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High-pressure behaviors of carbon nanotubes

In this paper, we have reviewed the experimental and theoretical
studies on pressure-induced polygonization, ovalization, racetrack—shape deformation,
and polymerization of carbon nanotubes (CNTs). The corresponding electronic,
optical, and mechanical changes accompanying these behaviors have been discussed.
The transformations of armchair (n, n) CNT bundles (n = 2, 3, 4, 6, and 8) under
hydrostatic or nonhydrostatic pressure into new carbons, including recently proposed
superhard bct-C,, Cco-Cs, and B-B1A;:r, carbon phases have also been demonstrated.
Given the diversity of CNTs from various chiralities, diameters, and arrangements,
pressure-induced CNT polymerization provides a promising approach to produce
numerous novel metastable carbons exhibiting unique electronic, optical, and
mechanical characteristics.
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INTRODUCTION

Carbon adopts a wide range of allotropes with unique physical and
chemical properties, e.g., graphite, diamond, fullerenes, nanotubes, chaoite,
graphene, and amorphous carbon due to its ability to form sp-, sp>-, and sp’-
hybridized bonds. Graphite, the most stable form of carbon at ambient pressure,
has a layered and planar structure with the stacked graphene layers coupled by
delocalized weak m bonds resulting in conductive and soft nature. Graphene, a
recently rising star material, is one-atom-thick planar sheet with a honeycomb
crystal lattice like that of graphite. Graphene has the amazing conductivity and
strongest tensile strength along the planar layer directions but flexile in the other
directions because of the conductive, strong, and flexile sp2 bonds.

Fullerenes and carbon nanotubes (CNTs) represent another two classes of fully
sp” bonding carbons and are the focus of modern nanoscience and nanotechnology.
Structurally, fullerenes are hollow graphitic cage structures composed of nonplanar
5- and 6-membered carbon rings. The smallest fullerene is Cy [1]. Larger fullerene
with increased diameter can also be formed [2, 3]. Among them, purified Cgy and
C; are now commercially available. CNTs can be considered as seamless
cylinders formed by rolling single- or multilayer graphene. Different rolling
manners yield distinct diametral and chiral CNTs. Given these unique
configurations, CNTs possess a wide range of chemical and physical properties,
e.g., low density, versatile electronic properties (insulating, semiconducting, or
conducting states), and excellent mechanical performance (approximately 1 TPa of
axial Young’s modulus and approximately 150 GPa of axial tensile strength) [4].
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Thus, CNTs are ideal materials for applications as chemical catalysts/absorbents, in
nanoscale electronic devices, and in the mechanical engineering industry.
However, anisotropic CNTs are extraordinarily flexible in their radial direction and
are prone to deformation or collapse under external forces.

Pressure is an effective means to induce the sp*-to-sp’ bond change in carbon,
and the produced metastable carbon phases strongly depend on the crystal structure
and hybridization scheme of raw carbons, as well as on applied
hydrostatic/nonhydrostatic pressure. For example, the compression of graphite can
experimentally yield cubic and hexagonal diamonds, as well as a superhard cold-
compressed post-graphite phase [5-10]. The glass carbon under pressure can
transform into a superhard amorphous diamond [11], whereas the compression of
Coo and Cyo fullerenes can produce interesting 1D, 2D, and 3D Cgy and Cy
polymers, as well as other elusive new carbon phases [12-25]. Because a variety of
CNT configurations can now be synthesized with a high yield, more interesting
pressure-induced structural, electronic, and mechanical changes in CNTs are
expected and have elicited considerable attention [26-29].

In this paper, we review experimental and theoretical progress of the behaviors
of CNTs under pressure. Solid evidence has indicated that polygonization,
ovalization, racetrack-shape deformation, and polymerization of CNTs depend on
the diameter, chirality, and stacking style of single- or multi-walled CNTs under
hydrostatic and nonhydrostatic pressures. When the applied pressure is sufficiently
high, one-dimensional (1D) CNTs would polymerize or collapse to form 3D-linked
CNTs or other metastable carbon species, which are promising candidates for
superhard and superstrong structural materials.

