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The inclusion of carbon nanotubes (CNTs) should increase the thermal conductivity (TC) of graphene
films. However, this notion still remains controversial and the effect mechanism of CNTs on the TC of
graphene films is uncertain. Here, graphene films with different CNT loadings are fabricated to reveal the
effect mechanism of CNTSs. After graphitization of the as-obtained films, lattice distortion occurs and the
defect density increases from 1.57 x 10 cm™2 to 3.73 x 10° cm™2 due to the addition of CNTs.
Moreover, the introduction of CNTs induces the generation of C—C bonds between the CNTs and
graphene. Molecular dynamic simulation proves that the existence of C=C bonds reduces the in-plane
thermal conductivity (IP-TC). The measurement results from different equipment further demonstrate
the decreasing trend of the IP-TC with the increment of the CNT content. Conversely, the out-of-plane
thermal conductivity (OP-TC) increases from 0.5 W (m K)™* to 3.5 W (m K)~* and the elastic modulus
decreases from 2.86 GPa to 71.69 MPa. Thus, the graphene/CNT hybrid film is more suitable as a
thermal interface material at high temperatures (>200 °C), rather than heat spreader materials. The
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1. Introduction

Graphene film has been widely applied in the thermal manage-
ment of electronic equipment owing to its outstanding TC,
lightweight, flexibility, and anti-corrosion."” In particular,
integrated devices with high heat flux urgently demand gra-
phene films with higher TC.> The enhancement of TC is
required to construct more thermal conduction pathways in
graphene films. Currently, an intuitive notion has emerged: the
thermal conduction path of graphene films is further increased
by adding one-dimensional materials, for instance CNTs, car-
bon fibers and cellulose.” " Among them, CNTs are often used
as fillers to increase thermal pathways due to their intrinsically
high TC,"*™** improving the IP-TC of graphene films.">™’
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work provides a more in-depth understanding and a new application route for graphene/CNT films.

In past research, two diverse trends have been reported
regarding the effect of CNTs on the IP-TC of graphene films.
One point of view is that the IP-TC of graphene/CNT films
increases at first and then decreases with the increment of the
CNT content, thereby exhibiting an optimal dosage of CNTs.
For example, the maximum IP-TC of a graphene/CNT film
reaches 1154 W (m K)™' after graphitization when the CNT
content is 20 wt%.'® Similarly, the optimal IP-TC of the gra-
phene/CNT film is 1388.7 W (m K) " after treating at 1000 °C
with CNTs of 15 wt%.'® The above studies suggest that the
introduction of the CNTs, with content less than the threshold,
benefits the construction of the thermal conduction path,
which enhances the phonon transport channel and improves
the IP-TC of the graphene film. When the CNT content exceeds
the threshold, the phonon scattering induced by CNT agglom-
eration results in larger interfacial thermal resistance and lower
IP-TC of the graphene film."%"®

However, another point of view is that the addition of CNTs
reduces the IP-TC of the hybrid film. For instance, the IP-TC of
the hybrid film monotonically decreases to 35.2 W (m K)™'
when the CNT content increases to 70 wt% after 1100 °C
treatment.'® Likewise, when the CNT content gradually
increases from 0 wt% to 35 wt%, the IP-TC of the hybrid film
decreases from 836.8 W (m K)' to 414.61 W (m K)~'.'° The
above research considers that the existence of defects and
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boundaries between CNTs and graphene sheets causes phonon
scattering, thereby reducing the IP-TC of the graphene film.
Despite the abundant studies, the two trends are different so
that the effect mechanism of CNTs on the IP-TC of graphene
film did not reach a consensus. Therefore, a more in-depth
systematic study of the effect mechanism of CNTs on the IP-TC
of graphene film is still lacking.

Herein, the effect mechanism of the CNTs on the IP-TC of
graphene film was systematically explored by investigating the
air gap, crystallinity, defects, and covalent bonds using the
experimental analysis method and molecular dynamics simula-
tion. The thermal diffusivity of the graphene/CNT film with
different CNT loading was evaluated by laser flash after elim-
inating humans and equipment differences. The IP-TC of the
graphene/CNT films was calculated at the same density, show-
ing a monotonously decreasing trend with the increase of the
CNTs. A new application route was proposed by testing the out-
of-plane thermal diffusivity and elastic modulus. This paper
provides a comprehensive understanding for the construction
of thermal management materials by one-dimensional carbon
nanomaterials and two-dimensional graphene.

