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Covalently bonded carbon nanotube (CNT) networks offer promising potential for heat-dissipation
applications due to their low interfacial thermal resistivity between connected CNTs. In this work, the
thermal-transport properties of covalently bonded CNT networks were simulated by molecular dynamics.
It was found that the thermal conductivity (TC) of the networked CNTs is periodic dependent. Although
the TCs are reduced compared to those of pristine CNTs, they are considerably larger than the values
in thermal interface materials. The TC reduction with respect to the pristine CNTs primarily stems from
defect scattering at junctions and resonant scattering generated by CNTs oriented perpendicular to the
transport direction. The two mechanisms operate over different frequency ranges and collectively con-
tribute to a reduction in both phonon group velocity and relaxation time across the entire frequency range.
Moreover, we demonstrate that increasing the network period in a specific direction increases the TC
along this direction, while reduces TC in the perpendicular direction due to intensified resonant cou-
pling. Such directional-dependent TC variations with period facilitate the regulation of thermal-transport
anisotropy within CNT networks. Overall, our findings elucidate the underlying phonon transport mecha-
nisms in CNT networks and offer valuable insights into the design of thermal interface materials, thermal
insulation materials, and materials with tailored thermal anisotropy. By leveraging the identified mecha-
nisms, it becomes possible to develop CNT-based materials with enhanced heat-dissipation capabilities
and engineered TC profiles.
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I. INTRODUCTION

Owing to their exceptional thermal conductivity (TC)
and mechanical stability, carbon nanotubes (CNTs) are
widely utilized in nanoelectronic devices and thermal
management materials, such as nanosensors [1–3] and
flexible electronics [4,5] to nanocomposites [6–9] and
heat-dissipation materials [10–14]. In the realm of heat-
dissipation materials, CNTs are commonly incorporated as
additives into a polymer matrix to create thermal conduc-
tive pathways, which could significantly enhance the poly-
mer’s TC. The degree of enhancement can range from 7 to
50 times, depending on the loading concentration of CNTs
[15–17]. However, the quasi-one-dimensional structure of
CNTs, coupled with weak van der Waals interactions
between CNT and CNT, and CNT and polymers, intro-
duce significant thermal resistance. Consequently, CNTs
can only form local thermal conductive channels rather
than a comprehensive conductive network. This limitation
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restricts their effectiveness in enhancing the TC of thermal
interface materials.

To overcome this limitation, researchers commonly
employ surface-modification techniques for CNTs or intro-
duce functional groups in polymers, such as carboxyl,
hydroxyl, and amino groups. This approach facilitates the
formation of covalent bonds between CNTs and func-
tional groups, thereby improving the interactions between
CNTs and polymers through such bridging. By doing
so, the vibrational density of states (DOS) compatibil-
ity between CNTs and the polymer is enhanced, resulting
in a reduction of interfacial thermal resistance and an
overall enhancement of TC. For example, Ni et al. demon-
strated a considerable reduction in interfacial thermal resis-
tance between HLK5 molecules and CNTs, from 1.5 to
0.34 mm2 KW−1, after the formation of covalent
bonds [18]. Chen et al. observed an enhancement in the
effective TC of polymers from 0.22 to 0.37 Wm−1 K−1, by
incorporating 0.8% (by volume) of hydroxyl-functionalized
single-walled CNTs. In contrast, the addition of pristine
CNTs resulted in a more modest increase, achieving a
TC of only 0.29 Wm−1 K−1 [19]. Similarly, Tian et al.
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reported increases in the TC of CNT-containing nanofluid
by 11.49% and 4.72% after modifying CNT with hydroxyl
and carboxyl groups, respectively, at a concentration of
2.0 wt% [20].