EXPERIMENTAL

In the initial experiments under low pressure, the structural changes in single-
walled CNT (SWCNTs) bundles were revealed via Raman and X-ray diffraction
(XRD) resonances. In aligned SWCNTs Raman investigation showed that the
intensity of radial breathing modes (around 180 cm ') decreased significantly with
respect to that of the tangential modes (G bands around 1590 cm ') with increased
pressure [30]. The disappearance of the radial breathing modes were confirmed at
1.5 [26], 1.7 [31], 2.6 [30], or 3 [32] GPa by different research groups. This
disappearance can be attributed to the loss of electronic resonance in the Raman
scattering cross-section due to the deformation of circular nanotubes into a
hexagonal or oval configuration under compression. However, Merlen et al. [33]
discovered that the critical pressure for the disappearance of radial breathing modes
depends on the wavelength of the laser used for Raman measurement. The study
further indicated that this may not be an effective indicator for structural transition
[33]. The tangential mode frequencies of aligned SWCNTs show an interesting
variation trend with increasing pressure, characterized by an initial increase until
11 GPa, then a decrease until 16 GPa, and an increase again beyond 16 GPa [30,
32]. This anomalous pressure dependence was also attributed to the hexagonal and
elliptical cross-section of deformed tubes [30, 32]. Notably, the intensity and
frequency of the Raman modes of SWCNTs in the aforementioned experiments are
reversible upon decompression. Moreover, high-pressure XRD experiments reveal
the loss of the triangular lattice above 1.5 GPa in SWCNT bundles [34]. The
triangular lattice can be regenerated upon decompression if the pressure is lower
than 4 GPa, beyond which the nanotube lattice is destroyed [34]. In contrast,
another experiment discovered the critical pressure for the reversible lattice of
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SWCNT bundles increases up to 13 GPa, indicating the remarkable mechanical
resilience of CNTs [35].

The structural changes in CNTs result in corresponding electronic and optical
modifications. With applied pressure, non-monotonic variation was observed in the
resistance of SWCNT bundles at room temperature and up to 2 GPa [36]. In
addition, local metallization spatially confined to a few nanometers was identified
by radial compression at a crossed junction of semiconducting CNTs [37]. The
optical absorption spectra of SWCNTs were observed to change drastically and
reversibly at pressures up to 4.1 GPa [38], with a structural phase transition
occurring at approximately 2 GPa [39].

The influence of nonhydrostatic high pressure is more promising for deformed
CNTs to produce new carbon phases. X-ray Raman scattering (XRS) experiments
were performed with multi-walled CNTs (MWCNTs) under nonhydrostatic
pressure up to 25 GPa [19]. Variation in near-edge peaks represented decreased sp
hybridization and increased sp’ hybridization in compressed MWCNTs with
increasing pressure. At 16 GPa, the spectral features completely resembled the
spectrum of diamonds with no sp” contribution, indicating the formation of a hard,
sp® hybridized carbon phase. This argument was further supported by the optical
transparency of the samples, i.e., the compressed MWCNTs were black and opaque
at 0.3 GPa and became partially transparent at 11 GPa.

Another study of the compression of SWCNTSs demonstrated that a quenchable
superhard carbon phase could be obtained at a nonhydrostatic pressure of 24 GPa
[40, 41]. The nonhydrostatic effect was achieved by shear deformation under load
in a diamond anvil cell. The final product exhibited a high bulk modulus (465 GPa)
and hardness (62 to 150 GPa) comparable to those of diamond. The transformation
was accompanied by irreversible changes in Raman spectra. The Raman band
frequencies in the new carbon phase are consistent with those in the raw SWCNTSs,
with broadening of G bands at approximately 1551 to 1598 cm ' and an increased
intensity of the D band at approximately 1344 cm . The polymerization of CNTs
was concluded based on the conservation of the spectral features of CNTs in
Raman spectra of treated carbon samples.

Another quenchable superhard carbon phase was obtained by compressing
SWCNTs under a nonhydrostatic pressure of 35 GPa [42]. When the
nonhydrostatic effect was achieved by applying shear deformation at 35 GPa
(leading to a pressure multiplication up to 60 GPa), the intensity and width of the
Raman G bands of compressed SWCNTs abruptly increased without frequency
change, which is similar to the features observed in the aforementioned carbon
obtained at a nonhydrostatic pressure of 24 GPa [40, 41]. The carbon product
possesses a mixture of sp> and sp° hybridizations with approximately 40% sp*
states. The maximum photoluminescence band was about 2 eV corresponding to an
optical gap of 2.1 to 2.3 eV. The hardness was 58+6 GPa, comparable to that of
cubic boron nitride. Transmission electron microscopy (TEM) analysis of this
superhard phase revealed nanoclusters with turbostratic, curved graphene sheets.
Another quenchable superhard crystalline carbon allotrope was recovered from
CNT bundles compressed at 75 GPa and room temperature [43]. This allotrope has
high density (3.6+0.2 g/cm’) and high bulk modulus (447 GPa). More importantly,
this carbon allotrope can crack diamond and thus, has elicited considerable
research interest [44—47].

