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Abstract: Thermal management has become a crucial issue for the rapid development of electronic
devices, and thermal interface materials (TIMs) play an important role in improving heat dissipation.
Recently, carbon−based TIMs, including graphene, reduced graphene oxide, and carbon nanotubes
(CNTs) with high thermal conductivity, have attracted great attention. In this work, we provide
graphene−carbon nanotube composite films with improved electrical and thermal conductivities. The
composite films were prepared from mixed graphene oxide (GO) and CNT solutions and then were
thermally reduced at a temperature greater than 2000 K to form a reduced graphene oxide (rGO)/CNT
composite film. The added CNTs connect adjacent graphene layers, increase the interlayer interaction,
and block the interlayer slipping of graphene layers, thereby improving the electrical conductivity,
through−plane thermal conductivity, and mechanical properties of the rGO/CNT composite film
at an appropriate CNT concentration. The rGO/CNT(4:1) composite film has the most desired
properties with an electrical conductivity of ~2827 S/cm and an in−plane thermal conductivity of
~627 W/(m·K). The produced rGO/CNT composite film as a TIM will significantly improve the heat
dissipation capability and has potential applications in thermal management of electronics.

Keywords: thermal interface materials; reduced graphene oxide; carbon nanotube; composite film

1. Introduction

With the development of portable devices and high−power electronics, more and
more transistors are integrated per unit area, which produces a large amount of heat and
causes severe heat dissipation issues. The rapid heat accumulation not only degrades the
performance of electronic devices, but also affects the reliability and lifetime of electronic
devices [1–3]. Therefore, effective thermal management is vital. A heat sink as a passive
heat exchanger is attached to electronic devices to dissipate heat generated by the electronic
devices. A vapor chamber, a two−phase heat spreading device, has been widely used
for high heat flux applications [4,5], which is often integrated into the heat sink base and
provides a maximum heat flux of 750 W/cm2 [6]. However, due to uneven surfaces of the
electronic devices and vapor chamber, air gaps with substantially low thermal conductivity
(0.023 W/(m·K)) are formed therebetween [7], which create large thermal barriers to the
heat dissipation path. Therefore, thermal interface materials (TIMs) are often required
to fill the air gaps, to minimize the thermal contact resistance between the electronic de-
vices and heat sink, and, thus, to ensure efficient heat dissipation. In addition to high
thermal conductivity, TIMs must also have excellent flexibility to conform to surfaces [8].
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The common traditional TIMs include thermally conductive grease, thermal pads, phase
change materials, and thermal gel. However, most TIMs’ thermal conductivity is less
than 5 W/(m·K) [9,10], which cannot meet the urgent demands of highly integrated elec-
tronic devices and high−power electronics. Therefore, searching for novel materials with
intrinsically high thermal conductivity as TIMs with enhanced characteristics is essential.

Since its discovery in 2004, graphene has attracted great attention and has been exten-
sively studied in various fields. Graphene is reported to have a thermal conductivity as high
as 3500–5300 W/(m·K) [11–13], which makes it one of the highest thermally conductive ma-
terials. Due to its exceptional thermal conductivity, graphene is considered as a promising
next−generation thermal management material [14], and graphene−related materials have
been widely used as TIMs and heat spreaders [15]. The top−down mechanical exfoliation
method makes graphene with the highest quality, yet its meager yield limits its wide
application in the industry [16]. The bottom−up chemical vapor deposition (CVD) method
can make large−area graphene, yet the high price of produced graphene also hinders
its inclusion in the industry [17]. Recently, the cost−effective and high−yield modified
Hummers’ method [18] has been developed to produce graphene, which pushes graphene
toward industrial production for real−world applications. The Hummers’ method first
produces graphene oxide (GO) as a precursor of graphene through a chemical process. GO
can self−assemble into macroscopic films by vacuum filtration, coating, and blade−casting
methods, and the resulted GO film can be transformed into reduced graphene oxide (rGO)
film by chemical (hydroiodic acid (HI) reduction) or thermal (carbonization and graphi-
tization) reductions [19–21]. After carbonization at high temperature, oxygen functional
groups are mostly removed, the lattice defects are repaired, and the sp2 graphite crystal
structure is restored. Therefore, the rGO is similar, in terms of structure and electronic
properties, to pristine graphene [22].