2. Experiments
2.1 Preparation of the graphene/CNT film

Firstly, a homogeneous CNT solution of 2 mg mL ™" was obtained
by dissolving 100 mg of CNT powder in 50 mL of deionized water
using an ultrasonic process (700 W, 30 min). GO slurry
(2 mg mL™")**** and CNT solution (2 mg mL ") (ESI{) with
different volumes were mixed to obtain homogeneous mixed
solutions by ultrasonication (700 W, 30 min). The total solid mass
of the mixture was 200 mg. The mass fraction of CNTs in the GO/
CNT mixture was 1 wt%, 3 wt%, 5 wt%, and 15 wt%, respectively
(Table S1, ESIT). In Fig. 1a, the GO film and GO/CNT films were
obtained by vacuum filtration on nylon-66 filtrate paper (pore size
of 0.45 um, 23.5 mm in radius, Whatman). Finally, the above films
were dried at 45 °C to obtain GO film (GOF) and GO/CNT films
(GO/CF-1, GO/CF-3, GO/CF-5, and GO/CF-15).

The obtained films were treated at 700 °C (Ar atmosphere) in
a tube furnace to get reduced GO film and reduced GO/CNT
films. Then, they were further graphitized at 2800 °C (4 h, Ar
atmosphere) and compressed under 30 MPa to get the gra-
phene film and the graphene/CNT film. According to the mass
fraction of CNTs in the mixture, the reduced GO film and the
reduced GO/CNT film were labeled as rGOF, rGO/CF-1, rGO/CF-3,
rGO/CF-5, and rGO/CF-15, respectively. Similarly, the graphene/
CNT films were named G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-
15, respectively, and the graphene film was labeled as GF.

2.2 Characterization

The crystallinity and micromorphology of all films was ana-
lyzed by High-resolution transmission electron microscopy
(HRTEM, Japan, JEOL JEM-2100F) and field-emitting scanning
electron microscopy (SEM, Japan, JSM-7900F). Atomic force
microscopy (AFM, Germany, Burke Innova) was used to assess
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the size of the GO sheets. Crystal structure information was
obtained using the silicon internal standard method by X-ray
diffraction (XRD, Japan, XtaLAB mini™ II) with a scan speed of
5° min~". The silicon internal standard method was utilized to
accurately characterize the structural information of graphene films
by grinding the mixture of graphene film and high crystalline
silicon powder. The defect information of the films was studied by
Raman spectroscopy (Raman, Japan, LabRAM HR Evolution). The
sp” carbon and sp® carbon of the film were investigated by X-ray
photoelectron spectroscopy (XPS, USA, Thermo Kalpha, Al Ko).
Thermogravimetric analysis (TGA) measurements (TG, Japan, J300)
were performed from 30 to 1000 °C at a heating rate of 10 °C min "
in an Air atmosphere. The thermal conductivity of the film was
calculated by testing the thermal diffusivity («), specific heat (Cp,
850 J (kg K) '), and sample density (p) (details in ESIT). The elastic
modulus was measured by a NanoIndentor (Hysitron TS 77 Select,
Germany). Molecular dynamics simulation was used to further
study the effect of covalent bonds on the IP-TC of the graphene
film. The theoretical model consists of two systems, monolayer
graphene with a single CNT representing G/CNF and monolayer
graphene representing GF. The supercell size of the graphene sheet
model is 10 nm x 10 nm in the XY plane, and the length and
diameter of the CNTs are 8.2 nm and 1.2 nm. Tersoff potential was
utilized to represent the covalent bonds between C atoms.*
According to the Green-Kubo formula, the TC was calculated by
the equilibrium molecular dynamics method using the heat flux
auto-correlation function (eqn (1)):

P00
— o). GO ) o)
where Kg, T, and Jg represent the Boltzmann constant, the
systematic temperature, and the x direction component of the heat
flux component Jg. The TC value was calculated for each compo-
nent of the heat flux in the x and y direction, and the final
calculated value takes the average of these two values. The TC
was simulated under the NVT ensemble. The correlation length of
the auto-correlation function was 20 ps, and a total of 1 million
steps was calculated.