Other interesting nano- and microcrystalline diamond-like (cubic and
hexagonal) and nanographite carbon phases have been synthesized by SWCNT
treatments at pressures ranging from 8.0 to 9.5 GPa and temperatures ranging from
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473 to 1773 K [48]. Using shock compression of approximately 120 GPa at
2000 K, most MWCNTs was transformed into graphite structures with increased
spacing between graphene planes [49]. Although significant experimental progress
has been achieved by compressing CNTs, the crystal structures of most of these
new carbons cannot be determined from experimental observations alone. Thus,
theoretical endeavors are highly anticipated to eliminate structural uncertainty and
controversy.

THEORETICAL SECTION

This section firstly discusses results of pressure-induced structural, electronic,
and mechanical changes for isolated SWCNTSs. Previous studies showed that the
isolated armchair (n, n) and zigzag (n, 0) SWCNTs exhibit metallic and
semiconducting properties at ambient pressure, respectively [50, 51]. During
compression, isolated armchair (8, 8) and (10, 10) SWCNTs underwent a series of
changes from circular, to oval, to racetrack-like, and, finally, to peanut-like shapes,
resulting in a metal-to-semiconductor transition (Fig. 1) [52, 53]. The isolated
zigzag (10, 0), (13, 0), and (19, 0) SWCNTSs also showed similar shape changes
under hydrostatic pressure [54]. The smallest (10, 0) CNTs deformed continuously,
whereas larger (13, 0) and (19, 0) CNTs exhibited hysteresis and underwent a first-
order-like transformation [54]. Pressure-induced hard-to-soft transition based on
decreased bulk modulus was observed in isolated SWCNTs with different
diameters ranging from armchair (5, 5) to (20, 20) CNTs because of the circular-to-
oval shape transition of the tubes at low pressure [55]. However, nanoindentation
simulation demonstrated that isolated CNTs underwent a soft-to-hard phase
transformation under co 3presswe stresses higher than 16 GPa because of the
formation of interlayer sp” bonds [56]. This transformation was reversible upon
unloading if the compressive stress was under approximately 70 GPa, beyond
which the permanent interlayer Sp3 bonds formed [56]. During nanoindentation, the
maximum nanohardness of CNTs can reach 120 GPa, which is comparable to that
of diamond [56].
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Fig. 1. Molecular-dynamics simulated equilibrium shapes of an isolated (10, 10) SWCNT at
pressures of (a) 0, (b) 1.55, (¢) 1.75, and (d) 2.2 GPa, respectively [53].
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In the case of bundled CNTs, the intertube interaction would greatly affect the
behaviors of CNTs at ambient pressure. For small zigzag (n, 0) SWCNT bundles
with high curvature energy, (5, 0) and (6, 0) CNTs can be spontaneously enthalpy-
driven and directly cross-linked to create 2D CNTs at ambient pressure (Fig. 2, a)
[57]. Another theoretical study also confirmed the preferable thermodynamic
stability of 2D-linked (5, 0) and (6, 0) CNTs at ambient pressure compared with
corresponding van der Waals-packed CNTs [58]. For (17, 0) SWCNTs, a linked 2D
structure prevails at ambient pressure for n <7, whereas individual nanotube
bundle structures are adapted for n > 7 [57]. In contrast to zigzag (n, 0) SWCNTs,
the cross-linking of small armchair (r, n) SWCNTSs, such as (3, 3) and (4, 4) CNTs,
was not spontaneous at ambient pressure [57]. This may be due to adjacent
armchair tubes in bundle aligned “shoulder-by-shoulder” with local structures
similar to that in flattened graphene sheets, whereas in the zigzag tubes they are
virtually aligned “head-to-head” and are thus prone to bond formation [57].

2D-(5, 0) CNTs 2D-(7, 0) CNTs
a b

Fig. 2. (a) 2D cross-linked (5, 0) CNTs at ambient pressure [57] and (b) 2D cross-linked (7, 0)
CNTs at 0.3 GPa [58].

At ambient pressure the cross-section of aligned CNTs in bundles is not always
circular. Hexagonal, oval, and racetrack-like shapes are predominantly driven by
intertube wall-to-wall interaction. Research has suggested that (6n, 6n) SWCNTs
such as (6, 6) and (12, 12) CNTs have hexagonal cross-sections in bundles at
ambient pressure [59]. This is in reasonable agreement with the experimental study
of the polygonization of aligned tubes with a diameter of approximately 17 A
corresponding to (12, 12) nanotubes, where rounded-hexagonal cross-sections in
bundles were observed without applied pressure [60]. For other SWCNT bundles,
such as (8, 8), (10, 10), (24, 0), and (30, 0), oval-shaped cross sections were
observed at ambient pressure [59]. In addition, unlike the metallic isolated
armchair SWCNTSs, an opening of the band gap resulting from weak intertube
interactions and slight nanotube deformation was observed in armchair (4, 4), (5,
5), (6, 6), (7, 7), (9, 9), (10, 10), and (12, 12) SWCNT bundles at ambient pressure
[61].

