
Nanotube Derived Ordered Carbons Predicted by Neural Network
Potential
Shuqi Xie, Kun Ni,* and Yanwu Zhu*

Cite This: https://doi.org/10.1021/prechem.5c00020 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Searching for novel carbon allotropes with excellent mechanical and interesting
electronic properties is valuable, but such a large structural search remains a challenge if purely
based on the traditional density functional theory (DFT) combined with Monte-Carlo (MC)
methods. Herein, the neural network potential is utilized to accelerate the sampling of the
stochastic surface walking algorithm for a global structural search of ordered carbons from
carbon nanotubes (CNTs) under pressure. A variety of unreported ordered carbons are
obtained, among which CNTs with diameters smaller than 0.7 nm are more sensitive to
pressure than bigger tubes. Most ordered carbons obtained show great thermodynamical and
kinetic stability, verified by ab initio molecular dynamics simulations and phonon spectra. The
ordered carbons demonstrate direct or indirect band gaps in the range of 0 to 4.4 eV, including
13 superhard (Hv > 40 GPa) structures and 1 ductile (Pugh’s Ratio G/B < 0.57) structure, in
which the modulus of ordered carbons exhibits a linear correlation with the density. Our study
provides a pathway to create new carbons from nanotubes and a deeper understanding of the
structural evolution of CNTs under pressure.
KEYWORDS: neural network potential, surface walking algorithm, CNTs evolution, novel carbon structures, DFT

1. INTRODUCTION
With excellent electrical, thermal and mechanical properties,
carbon nanomaterials like graphene,1 fullerenes,2 and carbon
nanotubes (CNTs)3 are expected to play critical roles in
electronic devices, thermal management, energy storage, and
so on. Among them, CNTs possess variable diameter and
chirality, bringing about abundant physical and chemical
properties.4 On the other hand, studies show that CNTs can
agglomerate by covalent bonding, thus constructing new
carbons using CNTs as building blocks or precursors has
attracted intensive research interest. For example, Merlen et al.
compressed single-wall carbon nanotubes (SWNTs) in a
diamond anvil and found that SWNTs can be irreversibly
transformed into cubic diamonds at a pressure of 14.5 GPa and
a temperature of 1800 K.5 Khabashesku et al. observed the
formation of diamond or graphite phases by compressing
SWNTs at 8.0 or 9.5 GPa performed in a high pressure
chamber.6 Popov et al. synthesized a superhard phase (SP-
SWNT) with hardness comparable to diamond by applying a
shear deformation to SWNTs at 24 GPa in a shear diamond
anvil cell.7 Through cold compression of CNTs at ∼ 75 GPa
by using a gasket diamond anvil cell, Wang et al. obtained a
sp3-rich hexagonal carbon with an average density of 3.6 ± 0.2
g/cm3 that can crack diamond.8

Despite the experimental process described above, the
atomic structures of CNTs-derived carbons remain unclear. To
have a deeper understanding into the structural evolution and
to predict more carbon structures from CNTs, theoretical

studies using CNTs as the precursor have been carried out,
mostly based on density functional theory (DFT).9,10 Hu et al.
applied hydrostatic and nonhydrostatic pressure onto zigzag
((4,0), (5,0), (6,0)) and armchair ((2,2), (3,3)) SWNTs
through CASTEP11 and obtained several three-dimensional
(3D) SWNT polymers, a.k.a., 3D (4,0) -I, -II, -III and 3D (2,2)
-I, -II, -III phases. Among them, 3D (2,2)-II is considered to be
like the previously reported bct-C4 structure.12 These
structures possess many interesting physical properties, such
as superhardness, high tensile strength and tunable electronic
properties.13 However, manually applying pressure to the
precursor followed by relaxation shows a relatively low
sampling efficiency of the potential energy surface (PES),
which often restricts the structural search. Combining DFT
with structural search algorithms is powerful for novel structure
prediction. For instance, based on the particle swarm
optimization (PSO) algorithm,14 which has been extensively
used by implementing CALYPSO code,15 a Cco-C8 carbon
with hardness up to 95.1 GPa has been proposed.16 The
simulated X-ray diffraction pattern, density and bulk modulus
of Cco-C8 agree well with the material experimentally prepared
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by cold-compressing CNT bundles.8 With the same method,
Zhao et al. used zigzag ((n,0), n = 3−9) and armchair ((n,n), n
= 2−4,6) SWNTs as the precursors and obtained eight novel
sp2- and sp3- hybridized carbon structures: 3D-(n,0) carbon (n
= 4,5,7,8,9) and 3D-(n,n) carbon (n = 3,4,6).17 Hu et al.
proposed four superhard carbon structures (L-carbon, CM-
carbon, K-carbon, and Cco-C160) derived from (4,4) (7,0)
(19,0) (20,0) SWNTs under hydrostatic compression, which
are energetically more favorable than Cco-C8.

