbital form in the
crystal structure.>~%> Using this model, the Vickers
hardness (H,) values of the carbon allotropes were
estimated.

The calculated formulas are as follows: H, =
350N, 23e 19M/g?5  for semiconducting carbon
phases, and H, = 350N23e 11917322625 foy
metallic carbon phases. N, is the electron density,
calculated by N, = n.Z./V, where nis the number of C
atoms in one unit cell, Z. is the valence electron
number of C atoms, and V is the volume of a unit cell;
f; is the Phillips ionicity of the C—C bond, which is
equal to 0 here; f,, is a factor of metallicity, calculated
by f,, = 0.026D¢/n,, where Dk is the total density of
states of a unit cell at the Fermi level, and n. is the
total number of the valence electrons in unit cell;
d is the average C—C bond length, calculated by
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d=35Nd/3;N', where N’ is the number of j bond in the
unit cell, and d” is the j bond length.

The calculated hardness values are listed in Table 1
and Table S5 (Supporting Information). 3D nanotube
polymers, except 3D-(9,0) carbon with a hardness value
of 36.0 GPa, are all superhard. The 3D-(3,0), 3D-(2,2),
3D-(3,3), and 3D-(4,4) carbons are semiconducting
superhard, and the 3D-(4,0), 3D-(5,0), 3D-(6,0), 3D-(7,0),
3D-(8,0), and 3D-(6,6) carbons are conducting super-
hard. They can meet different needs for industry
applications, such as cutting tools, abrasives, and
coatings.

Ductility. It is well-known that tetrahedral sp*-hybri-
dized bonds cannot hold large deformations and
abruptly break down with stress, whereas sp-hybri-
dized bonds can sustain large distortions through the
out-of-plane bending. Consequently, sp>-hybridized
diamond, hexagonal diamond [viz. 3D-(3,0) carbon],
and 3D-(2,2) carbon are extremely brittle. In compar-
ison, nine other sp>- and sp>-hybridized 3D nanotube
polymers are more ductile. The quantitative criterion
for determining ductile or brittle materials is the B/G
ratio. A high (low) B/G value is often associated with
ductility (brittleness), and the critical value is about
1.75.°° The B/G values (Table 1) of 3D-(9,0), 3D-(4,4), and
3D-(6,6) carbons are 2.05, 1.98, and 2.08, indicating that
they are ductile carbon materials. This high ductility
endows 3D nanotube polymers with the capability of
resisting large strains without fracturing.

CONCLUSIONS

In summary, eight novel sp*- and sp>-hybridized 3D
nanotube polymers were predicted. These 3D nano-
tube polymers are derived from zigzag (n, 0) and
armchair (n, n) carbon nanotubes composed of inter-
connected identical parallel-oriented nanotubes. They
are all more stable than Cgo fullerene at ambient
conditions. Among them, 3D-(4,0), 3D-(5,0), 3D-(7,0),
3D-(8,0), and 3D-(3,3) carbons have lower energies
than their corresponding nanotube parents, and

METHODS

Searching for Low-Energy Crystal Structures. The ab initio particle-
swarm optimization (PSO) algorithm (CALYPSO code) within the
evolutionary scheme has been designed to search for the
carbon structures possessing the lowest (free) energy.3’—3°
The most significant feature of the code is the capability of
predicting the stable structure at given pressure and tempera-
ture conditions with only the knowledge of the chemical
composition. On the way to the global minimum, the algorithm
gradually focus a search on the most promising areas of the
(free) energy landscape, thus giving an enhanced (though not
exhaustive) sampling of low-energy structures. The underlying
structure relaxations were performed using density functional
theory within the local density approximation (LDA) as imple-
mented in the Vienna ab initio simulation package (VASP
code).®” Herein we performed variable-cell structure prediction

ZHAO ET AL.

synthesizing them through the treatment of high-
energy carbon nanotubes and/or fullerenes appears
to be promising.

Compared with their corresponding 1D nanotube
parents, 3D nanotube polymers have distinctive elec-
tronic properties. Among them, 3D-(3,3) and 3D-(4,4)
carbons are semiconducting, 3D-(4,0) carbon is linearly
conductive, 3D-(5,0), 3D-(6,0), 3D-(7,0), and 3D-(8,0)
carbons have planar conductivity, and 3D-(9,0) and
3D-(6,6) carbons are 3D conducting. Conductivities are
gradually increased in the sequence of 3D-(4,0) or
3D-(6,0)—3D-(5,0) or 3D-(9,0)—3D-(7,0—3D-(8,0) car-
bons. The unusual conducting directions and tunable
conductivity make 3D-nanotubes polymers amount to
something in optical or electronic nanodevices.

Furthermore, 3D nanotube polymers have excellent
mechanical performances, including high Young's
moduli, high tensile strength, ultrahigh hardness, and
good ductility. Their axial Young's moduli are compar-
able with those of 1D nanotubes, which can reach
1 TPa, and their radial Young's moduli are clearly higher
than those of nanotubes with hundreds of GPa or even
1 TPa units. Similar to their Young's moduli, their radial
tensile strength o, also show a large increase because
of the buckling of the sp> bonds. Using our microsco-
pical model, the tensile strength and Vickers hardness
of the polymers were estimated. Eight polymers, ex-
cept the 3D-(9,0) carbon, were all superhard. Through
analysis of the B/G ratio, it can be concluded that these
polymers are more ductile than diamond due to their
flexional sp*-hybridized bonds. Thereinto, 3D-(9,0),
3D-(4,4), and 3D-(6,6) carbons are ductile materials.

