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Abstract: In this study, the geometric structure, strain energy, and electronic properties of armchair
C2O nanotubes (A_C2ONTs(n, n)) and zigzag C2O nanotubes (Z_C2ONTs(n, 0)) are studied in
detail. The results show that these nanotubes behave as special shapes; the section of Z_C2ONTs(n, 0)
along the axial direction is an n-edge type, and the section tends to be round with an increase in
n while the boundary of section along the axial direction for A_C2ONTs(n, n) fluctuates. With an
increase in n, the fluctuation disappears gradually, and the section also tends to be round. Compared
with C2O nanosheets (g_C2O), C2O nanotubes have similar or even smaller strain energy, when the
tube diameter is greater than or equal to 15 Å, the strain energy begins to show a negative value,
and the negative value tends to be stable as the pipe diameter increases. Z_C2ONTs start to show
negative strain energies from n = 8 and A_C2ONTs from n = 12, indicating their higher stabilities
relative to the g_C2O sheets. The calculation of the electronic band structure shows that Z_C2ONTs
are an indirect band gap semiconductor, and A_C2ONT is a direct band gap semiconductor. The band
gap value of Z_C2ONTs first increases and then stabilizes with the diameters of the nanotubes, and
the band gap value of A_C2ONTs decreases with the increase in the nanotubes and tends to the band
gap value of the g_C2O sheet. In addition, the electronic properties and thermoelectric properties
of C2ONTs(n = 4, 6, 8) before and after N-doping were also studied. We found that N-doping
changed the electronic and thermoelectric properties of C2ONTs. It reduced the nanotube band gap
value and significantly improved the thermoelectric figures of merit of Z_C2ONTs(n = 4, 6, 8) and
A_C2ONT(4, 4), which comprised an effective strategy to improve the thermoelectric figure of merit
of nanotubes. The results showed that the C2ONTs had potential as thermoelectric materials after N-
doping, which provided important guidance for designing low-dimensional g_C2O nanostructures.

Keywords: density functional theory; C2ONTs; negative strain energy; thermoelectric figure of merit

1. Introduction

Graphene is an ideal choice for next-generation devices due to its excellent physical
and chemical properties [1–4]. However, one of the main obstacles is the zero-band gap
of graphene, which has limited its applications in some fields. Therefore, there have
been many studies on adjusting the band gap of graphene. Among them, atom doping
is a typical method, such as in C2N [5,6], C3N [7,8], and C3N4 [9,10] nanosheets formed
by nitrogen (N) doping, which not only opens the band gap but also provides a stable
structure and good performance. Furthermore, these carbon–nitrogen nanomaterials have
been synthesized experimentally [11,12]. Nonetheless, when synthesizing these N-rich
carbon nitride materials, the easy releases and stabilities of N2 molecules become its
disadvantages [13]. In the past decades, a number of researchers have reported that oxygen
doping can also adjust the band gap of graphene [14–16] and provides a more stable
structure and performance [17,18]. As a case study, Liu et al. [19] theoretically proposed
the insertion of 18-crown-6 ether embedded into graphene with 2

√
3× 2

√
3 units to obtain
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a single layer of graphitized carbon with an O pore structure, named as graphitized carbon
oxide (g_C2O), which has a wide band gap and good superconductivity, thermal stability,
and the function of screening gases [20,21]. In addition, its structure and performance
are similar to Graphene [22], C3N4 [23], and C2N [6,24]. The excellent properties of these
materials make them the hope of the next generation of nano-electronic devices.