When pressure was added, all aligned CNTs underwent structural transitions
with the cross-section changing from circular, to oval or hexagonal, or racetrack-
like [29, 62, 63], and, finally, to 2D- or 3D-linked CNTs or complicated carbon
phases [58, 61, 64, 65]. The transition or collapse pressure varied with the
symmetry, chirality, and diameter of the CNTs [29, 59, 64, 66—69]. Usually, the
larger the diameters of CNT bundles are, the lower the transition pressure will be
[29, 59, 64, 66—69]. Sluiter et al. [64] predicted a complete SWCNT phase diagram
under pressure that depended mainly on the tube diameter. Researchers have
observed that (3n + 3, 3n +3) SWCNT bundles such as (12, 12) and (9, 9) acquire
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a hexagonal cross-section when subjected to hydrostatic pressures of 6 GPa and
10 GPa, respectively [61, 62]. Other single-walled (8, 8), (10, 10), (24, 0), and (30,
0) CNT bundles exhibited an oval cross-section at low pressure [59]. In addition,
many 2D- and 3D-linked CNTs emerged at high pressure and remained stable after
pressure release. The lowest transition pressure from (7, 0) CNTs to 2D-linked (7,
0) CNTs was 0.3 GPa (Fig. 2, b) [58], far lower than the 10 GPa obtained in
another research [61]. The 2D interlinked (5, 5) and (12, 12) CNTs were formed
under respective hydrostatic pressures of 18 and 8 GPa [61].

Previous studies showed that 1D (6, 6) CNTs did not form an interlinked
structure even at 60 GPa because of the repulsive interaction between the local
flattened adjacent layers during compression [58]. Our study shows this
equilibrium state will be broken and 3D-linked deformed (6, 6). CNTs can be
formed at pressures as high as 80 GPa (Fig. 3). This situation is similar to the
formation of 3D-linked (3, 3) CNTs [70], where the lowest pressure needed to
overcome the repulsion of the m bonds in local flattened layers to form ¢ bonds was
40 GPa. More complicated stable 3D structures can be produced by compressing
various CNTs including (5, 0), (7, 0), (9, 0), (6, 6), (7, 7), (10, 10), (7, 4), mixed (6,
6) and (7, 7), and mixed (6, 6) and (7, 4) SWCNTs, as well as double-walled CNTs
such as (5, 5), (10, 10), and composite of Cgy and CNTs (Fig. 4) [58, 65, 71]. They
form a large family of carbons where either full sp® hybridization or mixed sp* and
sp’ hybridizations are presented. Some of them exhibit high thermodynamic
stability and excellent mechanical performance (e.g., bulk modulus) comparable to
cubic diamond.

1D-(6, 6) CNTs Unlinked1D-(6, 6) CNTs 3D-(6, 6) CNTs-1

a b c
Fig. 3. The aligned 1D (6, 6) CNTs at (¢) ambient pressure and (b) 60 GPa [58], and (¢) 3D-
linked (6, 6) CNTs at 80 GPa in present work.

3D-(5, 0) CNTs 3D-(7, 0) CNTs 3D-(9, 0) CNTs

a b c
Fig. 4. The 3D-linked (a) (5, 0), (b) (7, 0), and (c) (9, 0) CNTs configurations obtained by com-
pressing corresponding CNTs [58].

Recently, numerous theoretical simulations have been performed to identify ex-
perimentally synthesized and structurally unknown superhard, cold-compressed
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CNTs [43] and graphite [5-9]. We first proposed Cco-Cs, a sp’-bonded carbon
structure, which can be viewed as 3D-linked (2, 2) CNTs to satisfactorily account
for the density, X-ray diffraction data, bulk modulus, and hardness of the
experimentally observed superhard cold-compressed CNTs [46]. Later, Niu et al.
[47] suggested alternative carbon models including P-carbon and B-BjAjsgs-
carbon. The proposed M—carbon is the first model to successfully explain the
experimental XRD, optical transparency, and superhard nature of cold-compressed
graphite [72, 73]. After that, a series of models including bct-C4 [74, 75]; W-carbon
[76]; structurally equivalent Cco-Cg [46], Z-carbon [77], oC16-II [78], and Z-
carbon-8 [79]; structurally equivalent F-carbon [80], S-carbon [47], Z-carbon-1
[79], and M10-carbon [81]; structurally equivalent O-carbon [82], R-carbon [47],
and H-carbon [83, 84]; structurally equivalent Z4-A3B1 [85] and P-carbon[47];
structurally equivalent S-carbon [83, 84] and C-carbon [86]; X-carbon and Y-
carbon [87] were proposed. Recently, the high-pressure experiments and transition
path sampling calculations indicate M-carbon is the most likely product of cold
compression of graphite [88—91]. These studies offer in-depth understanding of the
behaviors of CNTs and graphite under pressure. Moreover, the chiral Cq [92], and
cubic C; [93], Cmcm-16 [94], Cmcm-12 [94], P2/m-8 [94] and three charming
superhard carbons, i.e., hP3, tI12, and tP12, with significantly greater density than
diamond [95] were also proposed.