18 With high
sampling efficiency, the PSO algorithm has been shown to be
powerful in structure search but still faces high costs since
high-cost DFT-based geometry relaxation is necessary.
Recently, the stochastic surface walking (SSW) method in

combination with the neural network potential (NN)
developed by Liu et al.19,20 has shown great potential to
improve the sampling efficiency of PES and reduce the
calculation costs compared to the PSO+DFT method. Yu et al.
identified a novel monoclinic carbon phase (Y carbon) with
4+5+6+7+8 member rings using SSW-NN, showing superhard
properties (shear hardness: 81.9 GPa) and stability above 21.5
GPa.21 Similarly, Zhu et al. employed the SSW method to
identify the lowest energy pathway starting from graphite and
found a new transition pathway to a disordered phase without
forming a nuclei core.22 With the SSW method combined with
a parallel replica exchange algorithm, Zhang et al. have
successfully located the global minima (GM) of fullerenes from

random atoms without falling into other local minimum
structures.23 With the SSW method, Xie et al. explored the
phase transition pathways from graphite to diamond and
captured 7 intermediate structures at 15 GPa.24 Ni et al.
obtained plenty of metastable structures derived from C60
fullerene crystals using the SSW-NN global searching
method.25 In observation of the low structural searching
efficiency from CNTs either experimentally or theoretically,
SSW-NN is expected to deal with the large system of CNT
bundles for more comprehensive sampling than the traditional
DFT+MC methods. In this way, the long-standing issue of the
structural evolution from CNTs under high pressures may be
addressed.
In this work, we report the first attempt of using the SSW-

NN method in investigating the structural evolution of
SWNTs under pressures and demonstrate the energy evolution
path and corresponding structural sampling. With further DFT
calculations, 21 kinetically and thermodynamically stable
structures are determined. The obtained SWNTs-derived
carbons show abundant electronic properties ranging from
metallic to semiconducting and interesting mechanical proper-
ties ranging from ductile to superhard. Our work expands the
family of SWNTs-derived carbons to tens of thousands of
members, providing an avenue to explore the applications of
novel carbons with versatile properties synthesized from
SWNTs.

Figure 1. (a) Initial structure of CNT arrays. (b) Schematic diagram of applying the pressure. (c) Research workflow for the structural search of
SDCCs. (d) 25 types of SDCCs were obtained from the SSW-NN structural search.
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2. METHODS
Six kinds of SWNTs with chiral indices of (n,0) where n = 4−9 were
built. The primitive cells were optimized and expanded to a large-scale
supercell with about 1,000 atoms, containing a SWNT array with
multiple SWNTs as the initial structure for the SSW structural search,
as demonstrated in Figure 1a. In order to give more degrees of
freedom for the structural evolution, Large-scale Atomic Simulation
with neural network Potential software (LASP) was used to perform
the SSW algorithm with NN potential.26,27 All structural search was
carried out at 5 pressures: 10, 20, 30, 40, and 50 GPa, as shown in
Figure 1b. Each run contained 50−1000 SSW searching steps
performed at 300 K. All SSW search was performed in 3 parallel runs,
except for those with a chiral index of (n,0) (n = 10−12) with only 1
sampling run to further explore the evolution trend. The end criterion
of structural search is the formation of a stable structure with
relatively low energy, e.g., diamond, graphite, or other metastable
structures, that remain unchanged for another 100 sampling steps.
The evolution process was classified according to the final structure;
all paths with the same final structure were aggregated together.
Finally, 25 types of structures were obtained. The input file for the
LASP calculation, e.g., for a hydrostatic pressure of 10 GPa, is shown
below.
potential NN
explore_type ssw
Ewaldflag 0
%block netinfo
C C.pot
%end block netinfo
PrintChg 0
Run_type 15
SSW.SSWsteps 200
SSW.Temp 300
SSW.pressure 10
SSW.quick_Setting 3
SSW.ftol 1 × 10−2