One-dimensional nanotubes can be obtained by curling two-dimensional nanosheets
in a specific direction. Research on nanotubes in low-dimensional materials is also very
extensive. For nanotubes, it can also be used in high-capacity batteries [25,26], gas
sensors [27–29], thermoelectric materials [30], and so on. Among them, research on carbon
nanotubes is the earliest and most comprehensive. Studies over the past decades have
provided important information on new-type inorganic nanotubes. These have shown that
only a small percentage of nanotubes have negative strain energies, which can provide
bases for experimental synthesis. For example, the strain energy of Ti2CO2 nanotubes
(16, 16) is −0.18 eV [31], the strain energy of InSb nanotubes (6, 6) is −0.17 eV [32], and
the strain energy of stanene-based nanotubes (5, 0) is −0.05 eV [33,34], indicating that
they are easily rolled from two-dimensional nanosheets. From the literature reports so far,
there have been many studies on the nanotubes formed by nanosheets, which not only
have lower energies and superior band gaps but also have more novel properties than
nanosheets [18,35]. According to recently literature, research into g_C2O nanotubes has
been a largely under-explored domain, too little work has been devoted to them.

In recent years, due to global industrialization, the waste of energy has become more
and more serious, which has affected the economic development and national life of some
countries and regions. Researchers’ interest in thermoelectric materials has increased
dramatically [36–39], and finding or improving the thermoelectric properties of materials is
a hot topic of current research. The efficiency of thermoelectric performance is judged based
on the size of the thermoelectric figure of merit (ZT). The ZT is mainly calculated by the
equation ZT = S2σT/K, where T is the temperature, S2σ is the power factor, S is the Seebeck
coefficient, K

(
K = Ke + Kph

)
is the thermal conductivity, Ke is the electronic thermal

conductivity, and Kph is the phonon thermal conductivity. It can be seen from the formula
that the smaller thermal conductivity and the larger power factor are the reasons for a larger
ZT value. However, traditional thermoelectric materials with large ZT values often include
heavy metals such as Bi and Te [40,41]; these elements are generally expensive or toxic. In
contrast, carbon-based materials are environmentally friendly and widely distributed in
the universe. The use of low-dimensional carbon nanomaterials as thermoelectric materials
can improve this shortcoming. However, both carbon nanotubes (K > 1000 W/m·K) and
graphene (K∼3500–5300 W/m·K) have higher thermal conductivities [36,42], which are
also their frequently stated problems as thermoelectric materials. In order to reduce the high
thermal conductivity of low-dimensional carbon nanomaterials, Avery et al. [42] combined
theoretical and experimental studies show that doped networks in SWCNTs could greatly
reduce thermal conductivities and improve thermoelectric performances. On the other
hand, based on experiments, Liam and Joseph [43] found that n-type doping of SWCNT
could effectively improve the thermoelectric efficiencies of carbon nanotubes. At the same
time, theoretical studies have found that N-doped graphene could also significantly reduce
the thermal conductivity of graphene. The lattice thermal conductivity of C2N decreases
by two orders of magnitude, which are around 40 W/m·K at 300 K along both the zigzag
and armchair directions [44]. Moreover, by comparing the thermal conductivities of C3N
nanotubes with carbon nanotubes of the same tube diameter and length, it was found
that the thermal conductivities of C3N nanotubes were significantly lower than those
of carbon nanotubes [45,46], such as at 600 nm. The conductivity of (5, 5) C3NNT was
519.8 W/m·K which was considerably lower than the conductivity of the (10, 10) CNT,
which was 1242.6 W/m·K.

Up to now, as far as we know, there is no research on the structures and performances
of C2O nanotubes (C2ONTs). In order to understand the electronic structures, stabilities,
and thermoelectric properties of C2ONTs, in this work, nanotubes formed from g_C2O
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sheets were studied based on density functional theory. The considered nanotubes in-
cluded two types of structure, armchair and zigzag, with diameters between 3.78–40.75 Å
and 2.69–23.59 Å, respectively. The optimal geometries, strain energies, and electronic
properties of the nanotubes were considered, and the calculation results showed that
Z_C2ONTs(n, 0) started to show negative strain energies from n = 8 and A_C2ONTs(n, n)
from n = 12 when being compared with C2O nanosheets (g_C2O). In view of that, many
researchers have performed more research on the thermoelectric properties of carbon
nanotubes [37,42], and N-doping could also improve the thermoelectric properties of
graphene [46]. Here, we have calculated the thermoelectric properties before and after
C2ONTs were doped with N, which included the three armchair types (4, 4), (6, 6), and
(8, 8) and the three zigzag types (4, 0), (6, 0), and (8, 0). Through calculation and analysis of
Seebeck’s coefficient (S) and thermal conductivity (K), the results showed that A_C2ONTs
could greatly increase the ZT value in the temperature range of (200, 800) through N-doping,
whereas the impact of N-doping on Z_C2ONTs was not evident.