Recent advancements have enabled the synthesis of
CNT network structures with covalent bonds [21,22],
resulting in the formation of configurations such as X ,
Y, and T junctions [23,24]. These experiments serve as
a crucial reference for optimizing the synthesis technol-
ogy of periodically arranged CNT junctions. These bonded
structures exhibit significantly reduced thermal resistance
between individual CNTs and hold great potential for
advanced thermal-management applications. Covalently
bonded CNT networks with varying tube diameters have
also shown thermal rectification properties [25,26]. The
synthesis of such covalently bonded CNT structures pro-
vides a foundation for more intricate network designs
[27], which can expand the application of CNTs, par-
ticularly in the field of thermal dissipation. Furthermore,
these networked CNT structures show promise in vari-
ous applications, including highly sensitive strain sensors
[3], hydrogen storage [28], multiterminal charge-transport
media [29], and nanoelectronic circuits [30].

Connecting CNTs through covalent bonds provides a
robust solution to overcome the high interfacial ther-
mal resistance associated with van der Waals interactions,
which facilitates the formation of thermally conductive
networks in three dimensions. Such bonding leads to
the creation of thermally conductive networks extending
across three-dimensional (3D) spaces when dispersed in
organic thermal interface materials, and thus could sig-
nificantly enhance thermal-transport and heat-dissipation
capabilities. To optimize covalently bonded CNT net-
works for thermal-management applications, it is crucial
to understand their thermal-transport properties in detail.
Utilizing molecular dynamics simulations, Varshney et al.
found that the 3D CNT network structures exhibit a
reduced TC compared to pristine CNTs. Notably, they dis-
covered that by adjusting the spacing of the junctions, it is
possible to modulate the TC of the networks [31].

In this paper, we explore the thermal-transport prop-
erties of CNT networks using homogeneous nonequilib-
rium molecular dynamics (HNEMD) simulations. Various
network structures ranging from one-dimensional (1D)
branched structures to two-dimensional (2D) and 3D net-
works were examined. It was demonstrated that these CNT
networks exhibited two key phenomena: phonon scattering
and phonon-resonance effects. These phenomena collec-
tively contribute to a substantial reduction in TC compared
to pristine CNTs across the entire frequency ranges. Fur-
thermore, we highlight tunability of TC by manipulating
the network period both parallel and perpendicular to the
transport direction. Our results demonstrates that the TC
increases with the period parallel to the transport direc-
tion, while decreases with the period perpendicular to the

transport direction. This anisotropic behavior provides a
strategy to fine tune the thermal-transport properties of
CNT networks, providing strategic insights for the design
of advanced thermal-management systems. Overall, our
research sheds light on the complex thermal-transport
behavior of CNT networks and highlights the potential
for tailoring their thermal properties by controlling the
network structure. Such knowledge is valuable for the
development of advanced thermal-management systems
that require precise control over TC.

II. STRUCTURE AND SIMULATION METHOD

In our simulation, we first constructed branched 1D
CNT models with covalent bonds. These models included
configurations such as (16,0)–(16,0), (10,10)–(10,10), and
(10,10)–(8,8) where the numbers in parentheses denoted
the chirality of the main-chain CNTs and the branched
CNTs [as shown in Fig. 1(a)]. The height of the branched
CNT was denoted as Lh, and the distance between adjacent
branches (i.e., period) was denoted as Lm. We extended this
framework to develop 2D and 3D CNT network models
based on (10,10) CNTs [Figs. 1(b) and 1(c)]. The periods
of the network along the x, y, and z axes were repre-
sented by Lx, Ly , and Lz, respectively. In the intersection
regions of the CNTs, carbon rings deviate from hexago-
nal were formed, including pentagonal (m5), heptagonal
(m7), and octagonal (m8) configurations [Fig. 1(a)]. These
arrangements satisfied Euler’s polyhedron formula:

2m8 + m7 − m5 = G, (1)

where G equals 12 for 1D and 2D models, and 24 for 3D
models [32].

By utilizing these models and configurations, we were
able to investigate the thermal-transport properties of the
CNT networks and explore their behavior in relation to the
geometrical parameters, such as branch height and period
in different dimensions.