3. Results and discussion

3.1 Morphology of all films

The size of the GO sheets was investigated by AFM. The
thickness is 1.069 nm and the lateral size is about 3-5 um
(Fig. S3, ESIt), showing that GO sheets are close to monolayer
GO.*® The micromorphology of the films was characterized
using SEM (Fig. 1b-g). The cross-sectional image of G/CNF-5
exhibits a layer-by-layer structure as in past reports,'® and the
thickness of the G/CNF-5 is 46 um (Fig. 1b). High magnification
SEM images of GOF, GO/CF-1, GO/CF-3, GO/CF-5, and GO/CF-
15 show CNTs intercalated between graphene sheets (Fig. 1c-g),
leading to the formation of air gaps. In addition, the volume of
the air gap increases with the increase in carbon nanotube
content. The air gap reduces the densification of the graphene
film after graphitization (Fig. S5a, ESIt). Moreover, the connec-
tion points increase (Fig. Sla-e, ESIT), and more agglomeration

This journal is © The Royal Society of Chemistry 2024
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(c) GOF, (d) GO/CF-1, (€) GO/CF-3, (f) GO/CF-5, and (g) GO/CF-15.

also occurs due to the introduction of more CNTs (Fig. S2a-e,
ESIY), which forms more boundaries. It is not conducive to the
phonon transport of the graphene film.

3.2 Structural characterization

The graphitization structure evolution and defect information
of the films were investigated by XRD and Raman spectroscopy.
The standard diffraction angle (26.) of the films with different
CNT amounts is calculated from the diffraction angle (20;) of
the standard silicon using the silicon internal standard method
(Fig. 2a) (Formula S1, ESIf).** The 20. of the (002) plane
decreases from 26.49° to 26.42° with the rising of the CNT
content (Table 1). According to the Braggs equation, the corres-
ponding interlayer d-spacing reduces to 0.337 nm from
0.336 nm (Table 1).° The grain size (L.) was calculated from
XRD by using the Scherrer equation (Formula S2, ESIf). As
shown in Table 1, the crystallite size (L.) of GF, G/CNF-1,
G/CNF-3, G/CNF-5, and G/CNF-15 is 25.35 nm, 25.28 nm,
22.04 nm, 21.32 nm and 24.51 nm, respectively, which indicates
that the films have a large grain size in the C-axis direction.
Meanwhile, the graphitization degree of the films is also
explored by Mering-Maire (Formula S3, ESIt), which gradually

This journal is © The Royal Society of Chemistry 2024
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reduces from 90.7% (GF) to 80.5% (G/CNF-15) (Table 1).>**”
The results demonstrate that the insertion of CNTs disturbs the
orderly stacking of graphene sheets, which is adverse to the
improvement of TC of hybrid films.?® Furthermore, the peak
area ratio of the D-band to the G-band (Ip/Is) was calculated
from the Raman results (Fig. 2b), which represents structural
defects. The Ip/Ig increases from 0.07 to 0.166 as the CNTs
increase from 0 wt% to 15 wt% (Fig. 2b), indicating an increase
of defect concentration.?*° The defect distance (Lp) (Formula
S4, ESIt) and defect density (np) (Formula S5, ESIT) are further
calculated (Fig. 2¢). The defect density increases from 1.57 X
10" em™2 to 3.73 x 10" cm™2, while the defect distance
decreases from 45.38 nm to 29.47 nm.*"** This is attributed
to the junction between graphene sheets and CNTs that pro-
vides more sites for the formation of defects with the increment
of the CNT content. The increment of the defects leads to the
strong scattering of all phonon modes.** Moreover, the defects
inevitably decrease the crystallinity of the graphene film. The
crystallite size (L,) is calculated by Cancado (Formula S6,
ESI).>” As shown in Table 1, the crystallite size (L,) decreases
from 274.6 nm to 115.8 nm as the CNTs increase from 0 wt% to
15 wt%, indicating that the addition of CNTs hinders the
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(a) XRD patterns, (b) Raman spectrum of GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15. (c) The defect distance (Lp) and defect density (np) of

GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15. (d) The R value of GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15.