Experimental evidence has been found for the existence of the smallest zigzag
(4, 0), armchair (2, 2), and (3, 3) SWCNTs confined inside larger nanotubes [96—
98]. We thus explore the transformations of single-walled armchair (n, n) CNT
bundles (n = 2, 3, 4, 6, 8) under hydrostatic or nonhydrostatic pressures, resulting
in new carbons including the proposed bct-C,4 [74, 75], Cco-Cg [46], B-B1Aporo-
carbon [47], 3D-linked (3, 3) CNTs [70, 99], 3D-linked (6, 6) CNTs, and 3D-
linked (8, 8) CNTs (Figs. 5-8). Under hydrostatic pressure of 5 GPa, a (2, 2) CNT
bundle with hexagonal and tetragonal lattices would polymerize to form 3D-linked
(2, 2) CNTs, i.e., Cco-Cg and bcet-Cy4 (Fig. 5). In contrast, nonhydrostatic pressure is
needed to form bct-Cy, Cco-Cg, and B-B;Ay,ro-carbon by compressing larger (, n)

Hexagonal packed (2, 2) CNTs Ceo-C,
0.0 g0
3.4 34 ’ ”“é . 58
EWGE-H ------ J:\"—Qﬁ @:;&Q
Tetragonal packed (2, 2) CNTs bet-C,

Fig. 5. Cco-Cg and bct-C, carbons obtained by compressing hexagonal and tetragonal packed (2,
2) CNTs at 5 GPa, respectively.
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CNTs. For example, a (4, 4) CNT bundle under pressure first forms 3D-linked (4,
4) CNTs [99] through 2 + 2 cycloaddition, similar to the formation of the well-
known 3D Cgy polymers [14]. This is then flattened to form bct-C4 or Cco—Cg
carbons (Fig. 6). During compression, larger (6, 6) and (8, 8) CNT bundles are first
flattened and polymerized to form 3D-linked CNTs and finally B-B;Aj,gr;-carbon
or Cco-Cg (Fig. 7). Under hydrostatic pressures of 80 and 50 GPa, two 3D-linked
(6, 6) CNTs can be formed by compressing hexagonal and tetragonal (6, 6) CNT
bundles, respectively (Figs. 3 and 8). All the structural data of these considered
3D-linked CNTs are listed in Table 1. Our studies show, by compressing armchair
(n, n) CNTs bundles, new carbon species with 4- and 8-membered carbon rings,
which are different from the common 6-membered rings of diamond, can easily be
formed. Other novel metastable carbons are expectedly obtained by compressing
various single- and multi-walled CNTs with different chiralities and manners of

stacking.

QJ‘S',V_'&"’# h = o

(4,4) CNTs

- o=l =

3D-(4, 4) CNTs 3D-(4,4) CNTs

s

&

4?/\4»’/ *}_?4/\ "‘i 4},’/“0&#1 \,i‘?mﬂj o

R — o = Qo -k\,t-\
Distorted 3D-(4, 4) CNTs Distorted 3D (4,4) CNTs
|
;%’E‘ S éf‘-j\ri« )—‘}E }T/'\j,‘
'-\.\L,—trﬂ Hw%;ﬁx "‘“t,./

bet-C, Cco- CR
Fig. 6. Cco-Cg and bct-C, carbons obtained by compressing identical tetragonal packed (4, 4)
CNTs at nonhydrostatic pressure (v = 38 GPa, x = z = 40 GPa). At this pressure, the occurrence
frequency of Cco-Cg is higher than that of bet-Cy.

The experimental bulk and shear modulus of CNT bundles are reported to be
41.7 GPa and 1 GPa, respectively [34, 100], similar to those of soft graphite, due to
comparable weak van der Waals interactions. The most striking properties of 3D
CNT polymers are their very high hardness and strength, both of which can now be
estimated by using our semi-empirical formula [101-105]. The hardness formulas

for semiconducting and metallic carbons are H, =350N2"3¢™" 191/, / d*® and

0.55
HV—350N2/3 L9 =322 /dz‘s, respectively. N, is the valence electron

density, valued as N, = n.Z./V, whereas n.. is the number of C atoms in the unit cell,
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Z. is the valence electron number of C atoms which is equal to 4, and V is the
volume of a unit cell; f; is the Phillips ionicity of the C—C bond, which is equal to
0; f is a factor of metallicity, calculated using f,, = 0.026D#/n,, with Dr being the
total density of states of a unit cell at the Fermi level, and #n, the total number of
valence electrons in the unit cell; d is the average C—C bond length, calculated

using d =ZN Id’ / Z N/, with N’ being the number of the j bond in the unit
J J

cell, and &, the j bond length.