All simulations were performed using the GPUMD pack-
age [33]. The Tersoff potential [34] was used to describe
the interactions of the C—C covalent bonds. The velocity-
Verlet algorithm with a timestep of 0.5 fs was employed
to integrate the equations of motion during the simula-
tions. The TC of 1D, 2D, and 3D networks were calculated
independently with the HNEMD method [35]. Prior to
data collection, each structure was equilibrated in the NVT
ensemble at a temperature of 300 K for a duration of
2 ns. The temperature during the equilibration process was
controlled using the Nosé-Hoover chain thermostat [36].
Following the structural equilibration, HNEMD simula-
tions were performed for a duration of 10 ns (20 ns for
1D structures) to evaluate TC, and the final TC were aver-
aged by the results from three independent simulations.
The HNEMD method allows for spectral decomposition
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(a) (b) (c)

FIG. 1. Schematic representation of covalently bonded CNT structures. (a) A 1D CNT showing a branched morphology with des-
ignated branch heights (Lh) and periods (Lm). The offside panel highlights an example of pentagonal, heptagonal, and octagonal rings
in the junctions. (b) A 2D network constructed from interconnected CNTs, illustrating the periodicity in the x and y axes (Lx and Ly ).
(c) A 3D CNT network, highlighting the periodic junctions in the x, y, and z axes (Lx, Ly , and Lz). In all systems, periodic boundary
conditions were used in the transport direction while free-boundary conditions were applied in other directions.

of TC [35]:

κ(ω) = 2
TVFe

∫ ∞

−∞
dteiωtK(t), (2)

where T and V are the temperature and volume of the sys-
tem, respectively; Fe is the external driving force; K(t) =∑

i〈Wi(0) · vi(t)〉 is the force-velocity correlation function
with Wi and vi being the potential force tensor and velocity
of atom i, respectively. After obtaining the spectral TC, we
could further calculate the phonon mean free path (MFP)
of the system:

λ(ω) = κ(ω)

G(ω)
, (3)

where G(ω) is the spectral thermal conductance in the
ballistic limit, which can be calculated based on the
nonequilibrium molecular dynamics (NEMD) simulations
[37–39].

It is worthwhile to note that we did not apply quantum
corrections to the TC results obtained from our MD sim-
ulations. Despite the development of methods to incorpo-
rate quantum corrections, such as the temperature-scaling
method and the spectral correction method, fully account-
ing for quantum effects in TC calculations remains a
significant challenge [40]. The classical approach tends to
overestimate the population of high-frequency phonons.
Although this results in some discrepancies in the predicted
TCs, these discrepancies are relatively minor due to the
short phonon mean free paths beyond 3 THz in covalently
bonded structures, as illustrated in Figs. 4 and 7. For these
reasons, we chose not to consider quantum corrections in
our study.

III. RESULTS AND DISCUSSION

In our investigation, the thermal-transport properties of
1D branched CNTs with covalent bonds were analyzed
firstly. Three specific structures including (16,0)–(16,0),
(10,10)–(10,10), and (10,10)–(8,8) were examined. The
(16,0)–(16,0) structure consisted of zigzag chirality
for both the main and branched CNTs, while the
(10,10)–(10,10) and (10,10)–(8,8) structures comprised
armchair CNTs, with the latter having a reduced diame-
ter for the branched CNT. For comparison, we calculated
the TC of pristine (16,0) and (10,10) CNTs, obtaining val-
ues of 2250 ± 83 and 2170 ± 42 Wm−1 K−1, respectively.
These results were close to the results reported in the liter-
ature [35]. In the case of the branched CNTs with covalent
bonds, we observed a significant decrease in TC [Fig. 2(a)].
This reduction could be attributed to two main factors:
intense phonon scattering at covalently bonded junctions
and the presence of phonon resonance resulting from
the branched structures. Defects at the junctions of the
branched CNTs caused pronounced scattering of phonons,
particularly affecting high-frequency phonons [41]. On
the other hand, the discontinuous side branches, oriented
perpendicular to the main CNT, facilitated the formation
of standing-wave resonant modes. These resonant modes
interacted with propagating phonons in the main CNT,
effectively reducing their group velocity and relaxation
time. This phonon resonant effect was most pronounced
for low-frequency, long-wavelength phonons, providing a
complementary mechanism to defect scattering in reducing
TC [42–44].