Thermal conductivity is strongly related to the crystalline domain size and the con-
centration and type of defects [23,24]. The thermal conductivity of graphene is mainly
contributed by phonons, and the repair of lattice defects by high−temperature treatment
reduces phonon scattering centers and significantly improves the thermal conductivity of
graphene. Therefore, the thermally reduced macroscopic rGO film has a high in−plane
thermal conductivity exceeding 1500 W/(m·K) [25,26], which is much higher than that
of copper (390 W/(m·K)), as the most commonly used heat spreader, showing the great
application potentials of rGO film in thermal management as TIMs and heat spreaders.

However, due to the weak van der Waals (vdW) force between layers, rGO sheets tend
to slide against each other, which leads to poor mechanical properties of rGO films. More-
over, although the rGO film has excellent in−plane thermal conductivity, the through−plane
phonon transport is subject to severe scattering due to weak vdW interlayer interaction,
such that its through−plane thermal conductivity is two orders of magnitude smaller than
its in−plane thermal conductivity [27]. To improve the through−plane thermal conduc-
tivity and mechanical properties of rGO film, nanofillers, such as carbon polymer, carbon
nanotube (CNT) [28], and metallic nanoparticles [29], etc., have been introduced to reinforce
interlayer interactions of rGO sheets [30,31]. CNT has high thermal conductivity, high
electrical conductivity, and outstanding mechanical properties, and, thus, are often used as
thermally conductive fillers [32].

In this work, we systemically investigated the electrical, thermal, and mechanical prop-
erties of rGO/CNT composite films with various CNT concentrations. The composite films
were fabricated by the vacuum−assistant filtration method. They were thermally reduced
by Joule heating at >2000 K. Joule heating has been demonstrated to be a cost−effective
and efficient method of fabricating high−quality rGO films [33]. During high−temperature
carbonization, C–C covalent bonds are formed between graphene sheets and CNTs, and the
added CNTs form a connection network between the adjacent graphene sheets. Compared
with pure rGO film, the rGO/CNT composite film with an initial GO/CNT mass ratio
of 4:1 exhibits significantly improved electrical and thermal conductivities. For example,
electrical conductivity increases from ~1100 S/cm for the pure rGO film to ~2800 S/cm for
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the rGO/CNT(4:1) composite film, both reduced at 2400 K. Although the in−plane thermal
conductivity decreases from ~918 W/(m·K) for the pure rGO film to ~627 W/(m·K) for
the rGO/CNT(4:1) composite film, both reduced at 1000 K, the through−plane thermal
conductivity of the composite film is improved. Further, the tensile strength increases
from ~37 MPa for the pure GO film to ~80 MPa for the GO/CNT(4:1) composite film; the
improved mechanical performance is due to the enhanced surface interaction.

2. Experiments

Materials: graphene oxide (GO) dispersion produced by improved Hummers’ method
and multi−walled carbon nanotubes (MWCNTs, purity > 95 wt%, outside diameter of
8–15 nm, and length of 50 µm) were purchased from Suzhou Tanfeng Technology.

Thermal treatment: Joule heating was performed in a vacuum chamber to prevent
oxidization of the films, and a direct current was applied to the film.

Characterization: The X-ray diffraction (XRD) patterns were collected by an XRD
diffractometer (Rigaku SmartLab, Tokyo in Japan) with Cu Kα radiation, λ = 1.5418 Å. The
SEM images were obtained by Nova NanoSEM 450 (FEI, Hillsboro, OR, United States). The
X-ray photoelectron spectroscopy (XPS) data were obtained on a PHI−5000 VersaprobeII
(Ulvac−Phi, Chigasaki, Kanagawa, Japan) system under Al Kα radiation (hν = 1486.6 eV).
The XPS spectra were calibrated based on the C−C 1s binding energy (284.8 eV). Raman
spectra were collected on an inVia confocal Raman microscope (Renishaw, Wotton-under-
Edge, United Kingdom) system at an excitation wavelength of 532 nm. Electrical conduc-
tivity measurements were performed by the four−point probe method using Keithley 2400
to supply current and measure voltage. The mechanical strength test was performed by
ESM303 at a low speed (0.5 mm/min).