®
®)

O
A

| . (6, 6) CNTs (8, 8) CNTs
y

' | !

3D-(6, 6) CNTs Distorted 3D-(8, 8) CNTs

B-B A

1" "L2R2
Fig. 7. B-B;Asro-carbon and Cco-Cg carbon obtained by compressing tetragonal packed (6, 6)
and (8, 8) CNTs at nonhydrostatic pressure (y = 36 GPa, x =z =40 GPa) and (y =40 GPa,x=z =
60 GPa), respectively.
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Table 1. The space group, lattice parameters (A), and atomic positions
of 3D-linked SWCNTs at ambient pressure

Structures |Spacegroup| a |

B

Atomic positions

3D-(5, 0) Cmem (63)  7.368

3D-(7, 0) P2Um(11)  6.966

3D-(9,0)  P63/mem (193) 9.296

Bet-Cy[74]  HM/mmm (139) 4.322
Cco-Cs [46]  Cmmm (65)  8.674

3D (3,3)-1[70] R-3m(166) 10.394
3D-(3,3)-11[99] Cmmm (65)  6.071

3D-(4,4) [99] P4/mmm (123) 5.173

3D-(6,6)-1  P6/mmm (191) 8.961

3D-(6,6)-11  P42/mme (131)  8.568

3D-(8, 8) P4/mmm(123)  9.742

B'BIALZRZ [47] Immm (71) 4.179

b | c
9.778 4.172
4.193  7.259
4.200
2.478
4209 2487
2.467
2482 5201
2.480
2.488
2.445
2.484
12.968 2.484

113.50

16/ (0.720, —0.060, 0.085)
16h (0.679, 0.198, 0.066)
87(0.5, 0.230, 0.588)
4£(0.888, 0.065, 0.928)
4£(0.849, 0.590, 0.731)
4£(0.902, 0.071, 0.582)
41(0.856, 0.571, 0.375)
41(0.693, 0.066, 0.188)
4£(0.488, 0.588, 0.159)
4£(0.290, 0.064, 0.016)
241 (~0.148, 0.275, 0.586)
12k (0, 0.418, 0.433)
8% (0.18, 0.18, 0)
8¢ (~1/6,-0.815,-1/2)
8p (~0.089, -0.315, 0)
36i (0.048, 0.244, 1.262)
4k (1/2, 1.5, -0.128)
4h (0.319, -1, -1/2)
41(1/2,-1,-0.718)
4n (1/2,0.717, 0)

40 (0.129, 1/2, 1/2)
12p (1.498, 1.335, 0)
124 (1.385, 1.287, 0.5)
8¢ (0.842, 0.583, 0)
8¢ (0.833, 0.907, 0)
8¢ (0.860, 0.662, 0.5)
8¢ (0.775, 0.650, 1/2)
8¢ (0.912, 0.728, 1/2)
8p (0.922, 0.815, 1)
8p (0.763, 0.568, 1)
8n (0.815, 0.560, 0)
81 (0.687, 0.778, 0)
8n (0.685, 0.611, 0.5)

In our tensile strength calculation model [99, 105], the theoretical tensile
strength in a specified [Akl] direction is microscopically determined by the bond
strength and broken bond number (bond density) in the corresponding (4kl) crystal
plane. Usually, the (#k]) plane with the least broken bond number (i.e., the lowest
bond density) is selected, whereas the lowest bond density in the (kk/) plane
usually determines the ideal tensile strength. The bond strength of the i—j bond is
proposed to be equal to the maximum tensile force Fj; of the unbinding i—j bond
and proven exclusively dependent on two microscopic parameters: bond length dj;
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and effectively bonded valence electron (EBVE) number n; Here n; can be
calculated from the expression: ng; =nn; / 1lniz + nj2 with n; = Z/N; and n; = Z/N,,

where Z; and Z; are the valence electron numbers of atom i and j, respectively (for
C, they are both equal to 4); and N; and N, are the coordination numbers of atoms i
and j, respectively. Fy; is calculated using £} (N)= 6.6-10_10011;1'32 exp(3.7n;) .
Finally, the theoretical tensile strength o, along the [Ak]] direction can be calcu-
lated using o/ (Pa) = Fy Sy > where Sy (m %), is the number of the broken

bonds per unit area in the (4k/) plane with the lowest bond density.