Figure 2(a) illustrates the TC for the three types of
branched CNTs (1D structure) mentioned earlier with
varying branching period Lm, while keeping the height
of the branched CNT fixed at 1.8 nm. Among the stud-
ied 1D structures, the (10,10)–(10,10) CNT configuration
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(a) (b)

(c) (d) (e)

FIG. 2. Variation of TC in 1D branched CNTs with the period length (a) and branch height (b); atomic energy distributions of
(10,10)–(10,10) branched CNT (c) and (16,0)–(16,0) branched CNT (d); (e) phonon DOS for atoms at junctions and away from
junctions in (10,10)–(10,10) and (16,0)–(16,0) branched CNTs.

exhibited the lowest TC, while the (10,10)–(8,8) CNT
displayed the largest TC. This finding highlights the sig-
nificant influence of chirality and diameter of branched
CNTs on thermal transport. All systems demonstrated
an increase in TC as the branching period of the CNTs
increased, attributing to the reduced density of defects and
resonant structures. Notably, when the side-chain spacing
was set at 4.9 nm, the TC of the branched (16,0)–(16,0),
(10,10)–(10,10), and (10,10)–(8,8) structures was reduced
by 93.7%, 96.0%, and 89.6%, respectively, compared to
their pristine counterparts. This significant reduction in TC
highlights the impact of covalently bonded side branches
on the thermal transport of 1D CNTs. The large differ-
ence in TC between the (10,10)–(10,10) and (10,10)–(8,8)
1D structures suggests that the diameter of the branched
CNTs can be used to tune and manipulate TC in branched
CNT structures. In addition, we investigated the variation
of TC with the height of branched CNTs [Fig. 2(b)]. It was
observed that TC decreased across all three systems as the
height of branched CNTs increased. Furthermore, the dis-
parities in TC among the three systems diminished with
increasing height. As increasing the height of the branched
CNTs does not affect the defects at the junctions, it sig-
nifies that the branched CNT height influences TC exclu-
sively through the phonon-resonance effect by modifying
the number and frequency of the resonant phonons [44].

The bonding alterations at the junctions of the main
and branched CNTs result in the formation of carbon ring
structures with five, seven, and eight members in addi-
tion to the normal six-member rings. These alterations
have a significant impact on the local atomic energies,
as evidenced by the atomic potential energy maps in
Figs. 2(c) and 2(d). The energies of atoms in the main chain
and branched CNTs away from junctions are basically
the same. However, at the junctions, the atomic ener-
gies are significantly elevated. Notably, the distribution
of atomic energy differs between the 1D(10,10)–(10,10)
and 1D (16,0)–(16,0) structures. In the former, atoms with
higher energies are concentrated at the geometric intersec-
tion line of the main and branched CNTs, while in the
latter, atoms in the central region of the junctions exhibit
higher energies. These variations in atomic energies at the
junctions induce different stress levels, which further alter
atomic vibrational characteristics. This is illustrated by the
vibrational DOS for atoms located on the junctions and
away from the junctions [notated as bridges, see Fig. 2(e)]
in both the (10,10)–(10,10) and (16,0)–(16,0) structures
[Fig. 2(e)]. The vibrational DOS curves for atoms at
bridges in (10,10)–(10,10) and (16,0)–(16,0) structures are
similar. While the vibrational DOS at the junctions for
both structures differs from that at bridges, particularly
above 40 THz, where the DOS peaks at junctions in both
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(a)

(d) (e) (f)

(b) (c)