Table 1 Structural parameters of GF, G/CNF-1, G/CNF-3, G/CNF-5, and
G/CNF-15

Samples GF G/CNF-1  G/CNF-3  G/CNF-5  G/CNF-15
dooynm 03362 0.3365 0.3368 0.3370 0.3370

G (%) 90.7 87.2 83.7 81.4 80.5

In/lg 0.070 0.089 0.092 0.143 0.166

L. (nm) 25.35 25.28 22.04 21.32 24.51

L, (nm) 274.6 216.0 208.9 134.4 115.8

growth of graphene crystallites. The reduction of L, greatly
aggravates low-frequency phonon scattering. Furthermore, a 2D
peak presents at 2700 cm™ ' due to structural transformation from
the amorphous structure to crystalline carbon in the graphitiza-
tion process (Fig. S6a-e, ESIT). The symmetrical 2D peak observed
in the Raman spectroscopy of all films shows the existence of a
turbostratic stacking structure. To confirm the proportion of
turbostratic and Bernal stacking, the 2D peak is fitted into three
Lorentzian peaks: G’,p representing turbostratic stacking, and
G'ypa and Gipp representing Bernal stacking.***® The fraction R
is calculated according to the inset formula in Fig. 2d, which
represents the proportion of Bernal stacking in the films. The
value of R decreases from 0.38 to 0.28 as the CNTs increase from
0 wt% to 15 wt%, revealing that the intercalation of CNTs induces
the transition from ordered arrangement to disorder arrangement
of the graphene sheets. This can result in weak interlayer binding
energy, thereby decreasing the phonon interfacial scattering.”®
To determine the change of covalent bond type of the film,
the ratio of sp® to sp’ carbon (cyp2/csps) was studied by XPS

1854 | J Mater. Chem. C, 2024, 12, 1851-1859

(Fig. 3b—f). The C 1s of XPS is fitted to three components: C-C
sp> carbon (284.7 eV), C-C sp® carbon (285.4 eV) and n-n*
shake-up peak (290.3 eV) (the specific peak fitting process is in
the ESIT).*”® With the increment of the CNT content from
0 wt% to 15 wt%, the c¢yp2/cps gradually increases from 1.30 (GF)
to 2.83 (G/CNF-15) (Fig. 3b-f). Because CNTs and graphene film
have different cyp2/cqps values after graphitization (Fig. 3a and b),
the sp” and sp” carbon contents of the graphitized graphene film
and CNTs were analyzed (Table S3, ESIf). To eliminate the
increase of cgp2/ceps caused by the blending of the CNTs, the
theoretical values of the ratio of hybrid films were calculated by
the following eqn (2):

 (eg2(6) X (1= %) + €2(C) x x)
Csrvz/csp}(t) - (CS;(G) x (1 —x)+ Cszs(c) X x) ®)

where cg,2 (G), csp2 (C), Csps (G), ¢sp3 (C), and x represent the
amount of sp” carbon in the graphene film, the amount of sp>
carbon in the CNT powder after graphitization, the amount of
sp® carbon in the graphene film, the amount of sp* carbon in the
CNT powder after graphitization, and the mass fraction of CNTs
in the hybrid film. The experimental ratio values (cgp2/csp3(e)) of
the hybrid film are obviously larger than the theoretical ratio
values (csp2/csp3(t)) (Table 2), which provides evidence for the
generation of C—C covalent bonds between the CNTs and
graphene sheets. The C=C bond between the graphene sheets
and CNTs will aggravate the phonon scattering in the graphene
sheets, while it will provide transport channels for phonons
between the graphene sheets.**°

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 C 1s XPS spectrum of (a) CNTs, (b) GF, (c) G/CNF-1, (d) G/CNF-3, (e) G/CNF-5, and (f) G/CNF-15.