2. Computational Details

The calculated C2ONT could be formed by curling g_C2O nanosheets; thus, the chi-
ral vector of carbon nanotubes Ch = ma1 + na2 [47] was used to represent, and the a1
and a2 chiral vectors were unit carriers of g_C2O nanosheets (Figure 1) and zigzag nan-
otubes (Z_C2ONT) when z = 0 and armchair nanotubes (A_C2ONT) when n = m. In
this study, Z_C2ONT(n, 0) and A_C2ONT(n, n) were constructed using Material Studio
(where n = 2, 4, 6, 8, 10, 12, 14, 16, 18). For the two different types of nanotubes considered
in this paper, the supercell contained 36–324 atoms (listed in Table S1), and all calculations
were performed in the VASP (Vienna Ab Simulation Package) software [48,49]. The Device
Studio [50] program provided a number of functions of performing visualization, mod-
eling, and simulation. The exchange correlation function used the generalized gradient
approximation GGA method [51], parameterized by Pedrew–Burke–Ernzerh (PBE), with
plane waves up to a cutoff energy of 500 eV. Brillouin zone integration was performed
using a 1 × 1 × 12 k-point grid. All geometric structures were fully relaxed and optimized
until the force on the atoms was less than 0.02 eV Å−1, and the convergence criterion for
electron self-consistency was set to 10−5 eV. In order to avoid possible coupling between
the atoms, the vacuum area between the nanotubes was set to 20 Å so that the interactions
between the nanotubes were negligible. In order to obtain an optimized structure, we
considered the C2ONT unit to relax in the axial direction until the stress component was
less than 0.1 GPa. The phonon spectra of force constants were calculated using PHONOPY
code, based on the VASP-DFPT [52] (density functional perturbation theory) interface,
using a 1 × 1 × 5 supercell with the k-points set to 1 × 1 × 7. Born–Oppenheimer ab
initio molecular dynamics (AIMD) simulations were employed to evaluate the stability of
C2ONT. In total, 1 × 1 × 5 supercells of Z_C2ONT (8, 0) and A_C2ONT (12, 12) containing
144 and 216 atoms, respectively, were used to reduce the lattice translation constraints.
In this case, the system was stable for 10 ps at 300 K with a time step of 1 fs, in addition
to its temperature control with the Nosè algorithm [53]. Finally, we also calculated the
thermoelectric performances of the C2O nanotubes. To confirm the accuracy of the thermal
property’s calculation, we first calculated the ZT values of SWCNT (7, 0) and (10, 0), which
are shown in Figure S1 (in Supplementary Materials). According to the calculated results,
the ZT values of (7, 0) and (10, 0) at 300 k were 0.14 and 0.19, which were consistent with
those calculated by Jiang et al. [54] All the thermal property calculations were performed
by Quantum ESORESSO [55].
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3. Results and Discussion
3.1. Electronic Properties

The first issue discussed is the g_C2O nanosheet. After being fully optimized, the
single-layer g_C2O nanosheet behaves with C-C and C-O bond lengths of 1.38 Å and
1.39 Å, C-O-C and O-C-C bond angles of 115.72◦ and 117.86◦, and a pore size of 5.37 Å.
The electronic band structure g_C2O nanosheet also has been calculated and plotted in
Figure 1b. As shown in Figure 1b, the g_C2O is a semiconductor with an indirect band gap
of 2.27 eV, which is in good agreement with the theoretical studies [17,19]. Therefore, it can
be seen from Figure 1a that the single-layer g_C2O nanosheets are rolled along specific two
directions (as shown in Figure 1a); thus, the Z_C2ONT(n, 0) and A_C2ONT(n, n) can be
formed from g_C2O nanosheets theoretically.