FIG. 3. Phonon-dispersion curves of (10,10)–(10,10) branched CNT (a) and (16,0)–(16,0) branched CNT (b) at 0–2 THz; (c) average
phonon group velocities as a function of frequency in different 1D CNT systems; visualization of phonon eigenvectors for the modes
marked in the dispersion curve: circles (d), diamond (e), and triangle (f). Here the z direction is periodic and it corresponds to the
transport direction. The period and branch height are Lm = 4.9 nm and Lh = 1.8 nm, respectively.

systems are significantly weakened. In the (10,10)–(10,10)
structure, additional vibrational peaks emerge between
52–56 THz, and a red shift for the peak at 49 THz is
observed compared to the original peaks. Compared to the
1D (16,0)–(16,0) structure, the larger deviation of the DOS
for the 1D (10,10)–(10,10) structure results in a smaller
DOS overlap between atoms at the junctions and bridges.
Consequently, the scattering of phonons by the junctions
in the (10,10)–(10,10) structure is stronger, which partially
accounts for the lower TC observed.

To further investigate the phonon properties in the
branched 1D CNTs, we calculated the phonon-dispersion
curves using the GULP software [45]. Figures 3(a)
and 3(b) display the phonon-dispersion curves for 1D
(10,10)–(10,10) and 1D (16,0)–(16,0) CNT structures with
Lm = 4.9 nm and Lh = 1.8 nm. A comparison with the
dispersion of pristine CNTs reveals the emergence of
numerous flat bands with group velocities close to zero in
both the (10,10)–(10,10) and (16,0)–(16,0) CNTs. These
flat bands are indicative of resonance modes within the
branched structures. Notably, these resonant phonons in
the branched CNTs not only possess minimal group veloc-
ity but also engage in hybridization with propagating
phonons in the main CNT. This hybridization, stemming
from the band anticrossing effect, leads to a reduction

in the group velocity of the propagating phonons as
shown in Fig. 2(e). Pristine structures, such as (16,0) and
(10,10) CNTs, exhibit similar group velocities. However,
the branched structures exhibit a significant reduction in
group velocity across the entire frequency range compared
to their corresponding pristine CNTs. The magnitude of
this reduction aligns with the relative TC of the three
structures.

To visualize the coupling between resonant and prop-
agating phonons, we calculated phonon eigenvectors for
the 1D (10,10)–(10,10) CNT. Figures 3(d)–3(f) illustrate
the eigenvector evolution from a pure longitudinal acous-
tic phonon to a pure resonant mode [marked by cir-
cles, squares, and triangles in Fig. 3(a)]. When examin-
ing phonons located far from the flat band (circles), the
phonon exhibits vibrational characteristics of the longitu-
dinal acoustic phonon, with all atoms vibrating at the same
amplitude along the transport direction. However, within
the flat bands (triangles), the modes localize almost exclu-
sively in the branched CNTs, which is consistent with the
characterization of the resonant modes. In the vicinity of
the flat band (squares), atomic vibrations reflect a super-
position of resonant mode and longitudinal acoustic mode,
providing evidence of the hybridization between these two
modes. This hybridization leads to a flattened dispersion
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FIG. 4. Frequency-dependent phonon MFP in the
(10,10)–(10,10) 1D branched CNT with different period
Lm and branch height Lh.

for the modes in proximity to the flat bands, resulting in a
decrease in group velocity.