Table 2 Bond parameters of CNTs, GF, G/CNF-1, G/CNF-3, G/CNF-5,
and G/CNF-15

Samples CNTs GF G/CNF-1 G/CNF-3 G/CNF-5 G/CNF-15
coprlesple) 234 130 2.07 2.19 2.30 2.83
CoplCop(t) 234 130 130 1.30 1.31 1.34

Notes: e: experimental ratio values; ¢: theoretical ratio values.

3.3 The evolution of graphitization structure and molecular
dynamics simulations

To further verify the effect of CNTs on the lattice structure of
the graphene films, HRTEM was used to reveal the crystallinity
and structural integrity of GF and G/CNF-15 (Fig. 4a-d). In
Fig. 4a, the long-range ordered lattice is observed in GF,
indicating the high crystallinity of the graphene sheets after
graphitization. Also, the defect-free ordered honeycomb lattice
structure indicates that the defects were almost completely
repaired after graphitization (Fig. 4b), which corresponds to
the results of XRD and Raman. Compared with GF, lattice
distortion appears adjacent to the CNTs and graphene sheets
in G/CNF-15 (the blue line in Fig. 4c), which can be used to
illustrate the reduction of crystallinity. Also, the fracture of
CNTs and the disordered alignment of partial carbon atoms
occurs at the junction (Fig. 4d), which further proves the
generation of covalent bonds between the graphene and CNTs
(Fig. 4c). Based on the XPS, HRTEM results and previous
research,**™** we constructed a composite model of monolayer
graphene with a single CNT (Fig. 4e and f) and a model of
monolayer graphene (Fig. S4, ESIt), which represents G/CNF
and GF structure, respectively. The TC in the x and y directions
is calculated by simulating the heat flux of the system, and the
final TC is obtained by the average value of two values. As
shown in Fig. 4g, the IP-TC of GF is 1541.68 W (m K) ', which is

This journal is © The Royal Society of Chemistry 2024

higher than G/CNF (1246.13 W (m K)™'). This is attributed
to the fact that the covalent bonds induce the occurrence of
severe phonon energy localization and the poor coordination
of phonon vibration, thereby reducing the IP-TC of the
graphene film.

3.4 Thermal performance and mechanical performance

To concretely investigate the effect of CNTs on the TC of the
graphene film, the thermal diffusivity of the graphene/CNT
films was tested by the laser flash method. The addition of
CNTs enhances the out-of-plane thermal diffusivity of graphene
films due to the connection between the CNTs and graphene.
The out-of-plane thermal diffusivity reaches 2.9 mm® s " at a
CNT content of 15 wt%, which is 966% of pure graphene films
(0.3 mm® s™') (Fig. 5a). The introduction of CNTs provides
more channels for phonon transfer in the Z-axial direction.
However, the density of the films is also critical for TC. The
introduction of different amounts of CNTs causes more air
gaps. The presence of air gaps affects the densification of
the graphene film, leading to an increased thickness of the
graphene film from about 46 pm to 70 pm (Fig. S5b, ESI}).
The corresponding density decreases from 1.95 g cm > (GF,
G/CNF-1, G/CNF-3, and G/CNF-5) to 1.43 g cm ™~ (G/CNF-15)
(Fig. S5a, ESIT). When the CNT content reaches 15 wt% in the
hybrid film, the OP-TC of G/CNF-15 is lower than that of G/CNF-
5. Furthermore, the elastic modulus decreases from 2.86 GPa to
71.69 MPa as the CNT content increases from 0 wt% from
15 wt% (Table S2, ESIT). This is attributed to the fact that CNTs
with a one-dimension tubular structure act as a support
between the graphene sheets, reducing the elastic modulus of
the hybrid films (Fig. 5b). Unfortunately, the IP-TC of the
graphene/CNTs films shows a decreasing trend. To eliminate
differences caused by equipment and operator, a series of in-
plane thermal diffusivity values were tested through different

J. Mater. Chem. C, 2024, 12,1851-1859 | 1855
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according to molecular dynamics simulation.