3D-(6, 63) CNTs-11 3D-(8, 8) CNTs
Fig. 8. 3D-(3, 3) CNT-I, 3D-(6, 6) CNT-IL, and 3D~(8, 8) CNTs obtained at 40, 50, and 60 GPa,
respectively. The previously proposed 3D-(3, 3) CNT-II [99] is also shown.

The hardness and strength models have been widely applied to covalence-
dominant crystals, such as the light-element B-C—N-O system [46, 74, 80, 95, 99,
106—117] and transition-metal B-C—N—O compounds [102, 104, 118-124], and
other high hardness materials [125-127]. Table 2 lists the calculated bandgap,
density, Young’s moduli, tensile strength, bulk modulus, shear modulus, and
Vickers hardness of some 3D-linked SWCNTs composed of small CNTs. Our
calculations show that they are all superhard materials, and the metallic carbons
have lower hardness. It should be noted that our hardness model may be not
suitable for 3D-linked large CNTs with very high pores, where increased sp’-
hybridized bonds can sustain large distortions through out-of-plane bending
without breaking under stress. As a comparison, their hardness values can also be
estimated by other models such as Simunek’s [128], Xue’s [129], Chen’s [130],
Lyakhov’s [94], and Mukhanov’s models [131]. On the other hand, our strength
model can be used to estimate the tensile strength of any direction of all the
metastable carbons. All the investigated 3D-linked CNTs have high axial tensile
strength comparable to that of CNTs, while exhibiting greatly enhanced strength in
the radial direction through sp® bond buckling. Compared with 1D CNTs, the 3D-
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linked CNTs have the obvious increase of Young’s, bulk, and shear moduli, which
can also be attributed to the solid sp’ bonds in structures. In addition to these
excellent mechanical properties, these 3D-linked CNTs also have novel electrical
properties (e.g., semimetallic, metallic, and semiconducting with a wide range of
bandgaps), representing a class of multipurpose carbon materials.

Table 2. The bandgap (eV), density (g-cm's), axial Young’s moduli Y,
(TPa), radial Young’s moduli Y, (TPa), axial tensile strength ¢, (GPa), ra-
dial tensile strength o, (GPa), bulk moduli B (GPa), shear moduli G (GPa),
B/G ratio, and Vickers hardness H, (GPa) of 3D-linked SWCNTs

at ambient pressure

Structure| Bandgap |Density| Ya| Yr | Oa | Or | B | G |B/G| Hy
3D-(5,0) semimetallic 2.65 0.98 0.22 1473 27.7 2674 196.8 1.36 87.6
3D-(7, 0) 1.98 2.87 1.04 0.45 100.0 73.5  280.5 276.0 1.02 8l.6
3D-(9, 0) metallic 2.28 091 0.27 134.0 97.2 252.8 176.3 1.43 534
Bet-C,4 2.71 345 123 094 1122 932 4156 4342 096 929
414 [74] 4271[74]
Cco-Cy 3.14 3.51 122 1.15 113.0 93.4  415.6 4342 096 95.1
444.1 [46] [46]
3D-(3, 3)-1 2.88 31 111 070 76.5 118.6 347.1 343.5 1.01 855
[70]
3D-(3, 3)-11 1.21 3.05 1.13 0.49 1299 76.5 343.9 283.5 1.21 909
[99]
3D-(4,4) 0.93 240 093 0.57 114.1 115.1  277.6 1404 198 79.8
[99]
3D-(6, 6)-1 1.26 277 092 034 855 33.1 2672 2147 124 799
3D-(6, 6)-11  metallic 2.67 1.11 0.57 178.7 128.6  278.5 207.7 134 594
3D-(8, 8) 1.92 271 096 045 101.8 59.1  281.9 1928 146 81.7
B-BiALsr> 3.18 356 1.23 1.15 1153 94.1 4389 506.7 090 96.2

456.3 [47] 504.4 [47]

CONCLUSIONS

In the present paper, the experimental and theoretical researches on high-
pressure behaviors of carbon nanotubes have been reviewed. It seems that a deep
gap exists in the nice theoretical structures and real substances prepared under
pressure. In real experiments some amorphous and nanostructured mash consisted
of quite small fragments of initial nanotubes are usually fabricated due to the shear
stresses, inhomogeneities, impurities, geometrical structure restrictions, etc. If the
CNTs with controllable chirality and diameter can be achieved in the near future,
experimental synthesis of the specific theoretical structures may be easy at nice
pressure conditions, like the case of the Cg polymers recovered from the
compression of high spherically symmetric Cg fullerenes.