To further analyze the transport properties of 1D CNTs
with branches, we performed a spectral decomposition
of the TC for (10,10)–(10,10) 1D branched structure. By
applying Eq. (3), we further calculated the frequency-
dependent phonon mean free path (MFP) and illustrated
corresponding results in Fig. 4. In the pristine (10,10)
CNT, the low-frequency phonon MFPs extend to tens of
micrometers. As the frequency increases, the MFP grad-
ually decreases and stabilizes around 100 nm above 20
THz. Introducing covalently bonded branched CNTs to the
main CNT leads to a dramatic reduction in MFP across
all frequencies. For instance, with Lm = 4.9 nm and Lh =
1.8 nm, the MFP is reduced by more than an order of mag-
nitude across the entire frequency range. This reduction in
MFP is more pronounced than that of phonon group veloc-
ity, suggests a simultaneous reduction of the phonon relax-
ation time. When the height of the branched CNT is fixed,
the MFP increases as the period increases (corresponding
to a decrease in branch density). More interestingly, at a
fixed period, the phonon MFP sharply declines at low fre-
quencies as the height of branched CNT increases from 1.8
to 7.2 nm, but remains almost unaltered at high frequen-
cies. This behavior further indicates that the elongation
of the branched CNT predominantly affects low-frequency
phonons through the phonon resonance effect [44,46–48].

Covalently bonded CNT network structures have poten-
tial applications in heat-dissipation managements. To bet-
ter understand the TC of CNT networks, we constructed
2D [Fig. 1(b)] and 3D [Fig. 1(c)] CNT network structures
based on (10,10) CNTs and investigated their thermal-
transport properties. Figure 5(a) illustrates the variation of
TC with network periodicity, with a synchronized variation
of periodicity in x, y, and z directions. It was observed that
the TC of 3D networks is lower compared to that of 2D
ones with the same periodicities. This discrepancy arises

(a)

(b)

FIG. 5. (a) Variation of TC with period for 2D and 3D (10,10)
CNT networks; (b) variation of TC along different directions with
Ly in 2D (10,10) CNT networks, where Lx is fixed to 4.9 nm. The
inset displays the variation of TC anisotropy ratio as a function
of Ly .

due to the presence of additional cross-directional cova-
lent bonds in the 3D structures, which leads to increased
defect densities and amplified phonon-resonance effects.
Although the TC of networked CNTs is considerably lower
than that of pristine CNTs, the 3D structures maintain TCs
exceeding 50 Wm−1 K−1 for periods beyond 20 nm, which
is significantly superior to polymers [49]. Consequently,
the covalently bonded CNT networks could be used as
additives in thermal interface materials to improve the
heat-dissipation ability by forming global heat-conductive
networks. Similar to the 1D structures, the TC decreases as
the period reduces, indicating that the structures with peri-
ods close to the CNT diameter exhibit the minimum TC.
The smallest period we considered here is 2 nm for both
2D and 3D networks, with corresponding TCs of 37.3 and
12.9 Wm−1 K−1, respectively [Fig. 5(a)]. These values are
close to the minimum TC of the corresponding systems as
the period is only slightly larger than the diameter of CNTs
(approximately 1.3 nm).

The above results demonstrate that the TC of CNT
networks are highly dependent on the period length. To
further probe the period dependence of TC in different
directions, we changed the period along the y axis in
a 2D CNT network while maintaining the period along
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(a) (b) (c)

FIG. 6. Phonon dispersion relations of 2D (a) and 3D (b) (10,10) networked CNTs below 2 THz. The periods in both structures are
set to 4.9 nm; (c) average phonon group velocity as a function of frequency for 2D and 3D (10,10) networked CNTs.

the x axis (Lx = 4.9 nm). Subsequently, the TCs along
both the x and y directions were calculated and shown in
Fig. 5(b). Interestingly, as Ly increases, the TC along the
x axis and y axis exhibits a decreasing and an increasing
trend, respectively. This phenomenon can be attributed to
variations in defect density and resonant effect. With the
increase of the period in the y direction, both the defect
and side branch density along the y axis get reduced, lead-
ing to an increase of TC along this direction. Conversely,
in the direction perpendicular to the y axis, the increase
of Ly means the elongation of resonant branch, resulting
in an enhanced resonant effect. Thus, the TC along the x
direction is reduced, akin to the effects observed in 1D
structures. The opposite trends of TCs along directions par-
allel and perpendicular to the period variation direction
introduce anisotropic thermal transport within the CNT
networks. Furthermore, it provides an effective way to
tune the anisotropy ratio between different directions by
increasing the period in one direction. For example, the
TC ratio between κy and κx reaches 17 at Ly = 39.6 nm,
demonstrating the tunability of anisotropy within the CNT
networks [Fig. 5(b)].