Another notable property is the low density of these
polymers, which indicates their potential use as hydro-
gen-storage materials, shape-selective catalysts, mo-
lecular sieves, and absorbents. Therefore, 3D nanotube
polymers with distinctive electronic properties, high
Young's moduli, high tensile strength, ultrahigh hard-
ness, good ductility, and low densities may be poten-
tially applied in a variety of fields.

simulations using the above evolutionary methodology for
carbon containing 2, 4, 6, 8, 10, 12, 14, and 16 atoms in the cell
at the ground state, respectively.

Constructions of Periodic Carbon Nanotubes. Nanotubes can be
constructed in Materials Studio soft.® A nanotube is formed by
rolling a graphene sheet into a cylinder. The building process
can be logically separated in two parts: determining the posi-
tions of the atoms and establishing the bonding pattern in the
nanotube. Atomic positions are defined unambiguously by the
chiral vector and by the bond length (1.42 A) of the ideal
graphene sheet. The actual bonds are created between the
nanotube atoms based on the settings of the connectivity
options for bond calculations.

Periodic nanotubes, indicate that a periodic lattice, compris-
ing one repeat unit of a single-wall nanotube, were built. A
standard hexagonal packing arrangement of nanotubes were
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used, in which the a = b dimension is determined by the
nanotube diameter plus two half the graphite interlayer separa-
tion. This means that the nanotubes are at approximately the
same separation as the layers in graphite, 3.347 A. Using the
method, we built the crystal structures of periodic zigzag (n, 0)
and armchair (n, n) carbon nanotubes.

Structural Optimizations and Property Predictions. Structural opti-
mizations and property predictions were carried out using the
density functional theory (DFT) within the ultrasoft pseudopo-
tentials, as implemented in the CASTEP code.®® The cutoff
energy of 310 eV was used for the plane wave basis set. The
electron—electron exchange interaction is described by the
exchange-correlation function of Ceperley and Alder, as para-
metrized by Perdew and Zunger (CA-PZ) of the local-density
approximation (LDA).%>7° A k-point separation (0.04 A~") corre-
sponding to fine quality level was used to generate the k-point
grid, resulting from the Monkhorst-Pack grid parameters.”’ The
Monkhorst-Pack grids for primitive cell optimizations of
3D-(3,0), 3D-(4,0), 3D-(5,0), 3D-(6,0), 3D~(7,0), 3D-(8,0), 3D-(9,0),
3D-(2,2), 3D-(3,3), 3D-(4,4), 3D-(6,6) carbons are 12 x 12 x 6,12 x
7x10,10x10x6,6 x6x6,10x10x6,11 x6x9,4x4x6,
12x12%x8,11 x 11 x5,5%5x10,4 x4 x 10, respectively.
The Monkhorst-Pack grids for electronic density of states (DOS)/
local density of state (LDOS) calculations of 3D-(3,0), 3D-(4,0),
3D-(5,0), 3D-(6,0), 3D-(7,0), 3D-(8,0), 3D-(9,0), 3D-(2,2), 3D-(3,3),
3D-(4,4),3D-(6,6) carbonsare 12 x 12 x 6,4 x 10 x 6,10 x 3 X 6,
6X6X69%x2xX62%x9%x64x4x%x6,6x6x10,4x10x5,
5% 5% 10,4 x 4 x 10, respectively. The structural optimization
was performed until the energy change of per atom was less
than 5 x 10~ eV, the forces on atoms were less than 0.01 eV/A,
and all the stress components were less than 0.02 GPa. Then,
band structures were calculated along the high symmetrical k
points of Brillouin Zone, and corresponding primitive cell were
used. To find out the electronic environment throughout the
unit cell, the whole unit cell was used to calculate electronic
DOS, LDOS and isosurfaces of electron density differences. In
addition, we also calculated their elastic constants, bulk moduli,
and shear moduli.
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Supporting Information Available: Crystal structure informa-
tion (Table S1), elastic constants (Table S2), calculated axial and
radial tensile strength with related parameters (Table S3 and
S4), calculated bond parameters and Vickers hardness (Table
S5), and the coordinates of the high symmetry points in
reciprocal space for calculated band structures (Table S6) of
3D nanotube polymers. Top views of (n, 0) carbon nanotubes
along their axial directions are shown in Figure S1. Band
structure, electron orbits, and LDOS of semimetallic 3D-(6, 0)
carbon are shown in Figure S2. The sp® hybridized bonds
(yellow bonds) and sp3 hybridized bonds (gray bonds) in crystal
structures are shown in Figure S3. In addition, the calculated
elastic constants (GPa), bulk and shear moduli (GPa) of graphite
and the carbon nanotubes including (6,0), (7,0), (8,0), (9,0), (4,4),
(6,6) nanotubes are listed in Table S2. This material is available
free of charge via the Internet at http://pubs.acs.org.
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