Thermal conductivity measurement: In−plane thermal conductivity was determined
through thermal diffusivity according to k = α × CP × ρ, where k, α, CP, and ρ represent
thermal conductivity, thermal diffusivity, specific heat, and density, respectively. The ther-
mal diffusivity was measured by a laser flash method, which is a well−developed method
that conforms to many standards such as ISO 22007−4: 2008 and ASTM E1461. Specifi-
cally, a flash system (DLF−1200, TA Instruments, New Castle, DE, United States) uses an
Nd:glass pulsed laser with a pulse width of 0.3 ms as the heating source to heat one side of
the sample and a liquid nitrogen−cooled IR detector to measure the transient temperature
response on the other side of the sample. The sample, which has been fabricated as a disk
shape with a diameter of 25.4 mm and a thickness of ~5 µm, is placed in a sample holder for
measurement. Specially designed masks are used to force in−plane heat transport in the
sample film. Best−fitting the transient temperature signals as a function of time after the
pulse heating yields the in−plane thermal diffusivity of the film, with a typical accuracy of
±3% as specified by the vendor. The specific heat capacities of the films were measured
using the differential scanning calorimetry (DSC 2500 of TA Instrument), and the densities
of the films were determined as the weight divided by the volume.

3. Results and Discussion

Figure 1 illustrates the preparation procedure of the thermally reduced rGO/CNT
composite film. The evenly dispersed GO solution (2 mg/mL) and CNT aqueous solu-
tion (2 mg/mL) were mixed, and then a sonication treatment was performed to obtain
a uniform mixture solution. To prepare GO/CNT composite films with various CNT
concentrations, mass ratios of GO and CNTs in the mixture were 4:1, 2:1, 1:1, 1:2, and 1:4.
Next, the GO/CNT composite films were prepared via the vacuum−assistant filtration
method from the mixture solution, and the thickness of the composite film could be easily
controlled by the amount of the mixture solution. The prepared freestanding GO/CNT
composite films were reduced by thermal treatment, which includes two steps. First, the
composite films were reduced at 1000 K for 5 h in an argon−hydrogen−filled furnace with
a substantially low heating rate of 0.5 ◦C/min to obtain pre−reduced composite films. The
low heating rate facilitates a slow escape rate of gases generated due to the decomposition
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of oxygen functional groups, which is important for the quality of the composite films.
Second, the pre−reduced composite films were further thermally reduced in a high vacuum
environment at a temperature ≥2000 K for 1 min by Joule heating. The high−temperature
graphitization removes the remaining oxygen functional groups and repairs the defects of
the graphite structure to increase the crystalline degree of the prepared rGO/CNT compos-
ite film. Finally, the rGO/CNT composite films were compressed to eliminate interlayer
bubbles caused by gas release and obtain compact films.
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Figure 1. Preparation procedure of the thermally reduced rGO/CNT composite films.

Figure 2 shows the top view and cross−sectional view scanning electron microscope
(SEM) images of the thermally reduced pure rGO film and the rGO/CNT composite film.
For pure rGO film, the rGO sheets lie flat on top of each other and form a densely packed
layer−by−layer structure. For the rGO/CNT composite film, the CNTs are uniformly em-
bedded between rGO sheets and bridge the adjacent rGO sheets, thus providing additional
interaction between rGO sheets to improve the mechanical strength and through−plane
thermal conductivity of the composite film. The rGO/CNT composite films with various
CNT concentrations have a similar structure, while CNTs might agglomerate at higher
concentrations, as shown in Figure S1 in Supporting Information.
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Figure 2. (a) Top view SEM image of rGO−1000 K film. (b) Cross−sectional view SEM im-
age of rGO−2400 K film. (c,d) Top view (c) and cross−sectional view (d) SEM images of
rGO/CNT(4:1)−1000 K composite film.