Figures 6(a) and 6(b) depict the phonon-dispersion rela-
tions for both 2D and 3D CNT networks, where the period
is set to 4.9 nm in all directions. Similar to the 1D case,
numerous flat bands appear in the dispersion curves of
both 2D and 3D network structures, indicating the pres-
ence of resonant phonons. These resonant phonons have a
notable impact on thermal transport, leading to significant
phonon softening and a substantial reduction in phonon
group velocity, as shown in Fig. 6(c). The persistently
lower group velocities observed throughout the entire fre-
quency range in the 3D networks, compared to the 2D
ones, imply a stronger resonant coupling effect in the for-
mer. This implies that the resonant phonons in the 3D
networks have a more pronounced influence on phonon
propagation, resulting in further reduction of the phonon
group velocities.

Figure 7 shows the frequency-dependent phonon MFP
within the 2D and 3D CNT networks. The MFP of the pris-
tine (10,10) CNT is included for comparison purposes. As
depicted in the figure, both the 2D and 3D CNT networks
exhibit a significant reduction in phonon MFP across the

entire frequency range, similar to the behavior observed
in the 1D case. Specifically, at frequencies below 1 THz,
the MFP is reduced from tens of micrometers in the pris-
tine CNT to a few microns in the 2D network. Besides, the
MFP decreases further with a decrease in period length.
Compared to the 2D case, the 3D CNT networks exhibit
even smaller MFPs. For the investigated 3D structures,
the phonon MFPs are all less than 1 µm and shrink to
approximately 10 nm at high frequencies. Based on the
aforementioned analysis, CNT network structures exhibit
a combination of phonon scattering and resonant effects,

(a)

(b)

FIG. 7. Frequency-dependent phonon MFP for (a) 2D and (b)
3D (10,10) CNT network structures with different periods.
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providing an efficient way to regulate phonon transport
across the full frequency range. Consequently, these net-
work structures hold potential applications in the design of
structures with low TC, as they provide opportunities for
effective regulation of phonon transport. In pristine CNTs,
superdiffusive transport is observed at room temperatures
[50]. In our covalently bonded CNT networks, we expect
this superdiffusive transport to be suppressed due to the
extensive resonant scattering of low-frequency phonons,
which typically promotes superdiffusive transport.

IV. CONCLUSIONS

In this study, we have explored the thermal-transport
properties of networked CNTs with covalent bonds by
HNEMD simulations. Our results demonstrate a signifi-
cant reduction in TC in networked CNT structures com-
pared to the corresponding pristine CNTs. This reduction
is primarily attributed to phonon scattering by defects at
the junctions and the phonon-resonance effect generated
by the CNTs perpendicular to the transport directions.
At the junctions, defects introduce strong scattering of
high-frequency phonons, while the phonon-resonant effect
impedes the transport of low-frequency phonons. These
combined effects lead to a significant reduction in TC.
Additionally, the formation of defective carbon atomic
rings at the junctions elevates the energy and stress levels
of nearby atoms, which further disrupts the high-frequency
phonon DOS. For structures ranging from 1D to 3D, an
elongation of the network period leads to an increase of TC
in the same direction while a decrease of TC in the per-
pendicular direction. This directional dependency is due
to fewer defects and diminished resonant effect when the
period is extended parallel to the transport direction, while
the resonant effect is amplified with an increased period
perpendicular to the transport direction. This observation
provides an avenue for modulating the anisotropy of TC in
networked CNTs, where the anisotropy ratio of TC inten-
sifies with elongation of the period in a given direction.
Our findings offer valuable insights into the mechanisms
governing thermal transport in covalently networked CNTs
and provide a foundational understanding for designing
CNT-based structures for optimized thermal management
applications.
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