equipment in different laboratories. The result from the LFA
467 test shows that the in-plane thermal diffusivity decreases
from 540.1 mm” s ' to 380 mm?® s ' as the CNT content
increases from 0 wt% to 5 wt% (Fig. 5c¢). Similarly, the test
result of LFA 447 also shows the same trend with the in-plane
thermal diffusivity decreasing from 487.4 mm® s ' to
378.4 mm® s~ (Fig. 5d). For previous studies, the IP-TC of
graphene/CNT films can reach a maximum when the amount of
CNTs is 15 wt% or 20 wt%, so the hybrid film with loading
15 wt% CNTs (G/CNF-15) was prepared as a control in this
work. The IP-TC of G/CNF-15 is 194.2 mm®* s ' (LFA 447) and
288.8 mm?* s ' (LFA 467), respectively, which is much lower
than that of G/CNF-5 (Fig. 5c¢ and d). Based on the above in-
plane thermal diffusivity and density, the IP-TC of the hybrid
films is further calculated (Fig. 5¢c and d). With the increment of
the CNTs, the IP-TC of the film decreases from 895.2 W (m K) ™"
(LFA 467) to 478.7 W (m K)' (LFA 467) at room temperature
(Fig. 5¢) For the above research, the addition of CNTs reduces

1856 | J Mater. Chem. C, 2024, 12, 1851-1859

the TC of the graphene film, which can be determined by the
following reasons (Fig. 5e):

Firstly, the CNTs reduce the graphitization degree of the
graphene film from 90.7% to 80.5% and increase the defects
density from 1.57 x 10" em > to 3.73 x 10" cm™ 2 The
existence of defects leads to strong low frequency phonon
scattering, which possesses a long mean free path and makes
a dominant contribution to the TC. When the defects inside the
hybrid films increase, the long-MFP phonons are further sup-
pressed, resulting in a further decrease in TC. Secondly, the
generation of covalent bonds between graphene and CNTs
induces the occurrence of phonon energy localization at
the junction between graphene and CNTs, and the
mismatch of phonon vibration, destroying the phonon trans-
port. Thirdly, the intercalation of excess CNTs into graphene
sheets easily results in the formation of air gaps, which reduces
the density of the graphene film. Meanwhile, the TC of air
(0.026 W (m K) ') is far lower than that of graphene,”* resulting

This journal is © The Royal Society of Chemistry 2024
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(a) Out-of-plane thermal diffusivity (pink) and OP-TC (light blue) of GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15 using LFA 467. (b) Elastic

modulus of GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15. (c) In-plane thermal diffusivity (purple) and IP-TC (blue) of GF, G/CNF-1, G/CNF-3, G/CNF-
5, and G/CNF-15 using LFA 467. (d) In-plane thermal diffusivity (purple) and IP-TC (blue) of GF, G/CNF-1, G/CNF-3, G/CNF-5, and G/CNF-15 using LFA
447. (e) Schematic of the effect mechanism of CNTs on graphene heat transfer.

in a decrease in the IP-TC of the graphene film. Although the
introduction of CNTs reduces the in-plane heat transfer per-
formance of the hybrid films, it enhances the out-of-plane heat
transfer performance and decreases the elastic modulus of the
hybrid films, providing an application chance for thermal
interface materials at high temperature (Fig. S7, ESIT).

4. Conclusions

In summary, the effect mechanism of CNTs on the graphitized
carbon nano-architecture and the TC of graphene films was
revealed. With the addition of CNTs, the defect density increases
from 1.57 x 10"° em™>t0 3.73 x 10'® cm™?, and the crystallite size
decreases from 274.6 nm to 115.8 nm. Furthermore, the genera-
tion of covalent bonds between graphene and CNTs causes lattice
distortion of the graphene sheets, thereby aggravating low-

This journal is © The Royal Society of Chemistry 2024

frequency phonon scattering. Also, molecular dynamics simula-
tion proves that the formation of covalent bonds reduces the IP-
TC of the graphene film. As the CNT content increases from
0 wt% to 15 wt%, the IP-TC of the films shows a decreasing trend.
The OP-TC increases from 0.5 W (m K) " to 4.5 W (m K) " at the
same density. The elastic modulus decreases from 2.86 GPa to
220.66 MPa. Therefore, graphene/CNT hybrid film is not suitable
for thermal spreader materials but for thermal interface materials.
This study provides an in-depth cognition of the effect mecha-
nism of CNTs on thermal conductivity and a future practical
application route of thermal interface materials.
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