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Abstract

With increasing demands of high-performance and functionality, electronics devices generate a
great amount of heat. Thus, efficient heat dissipation is crucially needed. Owing to its extremely
good thermal conductivity, graphene is an interesting candidate for this purpose. In this paper, a
two-step temperature-annealing process to fabricate ultrahigh thermal conductive graphene
assembled films (GFs) is proposed. The thermal conductivity of the obtained GFs was as high as
3826 + 47 W m~! K~!. Extending the time of high-temperature annealing significantly improved
the thermal performance of the GE. Structural analyses confirmed that the high thermal
conductivity is caused by the large grain size, defect-free stacking, and high flatness, which are
beneficial for phonon transmission in the carbon lattice. The turbostratic stacking degree
decreased with increasing heat treatment time. However, the increase in the grain size after long
heat treatment had a more pronounced effect on the phonon transfer of the GF than that of
turbostratic stacking. The developed GFs show great potential for efficient thermal management in

electronics devices.

1. Introduction

With the rapid development of high-performance
electronics, heat dissipation has become a crit-
ical issue that restricts their development, and the
demand for heat dissipation in electronics devices
has rapidly increased [1-3]. An effective strategy
to solve this problem is to integrate high-thermal-
conductivity materials at hot spots to reduce the tem-
peratures of the heat sources [4]. Traditional heat-
dissipation materials are metal materials or artificial
graphite films, but it is difficult for these materials
to meet the heat-dissipation requirements of high-
power electronics devices [5].

Graphene is two-dimensional single-layer graph-
ite, and it has received extensive attention in thermal

© 2022 The Author(s). Published by IOP Publishing Ltd

management owing to its extraordinary thermal con-
ductivity and mechanical properties [6, 7]. Graphene
oxide (GO) sheets can be easily assembled into a
thin film with a layered structure through a solu-
tion process 8], and GO is generally used as the pre-
cursor to prepare graphene assembled films (GFs) [9].
Various methods for preparing GO films have been
developed, including vacuum filtration, spin coat-
ing, rod coating, evaporation-assisted self-assembly,
and electro-induced deposition [10-14]. The oxygen
groups in GO sheets destroy the conjugated sp? net-
work of graphene, resulting in a significant decrease
in the thermal conductivity [15]. Methods to repair
the structural defects of GO films include ascorbic
acid reduction, hydrazine reduction, and other chem-
ical reductions [16-18]. However, the remaining
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defective structures after chemical reduction can still
hinder phonon transmission in the carbon lattice.
Many researchers have reported preparation of GFs
by high-temperature annealing of GO. The effect-
ive removal of the oxygen-containing groups and
repair of the sp? structure in graphene during the
high-temperature annealing process can effectively
improve the thermal conductivity of GFs [19]. Chen
et al [20] reported GFs with thermal conductivity of
1204 W m~! K~! fabricated by thermal annealing
at 1500 °C and 2850 °C. Peng et al [21] prepared
GFs with thermal conductivity of 1940 W m~! K~!
by extremely high temperature annealing at 3000 °C.
Zhang et al [22] reported GFs with thermal conduct-
ivity of up to 1224 W m~! K~! fabricated by thermal
annealing at 2800 °C. Clearly, improving the thermal
conductivity of GFs is an interesting topic that has
attracted the attention of many researchers.

In this paper, we report the effect of the heat treat-
ment time for reduced self-assembly of GO film at
2850 °C on the thermal conductivity. The thermal
conductivity of the obtained GFs reached a remark-
able value of 3826 + 47 W m~! K~!. The signific-
ant enhancement of the thermal conductivity can be
attributed to the large grain size, defect-free stack-
ing, and high flatness of the GE. Molecular dynamics
(MDs) simulation showed that the turbostratic lat-
tice can improve the in-plane thermal conductivity
of the GF, but the turbostratic degree decreased with
increasing heat treatment time. However, the increase
in the thermal conductivity due to the increase in
the grain size outweighed the decrease in the thermal
conductivity due to the decrease in the turbostratic
degree.

2. Experimental section

2.1. Materials

Expanded graphite was obtained from the Super-
ior Graphite Company, Germany. Concentrated sul-
furic acid (98%), potassium permanganate, sodium
nitrate, and hydrogen peroxide aqueous solution
(30%) were obtained from Sigma-Aldrich. All of the
reagents were analytical grade.

2.1.1. Preparation of GO

GO was synthesized by the modified Hummer’s
method, similar to previous reports [7, 23]. In brief,
expanded graphite (5 g) was placed in concentrated
H,S0, (200 ml) and NaNOj (3.75 g) while stirring in
an ice bath. Subsequently, KMnOj, (15 g) was gradu-
ally added for 1 h with stirring, and the temperature
of the mixture was maintained at the freezing point.
The mixture was then heated to 32 °C—40 °C, and
stirring was continued for 1 h. Next, 5 wt% H,SO4
(400 ml) was added to the mixture, and the mix-
ture was heated at 98 °C for 1 h. The temperature
of the mixture was then lowered to 60 °C, and 30%
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H,0, (15 ml) was added to the mixture with slow stir-
ring. The product was centrifuged and washed with
deionized water until the pH value was close to 7. The
obtained colloid was dispersed in deionized water to
obtain a certain concentration of GO solution. GO
was stripped by high-speed shear mixing for 1 h. After
shear mixing, the obtained GO suspension was cent-
rifuged at 9000 rpm for 30 min to remove all of the
large particles and thicker GO sheets, thereby obtain-
ing a uniform GO solution.