The second issue discussed comprised the C2ONTs, the bond length, and bond angle
of the fully optimized Z_C2ONT(n, 0) and A_C2ONT(n, n), given in Table S1. With the
increase in n of the C2ONTs, both the bond length and bond angle of the two types of
C2ONTs decreased and closed to that of g_C2O nanosheet. The changes in bond length
and bond angle reflected the structural stability of the C2ONTs, which could be confirmed
by the calculation of the strain energies of C2ONTs. The optimized structural shapes
of the C2ONTs are shown in Figure 2. We can see from Figure 2 that the structural
shapes of Z_C2ONTs are different from those of A_C2ONTs. As for Z_C2ONTs, when
n = 2, the structure appeared as a hollow elliptical cylinder after full optimization; when
n = 4, it appeared as a hollow quadrangular prism; as shown in Figure S2, when n = 6, it
became a hollow hexagonal prism; when n = 8, it became a hollow octagonal prism; and,
according to the above rules, hollow prisms began to tended to become hollow cylinders
as the tube size increased. Optimized A_C2ONTs appeared as a square cylinder structure
when n = 2 and started to become an empty cylindrical structure after n = 4, but the
cylindrical surface undulated; as shown in Figures S3 and S4, it started to appear as an
empty cylindrical structure with smooth surface fluctuations when n = 12, and A_C2ONT
was an empty cylindrical structure with almost no undulations on the surface when n = 18.
This was mainly because the number of atoms in the system increased, the bending effects
of the nanotubes became smaller and smaller, the structures gradually stabilized [32], the
intermolecular forces became smaller, the bond lengths and bond angles were stable, and
the structures tended to be gradually stable. The unique nanotube structure of C2ONT was
slightly similar to the structure of a g_C3N4 nanotube [18].
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Strain energy Estr is a measure of the stability and feasibility of nanotubes compared
to single-layer structures [33]. In order to evaluate the stability of C2ONT, we calculated
its strain energy (Estr), which is defined as Estr = (ENantube − ENanosheet)/unitcell, where
ENanotube and ENanosheet refer to the energies of the C2ONT and g_C2O nanosheets with the
same number of primary unit cells, respectively (each primary unit cell contains two C and
one O atoms). The corresponding strain energy values of Z_C2ONT and A_C2ONT are
shown in Table 1.

Table 1. Strain energy values, tube diameters, and band gap (Egap) values of C2ONT.

g_C2O Estr
(meV/Unit Cell) Diameter (Å) Egap

Nanosheet (0, 0) - - 2.27 i

Zigzag
(n, 0)

(2, 0) 533.0 3.78 1.07 i

(4, 0) 75.3 8.55 2.14 i

(6, 0) 9.9 13.24 2.35 i

(8, 0) −8.9 17.80 2.46 i

(10, 0) −17.5 22.45 2.47 i

(12, 0) −22.2 27.08 2.45 i

(14, 0) −25.0 31.62 2.45 i

(16, 0) −26.2 36.21 2.44 i

(18, 0) −27.9 40.75 2.44 i

Armchair
(n, n)