The structure, defects, and composition features of the rGO/CNT composite films and
their evolution as a function of reduction temperature were further characterized by Raman
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spectroscopy, X-ray diffraction (XRD) analyses, and X-ray photoelectron spectroscopy
(XPS). Figure 3a illustrates the XRD patterns of GO and rGO films. The diffraction peak
becomes sharp and narrow as the reduction temperature increases, which indicates that the
interlayer distance gradually decreases and the crystalline grain size gradually increases as
the reduction temperature increases. Similar phenomena were also observed for rGO/CNT
composite films, as shown in Figure 3b. The extracted interlayer distance for GO film was
0.8975 nm, which is ascribed to the presence of oxygen functional groups that separate the
graphene sheets. Thermal reduction at high temperatures gradually removes the oxygen
functional groups and thus decreases interlayer distance, e.g., 0.3436 nm for rGO film
reduced at 2400 K. The through−plane crystalline grain size (Lc) can be extracted from
the XRD pattern according to the Scherrer equation Lc =

κλ
βcosθ [34,35], where κ equals 0.89

and β is full width at half maximum. The Lc of the GO film is 0.1669 nm, while the Lc of
rGO film first decreases to 0.0797 nm after being reduced at 1000 K and then increases
to 0.4177 nm after being reduced at 2400 K. The decrease of Lc for 1000 K−reduced rGO
film is ascribed to the formation of defects such as vacancies and distortions caused by
the removal of oxygen functional groups [36], and the increase of Lc for 2400 K−reduced
rGO film is ascribed to the high−temperature carbonization for repairing the structural
defects. The evolution of interlayer distance and crystalline grain size as a function of
reduction temperature for rGO/CNT composite films is similar to that of the rGO films,
as shown in Figure S2 in Supporting Information. Further, the XRD pattern of the pure
CNT film is also similar to that of the rGO film (Figure S3 in Supporting Information),
confirming that the change of the peak is due to the decrease of interlayer distance. Table 1
lists the interlayer distance and Lc for rGO films and rGO/CNT composite films reduced at
different temperatures.
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Table 1. Structural parameters of the rGO films and rGO/CNT(4:1) composite films.

Samples GO rGO−1000 K rGO−2400 K GO/CNT(4:1) rGO/CNT(4:1)−1000 K rGO/CNT(4:1)−2400 K

d/nm 0.8975 0.3446 0.3436 0.3437 0.3432 0.3422
Lc/nm 0.1669 0.0797 0.4177 0.0730 0.0578 0.2653
ID/IG 0.84 1.16 0.13 0.96 1.14 0.08
La/nm 22.89 16.57 147.88 20.02 16.86 240.30

Raman spectroscopy was used to characterize the structural fingerprint, such as the
disorder and defects of the material. As shown in Figure 3c, the GO film displays two peaks
at 1350 cm−1 and 1580 cm−1, which correspond to the D band and G band of graphene,
respectively. The D band represents the breathing mode of sp2 carbon rings adjacent to a
defect or an edge, and the G band arises from the in−plane stretching mode of sp2 carbon
atoms [37]. The ratio of the intensity of the D band over the intensity of the G band (ID/IG
ratio) is often used to recognize the density of defects in graphene [38]. For example, if
the GO film is reduced at 1000 K, the ID/IG ratio increases from 0.84 to 1.16, suggesting
increased defect density. After the GO film is reduced at 2400 K, the D band almost
disappears, and the ID/IG ratio decreases to 0.13, indicating effective removal of oxygen
functional groups and the repair of defects after high−temperature graphitization [39].
Further, after the GO film is reduced at a temperature greater than 2000 K, in addition to
the D and G bands, the 2D peak at 2700 cm−1 appears, which reflects the high crystalline
structure of the rGO film reduced at higher temperature [40,41]. For the Raman spectra
of the rGO/CNT composite films, similar features and evolution as a function of the
reduction temperature were observed, as shown in Figure 3d and Figure S4 in Supporting
Information. Further, the in−plane crystalline size (La) can be extracted from the Raman
spectra according to Cancado’s formula La =