Anyway, it is theoretically demonstrated that CNTs under pressure can be a
better candidate for producing novel carbon phases stemming from their diverse
fascinating configurations, as determined by chirality, diameter, length, and
number of graphene layers. The unique 3D CNT polymers and other complicated
metastable carbons derived from CNTs are expected to be classified into a new
family of superhard and superstrong structural materials with potential applications
in many fields. CNT analogs, such as boron nitride, silicon, and germanium
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nanotubes, may have similar high-pressure behaviors as CNTs and elicit
corresponding theoretical and experimental explorations. In the end, we wish to
emphasize that, in addition to pressure, which can induce the linkage of CNTs,
other experimental means (e.g., electron-beam irradiation) can also stimulate
linkage in CNT bundles [132, 133], thus providing tremendous impetus for further
experimental investigations.
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Posensinymo  excnepumenmanvhi  ma  meopemuuHi  QOCHIONCEHHA 3
IHOYKOBAHOI0 MUCKOM ROJi2OHI3ayil, osanizayii, Oegopmayii y opmi 6ic060i Odopiocku i
nonimepusayii gyeneyesux nanompyoox (BHT). Obeosopeno 6i0no6ioHi elekmponHi, ORMUYHI i
MeXaHiuMi 3MiHU, WO CYynpo8ooxcyoms yi npoyecu. Taxoxic npooemoncmpo8ano nepemeopenis
6 BHT y ¢hopmi xpicaa (n, n), 3ibpanux ¢ nyuox (n = 2, 3, 4, 6 i 8) nio ciopocmamuunum a6o
He2IOpOCTNAMUYHUM THUCKOM 8 HO8I 8y2ielesi alomponu, 8 MOMY YUCTI HeOA6HO 3aNPONOHOBAHT
naomeepoi bct-C;, Cco-Cg i B-BApspr-6yeneyesi ¢hazu. Pismomanimuicme BHT 3 pisnumu
XipaneHnicmio, diamempamu ma ynakoekamu, a maxooic nonimepuzayis BHT, euknuxana muckom,
3abe3neuye nepcneKmuHULL NiOXio 0Jisk OMPUMAHHS YUCTEHHUX HOBUX MemAacmabiibHux gyeneye-
6UX (pas, wo 0eMOHCMPYIOMb VHIKAIbHI eNeKMPOHHT, ONMUYHI | MEXAHIYHI XapaKmepucmuku.

Knwwuosi cnosa: syeneyesi nanompyoxu nio muckom, NOMMeEpu3ayis, HOGI
MemacmabineHi popmu gyeneyro, ereKmporHi Ma MeXaHiuHi XapaKmepucmuKuy.

Paccmompenvl sxcnepumenmanvhble U meopemuyeckue UCCIe008aHUsL NO
UHOYYUPOBAHHOU OaBNIeHUueM NOAUSOHU3AYUY, 08aau3ayuu, oegpopmayuu 6 gopme 6e2080u 00-
podicku u noaumepuzayuu yenepoouvix nanompybox (YHT). Obcyacoensvt coomsemcemsyiowue
INeKMPOHHbBIE, ONMUYECKUe U MEXAHUYECKUe USMEHEHUs, CONPOBOICOArUUe MU NPOYECChl.
Takorce npodemoncmpuposanvt npeobpasosanus 6 YHT ¢ popme kpecna (n, n), cobpannvix 6
nywok (n = 2, 3, 4, 6 u 8) noo cudpocmamuyeckum uiu He2UOPOCMAMULECKUM OAGIeHUEM 6
HOBble yeniepoonbvle anlompondl, 8 MOM Yucie HeOda8Ho npediodcenHble ceepxmeepovie bet-Cy,
Cco-Cys u B-BApsps-yenepoonsie asvl. Pasnoobpaszue YHT ¢ pasnuunvimu XupaibHOCMbIO,
ouamempamu u ynaxoskamu, a maxce nonumepusayus YHT, evizeannan oasnenuem, obecnedu-
8aem nepcnekmueHblil NO0X00 OJisl NOLYUEHUSL MHO2OYUCTEHHBIX HOBbIX MemACmMAOUIbHbIX Yyee-
POOHBIX (ha3, OEMOHCMPUPYIOWUX VHUKATbHbBIE INeKMPOHHbIE, ONMUYECKUe U MeXaHuyecKue
Xapaxmepucmuxu.

Kniouesvie cnoga: yerepoonvie nanompyoku noo oagienuem, noiumepusa-
Yus, Hogble MemacmabunbHble PopMbl yenepood, INeKMpOHHble U MeXaHuyecKue XxapaKmepu-
CMuKu.
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