(2, 2) 1911.8 2.69 0.41 d

(4, 4) 351.1 4.96 2.25 d

(6, 6) 115.6 7.80 2.27 d

(8, 8) 34.0 10.45 2.58 d

(10, 10) 6.1 13.06 2.53 d

(12, 12) −5.6 15.71 2.48 d

(14, 14) −14.0 18.36 2.41 d

(16, 16) −18.9 21.04 2.35 d

(18, 18) −22.1 23.59 2.34 d

i means indirect gap and d means direct gap.
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The relationship between strain energy and tube diameter or size parameter (n) is
shown in Figure 3. With the increase in diameter or parameter (n), the strain energy
values of Z_C2ONTs and A_C2ONTs all decreased. As seen from Figure 3b, when the tube
diameter was greater than or equal to 15 Å, the strain energy began to show a negative
value, and the negative value tended to be stable as the tube diameter increased. As seen
from Figure 3a, when n = 8 for Z_C2ONT and n = 12 for A_C2ONT, the strain energy started
to be negative. Negative strain energy meant that these C2ONTs had strong mechanical
stabilities. To further study their thermal stabilities, the phonon spectra of Z_C2ONT (n, 0)
and A_C2ONT (n, n) were calculated and are shown in Figure 4. From the phonon spectrum
in Figure 4, it can be seen that there was no virtual frequency observed when the diameter
of the tube changed from 4 Å to 18 Å, indicating that the nanotube structure was stable
from the perspective of vibration spectrum; as the pipe diameter increased, there was a
significant separation between the high-frequency and low-frequency parts. On the other
hand, AIMD simulation at 300 K was further investigated the stability of C2ONT, which
is shown in Figure S5. Within 1 ns, there was no significant deformation observed in the
dynamic simulations of A_C2ONT (8, 0) and Z_C2ONT (12, 12), indicating good thermal
stabilities. These stabilities were due to the orbital overlaps between adjacent atoms caused
by the small diameter of C2ONT, but the adjacent orbital atoms no longer overlapped
when the diameter was larger [33]. In the case of the same parameter n, the strain energy of
Z_C2ONT was smaller than the corresponding A_C2ONT. Therefore, Z_C2ONT was more
stable than the corresponding A_C2ONT. The reason was that the diameter of Z_C2ONT
was larger than the diameter of A_C2ONT with the same value of n. From the definition
formula of strain energy (Estr), the smaller and smaller strain energy indicated that the
energy required for various nanotubes formed by g_C2O nanosheets rolling up decreased
with increasing tube diameter. This meant that the g_C2O nanosheets became easier to
roll into nanotubes as the diameter increased. From another perspective, this was also
expected because the g_C2O nanosheets with larger diameters had less deformations from
the g_C2O nanosheets when rolled into nanotubes.
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We also calculated the electronic structures of Z_C2ONTs and A_C2ONTs. As can
be seen from Table 1, Z_C2ONTs were all indirect band gap semiconductors, whereas
A_C2ONTs were all direct band gap semiconductors. Figure 3c,d show the band gap as a
function of the tube diameter and parameter (n), respectively. It can be clearly seen from
Figure 3 that the band gaps of C2ONTs increased first with the increase in the diameter
and n, and they then gradually approached convergence. It is worth mentioning that the
band gaps of the A_C2ONTs converged to the value of the g_C2O nanosheet especially.
As stated in the paragraph above, the degree of hybridization between the atomic orbits
changed with the bond length and band angle changes. As the tube diameter increased,
the dependence of the bond gap on the chirality and diameter became negligible, which
was very similar to a C2N nanotube [56].

3.2. Thermoelectric Properties

In order to investigate the thermoelectric performances of the C2ONTs, we considered
three cases for comparison when n = 4, 6, 8 for A_C2ONTs(n, n) and Z_C2ONTs(n, 0).
While N-doping could improve the thermoelectric properties of graphene, the N-doped
C2ONTs(N_C2ONTs) were also studied here. The method of doping was that the six oxy-
gen atoms around the carbon ring were replaced by nitrogen. This doping was performed
with reference to the structure of C2N nanosheets. On the one hand, C2N nanosheets have
been successfully synthesized in the laboratory. On the other hand, C2N nanotubes also
have small strain energies. We calculated both the structure and ZT values of C2NNT (4, 4)
in Figure S8. After full optimization, the electric structures of N_C2ONTs were calculated.
The structures and electronic band structures of N_C2ONTs are shown in Figures S6 and S7.
As seen from Figure S7, N-doping introduced impure energy bands between the band gaps
but did not change the nature of the band gap; the zigzag type maintained the indirect
band gap, whereas the armchair type kept the direct band gap unchanged. In terms of size,
the band gap became smaller after N-doping.