SSW.ds_atom 2
SSW.output F
SSW.printevery F
SSW.printselect 0
The following structural optimization and property calculations

were performed using the Vienna Ab initio Simulation Package
(VASP).28 The Perdew−Burke−Ernzerhof (PBE)29 with generalized
gradient approximation (GGA)30 functional was adopted. Becke−
Johnson damping DFT-D3 correction31 was used. The kinetic energy
cutoff for the plane wave basis set was 500 eV. Gamma-centered K-
point sampling was used with a spacing of 0.1 Å−1 for AIMD
simulations, 0.04 Å−1 for geometric optimization, and 0.008 Å−1 for
DOS calculations. The energy convergence value was set as 10−8 eV
and the force tolerance for geometry optimization was 10−4 eV Å−1.
The spin was unrestricted for all of the calculations. Ab initio
molecular dynamic (AIMD) simulations at 300 and 1000 K were

performed based on the canonical ensemble (NVT) to examine the
thermal stability, with a time step of 1 fs for a total time length of 5 ps.
Phonon spectra were calculated using the finite displacement method
implemented in PHONOPY.32 The Heyd−Scuseria−Ernzerhof
(HSE06) screened hybrid functional33 was used to calculate
electronic band structures. The average Young’s modulus, bulk
modulus and shear modulus were calculated according to Voigt−
Ruess−Hill approximation.34 The Vickers hardness was estimated
using the model developed by Chen et al.35 High symmetry k-points
of Brillouin zone were used in band structure calculations.36,37 The
geometric structures were plotted by VESTA software.38

3. RESULT AND DISCUSSION
The simulation gradually loads pressure on an array with
multiple SWNTs, as shown in Figure 1a,b. The workflow for
the SWNTs structural search is shown in Figure 1c. Six kinds
of SWNT arrays were built with indexes of (n,0) where n = 4−
9. Based on the SSW-NN method, the evolutionary potential
energy surface (PES) of SWNTs was efficiently explored at 10,
20, 30, 40, or 50 GPa. All structural samplings were performed
with 3 parallel runs, resulting in 108 LASP sampling runs and
53423 intermediate structures. The energy of the structure
relative to the AB stacking graphite at each pressure was
calculated and sorted as the initial data set. A total of 25
categories were divided according to the final structure, and
about 10 representative structures were selected for each
category. More details on structure evolution, including the
energy evolution paths and representative intermediate
structures for each type of structure, can be found in Figures
S1−S25 in Supporting Information. Among the 25 types of
final structures, 21 representative structures with different
types were selected to further evaluate the electronic and
mechanical properties while 4 were not (GWHR, GCCS,
LDCG-4, HDCG-2) due to the large size of the system (more
than 100 atoms).
Twenty-five different types of obtained SWNTs-derived

carbon crystals (SDCCs) are shown in Figure 1d. Those
structures with a density less than 3 g/cm3 are called low-
density carbon grids (LDCG); otherwise, they are named as
high-density carbon grids (HDCG). The number of atoms in
the maximum carbon ring for LDCG is typically greater than
10. The CNT chain is abbreviated as CNTC, the graphite with
heterocyclic rings is denoted as GWHR, the diamond with
heterocyclic rings is denoted as DWHR, and the composite
structure of graphite and carbon nanotube chain is referred to
as GCCS. In addition, numbers in the LDCG and HCDG
series are ranked according to their density. Among them,

Figure 2. (a) Energy of SDCCs relative to graphite after optimization at 0 Pa (H or L in the figure indicates HDCG or LDCG, respectively). (b)
Averaged density of SDCCs obtained at different pressures. The density is calculated by dividing mass of atoms in the unit cell with unit cell
volume.
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Structures h, s and y cover the previously reported Hex-C24,
39