(
2.4 × 10−10)λ4(ID/IG)

−1 [42], as shown in
Table 1. The XRD and Raman results demonstrate that the in−plane and through−plane
crystalline size of both the rGO films and the rGO/CNT composite films first decrease
after being reduced at 1000 K, and then significantly increase after being reduced at 2400 K,
indicating a high crystalline structure of the high−temperature−reduced rGO film and the
rGO/CNT composite film.

XPS was used to characterize the composition of the rGO films and the rGO/CNT com-
posite films, which reveals the evolution of the atomic concentration of carbon as a function
of the reduction temperature. As shown in Figure 4a, the C/O atomic ratio significantly
increases from 2.16 of the GO/CNT(4:1) composite film to 12.97 of the 2400 K−reduced
rGO/CNT(4:1) composite film, indicating the effective removal of the oxygen functional
groups. Moreover, as shown in Figure 4b–d, the high−resolution C1s XPS spectra were
fitted with a set of components (e.g., C=C, C−O−C, and O−C=O, etc.) to quantify the
content of sp2 carbon atoms. Results show that after the composite film is reduced at high
temperatures, the content of C=C bonds dramatically increases from 52.67% to 82.16 %,
indicating the significantly improved crystalline quality of the 2400 K−reduced rGO/CNT
composite film.

The electrical conductivities of the rGO films and the rGO/CNT composite films with
various CNT concentrations as a function of the reduction temperature were measured
by a four−point probe method, as shown in Figure 5a. Figure 5b shows the electrical
conductivities of both the rGO films and the rGO/CNT composite films. The raw GO film
is insulating, and the addition of CNTs improves the electrical conductivity of GO/CNT
composite film due to the hopping of electrons. The electrical conductivity of GO/CNT
composite film increases as the concentration of CNTs increases, as shown in Figure S5 in
Supporting Information, and reaches ~0.2 S/cm for GO/CNT(1:4) composite film. As the
reduction temperature increases, the electrical conductivity of the film increases. Moreover,
after adding a small amount of CNTs, the electrical conductivity increases. For example,
the electrical conductivity increases from ~1105 S/cm for the pure rGO film to ~2827 S/cm
for the rGO/CNT(4:1) composite film, both reduced at 2400 K. The improved electrical
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conductivity for the rGO/CNT(4:1) composite film is due to the formation of C–C covalent
bonds between rGO sheets and CNTs and the connection between rGO sheets by CNTs. As
the concentration of CNTs increases, the electrical conductivity of the rGO/CNT composite
film decreases due to the agglomeration of CNTs. The rGO/CNT(4:1)−2400 K film exhibits
the desired electrical conductivity.
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The initial mechanical strength of the composite films with various CNT concentrations
was further tested, with the results shown in Figure 5c. The addition of appropriate amounts
of CNTs significantly improves the tensile strength of the film, which is due to the increase
of the interlayer interaction and the reduced interlayer slipping between graphene sheets.
For example, the tensile strength increases from ~37 MPa for GO film to ~80 MPa for
the GO/CNT(4:1) composite film. The tensile strength does not increase monotonically
with the CNT concentration, which is probably due to the agglomeration of CNTs at
higher concentrations.
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We further investigate the thermal conductivities of the rGO film and the rGO/CNT
composite films. The in−plane thermal diffusivities of the films are measured using the
laser flash method, a schematic of which is shown in Figure 6a. Figure 6b shows the
in−plane thermal conductivities of the rGO film and the rGO/CNT composite films, all
reduced at 1000 K. The in−plane thermal conductivity of the film decreases after adding
CNTs, and the reduction is more significant as the concentration of CNTs increases. For
example, the in−plane thermal conductivity decreases from 918 ± 44 W/(m·K) for the rGO
film to 627 ± 34 W/(m·K), 573 ± 30 W/(m·K), 552 ± 31 W/(m·K), and 497 ± 33 W/(m·K)
for the rGO/CNT(4:1), rGO/CNT(2:1), rGO/CNT(1:1), and rGO/CNT(1:2) composite
films, respectively. The decrease of in−plane thermal conductivity of the rGO/CNT
composite film is probably due to the increased in−plane separation between graphene
sheets by CNTs.
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On the other hand, the films’ through−plane thermal conductivities are hard to
measure using the laser flash method due to the films’ very small thickness; neither can
they be measured by the thermo−reflectance techniques due to the surface roughness.
Here, we use the rGO film and the rGO/CNT composite films as TIMs between a copper
plate and a hot plate, as shown in the inset in Figure 6c. The hot plate’s temperature is
kept at 80 ◦C. After the copper plate and the TIM film are placed on the hot plate, an
infrared camera (Guide D384M) records the temperature of the copper plate in real time,
with the results shown in Figure 6c. Among all the films, the rGO/CNT(4:1) composite
film requires the shortest time (49 s) to be heated up from 45 ◦C to 65 ◦C, indicating that
the rGO/CNT(4:1) composite film has higher through−plane thermal conductivity than
the other films. The results suggest that adding an appropriate amount of CNTs increases
the interlayer interaction of graphene sheets and improves the through−plane thermal
conductivity of the film. Although the in−plane thermal conductivity of the rGO/CNT(4:1)
composite film slightly decreases compared to the rGO film, the through−plane thermal
conductivity increases, which is more advantageous for the application of rGO/CNT
composite films as TIMs because the heat transfer from the chip to the heat sink is often
along the through−plane direction [43].