First of all, the ZT values of the N_C2ONTs and C2ONTs in the temperature range
of (200 v 1000 K) were calculated separately. The curves of the ZT value changing with
temperature of Z_C2ONTs before and after N-doping are shown in Figure 4a. In the
temperature range of 200–400 K, the ZT value was almost zero. However, in the range
of 400–800 K, the ZT value increased with the increase in temperature, and N-doping
significantly increased the ZT value, especially for the (4, 0) tubes. Starting at 800 K, the
ZT value of Z_C2ONTs after N-doping began to decrease with increasing temperature,
whereas the undoped Z_C2ONTs still held the upward trend. For the A_C2ONTs case, as
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shown in Figure 5b, the N-doping effect on the ZT value varied little, and the ZT value
before and after N-doping was almost zero. The (4, 4) sample was an exception, as the ZT
value after N-doping increased with temperature, reaching 0.17 at a temperature of 1000 K.
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Figure 5c,d shows the Seebeck coefficients of the Z_C2ONT and A_C2ONT as a func-
tion of temperature. The N-doped Z_C2ONT (n = 4, 6) and A_C2ONT(n = 4, 6, 8) were
both p-type semiconductors, and Z_C2ONT(8, 0) was an n-type semiconductor. It was
noted that the Seebeck coefficients of the Z_C2ONT and A_C2ONT both decreased with
increasing temperature. This was mainly because the number of electrons and holes of a
non-degenerate semiconductor increased so that the carrier concentration would increase
as the temperature increased, and the Seebeck coefficient was inversely proportional to the
carrier concentration; therefore, the Seebeck coefficient decreased slightly. It could also be
clearly seen from the figure that the Seebeck coefficient increased slightly as the tube size
increased, but the overall value did not change much. Additionally, N-doped Z_C2ONTs
became n-type semiconductors, whereas A_C2ONTs were P-type semiconductors, as be-
fore. As for the N-doped Z_C2ONT, its Seebeck coefficient decreased with increasing
temperature, as before. In contrast, the Seebeck coefficient of the N_C2ONT decreased
with increasing tube size, and the Seebeck coefficient was slightly smaller than that of the
Z_C2ONT. For the doped A_C2ONT, the Seebeck coefficients of (6, 6) and (8, 8) had only
small changes, whereas (4, 4) had a significant decreasing trend, which was about twice,
implying the independence of Seebeck coefficient with respect to the size of the armchair
tube. As the Seebeck coefficient depended on the electronic structure near the Fermi level, it
was related to the carrier concentration and the band shape. After the N-doped, the energy
band gap was reduced, there was an evident impurity band near the Fermi level (as shown
in Figure S7), and the intrinsic excitation of the N atom increased the carrier concentration
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of the system and led to a decrease in the Seebeck coefficient. The Seebeck coefficient for
the N_C2ONT(4, 4) nanotubes was significantly reduced, from a structural point of view,
as the diameter of the (4, 4) nanotubes was 4.96 Å, which was much smaller than those of
(6, 6) and (8, 8), which were 7.80 Å and 10.45 Å, respectively. Moreover, (4, 4) appeared as a
hollow quadrangular prism, and the cylindrical surface undulated, as shown in Figure 2e.
After N doping, the interaction between the N atoms and the C and O atoms was very
strong, resulting in a rise in the concentrations of electrons or carriers in the system, which
led to a significant drop in the Seebeck coefficient.