3D(4,0)-III,13 and Lonsdaleite,40 respectively. In these
structures, carbon bonding experiences a gradual transition
from sp2 hybridization to sp3 hybridization. Notably, there are
multiple configurations in which sp2 and sp3 hybridizations
exist simultaneously, highlighting the complexity and diversity
of the bonding environments within these structures.
The energy of 25 types of structures obtained is presented in

Figure 2a, calculated relative to the energy of AB stacking
graphite. The energy values of the same type of structure have
been averaged. We can see that as the density increases, the
energy tends to rise first and then decrease. HDCG-1 type has
the highest relative energy among all structures, with an
average value of 0.499 eV. For comparison, the average relative
energy of the initial SWNTs structure is 0.512 eV, and the
relative energy of C60 fullerene is 0.405 eV. That is, all 25 types
of structures have a lower energy than the initial SWNTs,
showing better thermodynamic stability. These 25 types of
structures are compared with the database SACADA,41 also
shown in Figure 2a. Four types of structures have been
reported in SACADA (marked in red), while others are not
(marked in blue). The graphite-type structure is marked half
red and half blue since some of this type of structure has been
reported.42,43 One of the CNTC series coincides with a
previous report,44 but has not been found in the SACADA
database.
The averaged density of SDCCs is found to be sensitive to

the initial SWNT type and the pressure, as shown in Figure 2b.
For the same type of initial SWNT structure, a higher pressure
causes a higher density of the final structure in the SSW search.
At the same time, as the chirality index n of SWNTs increases
(corresponding to larger diameter), the pressure required to
form the structure with the same density, e.g., 3.0 g cm−3,
increases first (n = 4−9) and remains almost constant (n =
10−12). In addition, the density of the final structures derived
from small diameter SWNTs (n = 4−9) changes rapidly with
the change of pressure, and when the diameter is large enough

(n = 10−12), the density of the final structures is almost
constant in the range of 20−40 GPa. Thus, SWNTs with a
small diameter are more sensitive to pressure loading than
large-diameter SWNTs. Our results have shown that the
density of the final structures can be effectively controlled by
changing the pressure loading and the initial SWNT diameter,
providing guidance for the experimental synthesis of SDCCs
with different densities.
Twenty-one structures were selected to evaluate their

stability, electronic and mechanical properties. Primitive cells
of selected structures and relevant information are shown in
Table 1. To examine the thermal stability, we performed
AIMD simulations at 300 or 1000 K for 5 ps, as shown in
Figures S26−S29. All 21 structures remain almost intact after
heating at 300 K and can withstand high temperatures of up to
1000 K, verifying the thermal stability of the SDCCs. To
examine the dynamic stability, phonon spectra were calculated,
as shown in Figures S30−S31. There are no obvious imaginary
modes throughout the whole Brillouin zone for all 21
structures, suggesting that these structures are dynamically
stable.
To explore the electronic properties of SDCCs, the band

structure and density of states at the PBE level were evaluated.
The calculations show that 9 of the 21 structures are metallic,
and the others are semiconductors. The band gap of the
semiconducting SDCCs ranges from 0.2 to 3.3 eV, including
direct and indirect band gaps, as shown in Figure 3a. Very
interestingly, the band gap value is found to be related to the
density of the structure. When the density is less than 3 g cm−3,
the structures are mostly metallic or have a band gap around 0
eV. A sudden leap of the band gap value is observed at ∼3 g
cm−3, above which the band gap is maintained at around 3 eV
under the PBE level. Since the PBE functional usually
underestimates the band gap of a semiconductor, the hybrid
functional HSE06 was used for a better evaluation, leading to a
larger band gap with an increase of about 1 eV, as shown in
Figure 3b-j. Four structures (LDCG-3, LDCG-8, HDCG-3,

Table 1. Space Group, Density (ρ), and Primitive Cell of 21 SDCCsa

a3-fold coordination carbon atoms are marked as blue and 4-fold coordination carbon atoms are marked as pink.
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HDGC-8) were discarded because they are too large for HSE
calculation. Among the calculated 17 structures, 5 are metallic
and 12 are semiconductive, with band gaps ranging from 0.2 to
4.4 eV. In addition, we found that the previously reported
metallic carbon structure Hex-C24,