4. Conclusions

In summary, we successfully fabricated rGO/CNT composite films with desired
electrical and thermal conductivities. Further, the effect of CNT concentrations on the
properties of the composite films was systematically investigated. At a small CNT concen-
tration, the added CNTs connect the graphene sheets and increase the interlayer interaction,
thereby significantly improving the composite film’s electrical and through−plane thermal
properties compared to the pure rGO film. At a high CNT concentration, due to the agglom-
eration of CNTs, the properties of the composite film degrade. Among the investigated
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composite films, the rGO/CNT(4:1) film has the best performance: electrical conductiv-
ity of ~2827 S/cm after being reduced at 2400 K and in−plane thermal conductivity of
~627 W/(m·K) after being reduced at 1000 K. Our results will be helpful for further optimiz-
ing carbon−based TIMs, especially for improving the through−plane thermal conductivity
of TIMs. TIMs with high through−plane thermal conductivity will significantly improve
the heat dissipation capacity of electronic devices, which facilitates a high integration
degree and high power. Next, the through−plane thermal conductivity of the rGO/CNT
composite film needs to be quantitatively determined, and the fabrication method of the
rGO/CNT composite film needs to be optimized to make large−scale films with various
thickness, which are required in the industry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16031378/s1, Figure S1: SEM image of rGO/CNT(1:4)−1000 K
composite film, showing the agglomeration of CNTs at higher concentration; Figure S2: XRD patterns
of rGO/CNT(2:1) film (a), rGO/CNT(1:1) film (b), rGO/CNT(1:2) film (c), and rGO/CNT(1:4) film (d)
reduced at different temperatures; Figure S3: XRD patterns of rGO film and CNT film, both reduced
at 1000 K; Figure S4: Raman spectra of rGO/CNT(2:1) film (a), rGO/CNT(1:1) film (b), rGO/CNT(1:2)
film (c), and rGO/CNT(1:4) film (d) reduced at different temperatures; Figure S5: I−V curves of the
measurement of the raw GO/CNT composite films. The electrical conductivities of the GO/CNT(4:1),
GO/CNT(2:1), GO/CNT(1:1), GO/CNT(1:2) and GO/CNT(1:4) composite films are 1.2 × 10−6 S/cm,
4.8 × 10−3 S/cm, 2.6 × 10−2 S/cm, 0.14 S/cm, and 0.2 S/cm, respectively.
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