Thermal conductivity is another very important parameter that affects the thermoelec-
tric performances of C2ONTs. The thermal conductivities of (4, 0), (6, 0), (8, 0), (4, 4), (6, 6),
and (8, 8) have been calculated and shown in Figure 6c,d, respectively. The changing trend
in the curve before and after N-doping is monotonous, and both increase with the increase
in temperature. In addition, from Figure 6c,d, the influence of tube size is also the same.
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Thermal conductivity includes electronic thermal conductivity Ke and phonon thermal
conductivity Kph. Ke and Kph are also have been calculated and shown in Figure 6. As
seen from Figure 6, with the temperature increasing, the Kph values become bigger, and
the N-doping makes the values of Kph smaller, mainly because the introduction of impure
atoms increases the scattering of phonons. However, the value of Ke is almost zero when
less than 600 K, and the N-doping make the Ke values increase rapidly, especially for
(4, 0), (6, 0), (8, 0), and (4, 4). Due to Wiedemann–Frenz’s law [57], the electronic thermal
conductivity is proportional to the electrical conductivity of the material, and the electrical
conductivity after N-doping increases; thus, their electronic thermal conductivity values
Ke also increase. The decrease in phonon thermal conductivity caused by this N-doping
is mainly due to the decrease in the average free path caused by the random disordered
phonon scattering caused by the defect sites of N-doping.
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4. Conclusions

In this study, the geometric and electronic structures, parts of Z_C2ONTs and A_C2ONTs,
were systematically studied using density functional theory. The results showed that
Z_C2ONTs and A_C2ONT showed more peculiar configurations and had regularities
in terms of structure. A comparison of the energies of the considered C2ONTs with
the corresponding g_C2O nanosheets showed that both the Z_C2ONTs and A_C2ONTs
showed less strain energies. In particular, Z_C2ONTs(n, 0) showed negative strain energy
from n = 8 and A_C2ONT(n, n) from n = 12, indicating that they were easier to synthesize.
Electronic energy band calculations showed that both Z_C2ONTs and A_C2ONTs were
semiconductors. Among them, Z_C2ONT was an indirect band gap semiconductor, and
A_C2ONT was a direct band gap semiconductor. The band gap value of Z_C2ONTs first
increased and then stabilized with the diameter of the nanotubes. The band gap value of
A_C2ONTs decreased with the increase in the parameter n and tended to the band gap value
of the g_C2O nanosheet. Furthermore, the thermoelectric behaviors of the C2ONTs before
and after N-doping were analyzed in detail. The calculation results showed that the band
gap of the N-doped system was significantly reduced, and N-doping could significantly
improve the thermoelectric figure of merit of the Z_C2ONTs. In the original case, the
Seebeck coefficient decreased with increasing temperature, and the power factor and
thermal conductivity increased with increasing temperature and tube size. After N-doping,
the characteristics of the entire system were affected. It reduced the Seebeck coefficient of
the system; Z_C2ONTs were all n-type semiconductors, and A_C2ONTs were all p-type
semiconductors. As the temperature increased, the power factors of some C2ONTs started
to increase from lower temperatures. It also reduced the phonon thermal conductivities of
all nanotubes. Although the electronic thermal conductivity of the system has improved, it
only contributed to the thermal conductivity of a Z_C2ONT at higher temperatures. The
results showed that the C2ONTs had potential as thermoelectric materials after N-doping,
which provided important guidance for designing low-dimensional g_C2O nanostructures.
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band structure of Z_C2ONT and A_C2ONT on the left, the top view of the linear structure, and the
side view of the club structure on the right: (a) (6, 0); (b) (8, 0); (c) (6, 6); (d) (8, 8). Figure S3: The band
structure of Z_C2ONT and A_C2ONT on the left, the top view of the linear structure, and the side
view of the club structure on the right: (a) (10, 0); (b) (14, 0); (c) (10, 10); (d) (14, 14). Figure S4: The
band structure of ZC2ONTs and AC2ONTs on the left, the top view of the linear structure, and the side
view of the club structure on the right: (a) (16, 0); (b) (18, 0); (c) (16, 16); (d) (18, 18). Figure S5: The
atomic structure of C2ONT in the AIMD simulation at 300 K after the time scale of 10 ps: (a) Z_C2ONT
(8, 0) and (b) A_C2ONT (12, 12). Figure S6: The structure of C2ONT after N−doping. Figure S7: The
band structure of C2ONT after N−doping. Figure S8. Trends in energy band structures, geometries,
and ZT values of nanotubes with temperatures. (a) C2NNT (4, 4), (b) C2ONT (4, 4) doped with N,
and (c) C2ONT (4, 4).
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