39 which is identified under
the PBE level, exhibits semiconducting properties with a band
gap value of 0.194 eV under the HSE06 level. The diversity of

the electronic properties of these structures opens possibilities
for applications in carbon-based electronic devices. More
information about electronic band structure and density of
states can be found in Figure S32−S37.
Besides the electronic properties, the mechanical properties

of the SDCCs are another important parameter for the carbons
derived from CNTs. Especially, superhard materials possess
broad application prospects in aerospace, military, metallurgy,
and other high-pressure extreme environments.45 As shown in
Figure 4, the calculated modulus and hardness of SDCCs are
mostly in the range between graphite and diamond, where the
modulus and hardness are linearly correlated to the density.
The coefficients of determination in linear fit (R2) for shear
modulus (G), bulk modulus (B), Young’s modulus (Y) and
Vickers hardness (Hv) are higher than 0.9. The R2 of Y reaches
0.95. Our observation shows a high consistence to the finding
of Blatov et al., in which a correlation between density and
bulk/shear moduli in carbon materials was reported.46 The
Pearson correlation coefficient (PCC) between density
characteristics and modulus of elasticity in our work is as
high as 0.92.47 The above results have shown that density may
be an efficient descriptor for both the mechanical and
electronic properties. Moreover, 13 superhard structures, i.e.,
LDCG-7, LDCG-8, LDCG-9, HDCG-1, HDCG-3, HDCG-4,
3D(4,0)-III, HDCG-5, HDCG-6, HDCG-7, HDCG-8,
DWHR, Lonsdaleite, with Hv > 40 GPa48 and one ductile
structure, LDCG-3, with Pugh’s Ratio49 G/B < 0.57 are found.
The Vickers hardness values of LDCG-2, L5−2, and LDCG-6
are comparable to those of Tri-C54, Orth-C72, and h-Carbon

50

(approximately 30 GPa); the hardness of HDCG-3 is similar to
those of T-carbon51 and 3D-(4,0)17 (around 60 GPa). In
addition, the hardness of HDCG-8 and DWHR aligns closely
with that of M-carbon,52 3D-(4,4)17 or 3D (6,0)-I13
(approximately 80 GPa).

Figure 3. (a) Energy band gaps of SDCCs; (b-j) Band structure of
SDCCs based on HSE06 simulations.

Figure 4. Calculated (a) shear modulus G (GPa), (b) bulk modulus B (GPa), (c)Young’s modulus Y (GPa) and (d) Vickers hardness Hv (GPa) of
SDCCs.
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In order to efficiently identify these novel carbon structures
in future experiments, we further simulated their XRD
patterns, as shown in Figure S38. For the layered structure
(Graphite-3, GCCS, CNTC-2, and GWHR), the main peak is
situated at approximately 26°, akin to the (002) characteristic
peak in graphite, reflecting the stacking between graphitic
layers;53 For other SDCCs, there is a distinct peak appearing at
around 43°, similar to the (002) diffraction peak in
Lonsdaleite.54

4. CONCLUSION
In conclusion, we obtained plenty of stable or metastable
structures by compressing zigzag SWNT arrays, which include
thousands of atoms, using the SSW-NN method. The obtained
SDCCs were classified into 25 types of structures, most of
which have been reported for the first time. Small-diameter
SWNTs were found to be more sensitive to pressure loading
than large-diameter SWNTs. A subset of obtained structures
was selected to calculate their thermodynamic and dynamical
stability and electronic and mechanical properties under DFT
level. AIMD simulations and phonon spectrum calculations
confirmed their stability under ambient conditions. The
SDCCs consist of 9 metallic and 12 semiconductive structures
with direct or indirect band gaps ranging from 0.2 to 4.4 eV.
Including 13 superhard structures and 1 ductile structure, the
structures show a linear correlation between mechanical
properties and density, illustrating that density can be a
potential descriptor. Our study provides a comprehensive
understanding of the structural evolution of SWNTs under
pressure, expanding the family of SDCCs, and exploring plenty
of interesting SWNTs-derived novel structures with abundant
physical properties.
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