2.1.2. Preparation of the GFs

The GFs were fabricated by the process described in
figure 1, including self-assembly, two-step graphitiz-
ation, and mechanical pressing. Formation of the GFs
occurred by random stacking and self-assembly of
GO sheets. The graphitization process of the reduced
GO (RGO) film can be divided into two steps. In the
first step, the oxygen-containing functional groups
were removed and atomic vacancies were generated
in the RGO film at 1500 °C. In the second step,
annihilation of the atomic vacancies occurred and
the overlapping sheets on RGO combined to form a
continuous polycrystalline layer at 2850 °C. Finally,
a high-density GF film was obtained after 300 MPa
mechanical compression. To obtain differently graph-
itized GFs, the GFs were graphitized at 2850 °C for 1,
2, 3, and 4 h, and the GFs are denoted as GF-1, GF-2,
GF-3, and GF-4, respectively.

2.2. Characterization

X-ray diffraction (XRD), x-ray photoelectron spec-
troscopy (XPS), and Raman spectroscopy were per-
formed to determine the oxygen and defect contents
of the GFs. The surface morphology of the GFs was
investigated by scanning electron microscopy (SEM),
and the cross-section morphology was observed by
SEM with a focused ion beam (FIB). The lattice
images of the GFs were obtained by transmission elec-
tron microscopy (TEM). The surface roughness of the
GFs was characterized by atomic force microscopy
(AFM). The in-plane thermal conductivity of the GFs
was evaluated by Joule self-heating method.

3. Results and discussion

The essence of heat conduction in graphene is
phonon transport in the sp? carbon lattice [24-26].
Thus, high crystallinity and large grain size are essen-
tial to improve the thermal conductivity of GFs. In
this study, the GFs were annealed at a high temper-
ature of 2850 °C to eliminate most of the defects and
form a graphene layer with continuous orientation.
The structure restoration of the GFs during heat treat-
ment was characterized by XPS, XRD, and Raman
spectroscopy. With extension of the annealing time at
2850 °C from 1 to 4 h, the ratio of carbon to oxygen
atoms increased from 17 to 47, while the O 1s peak
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Figure 1. Schematic illustration of the GF fabrication process.
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almost disappeared, as shown in figure 2(a). In addi-
tion, the C—C/C=C peak became sharp and obvious
after graphitization (figure 2(b)), indicating that the
sp? lattice of the GF was significantly repaired by the
2850 °C high-temperature annealing process, which
agrees well with previous studies [4, 27].

The GFs showed a sharp diffraction peak at
approximately 26.5° in the XRD spectra (figure 2(c)),
indicating that the GFs were highly crystalline after
graphitization [28]. By increasing the annealing time
at 2850 °C, the d spacing of the GF decreased from
0.337 nm for GF-1 to 0.335 nm for GF-4, which
is close to the d value of 0.3355 nm for highly
oriented graphite [19]. The decrease of the inter-
layer spacing is attributed to effective removal of the
oxygen-containing groups on the basal plane of the
GFs. According to Scherrer’s equation [29], the in-
plane grain size (L.) of GF-4 was estimated to be
59 nm, which was significantly larger than that of
GF-1 (50 nm). Both the grain size and grain boundar-
ies affect the thermal properties of GFs. Grain bound-
aries cannot be annihilated by high-temperature
graphitization [30], but an increase of the grain size

can effectively reduce the number of grain boundar-
ies. The large grain size of GF-4 can greatly reduce
phonon defects and boundary scattering, thereby sig-
nificantly improving phonon transmission in the GE
Raman spectroscopy was performed to investigate
defect repair of the GFs during heat treatment. The D
peak of the GFs disappeared, as shown in figure 2(d),
indicating that the structural defects of the GFs were
effectively repaired by annealing at 2850 °C [31, 32].
The G’ peak is sensitive to the presence of structural
disorder. Linear analysis of the G’ peak can reveal
the three-dimensional stacking structure inside the
sample. Lorentzian fitting of the measured Raman
G’ peak of GF-4, consisting of turbostratic stacking
(G’2D) and AB Bernal stacking (G'3DA, G'3DB), is
shown in figure 2(e). Based on Cancado’s equation
[33], the relative percentages of turbostratic stacking
for GF-1, GF-2, GF-3, and GF-4 were calculated to be
34%, 35%, 33%, and 23%, respectively (figure S1).
We believe that turbostratic stacking has several
forms, including rotation and intersection between
the sheets. MD simulation was performed to invest-
igate the influence of the presence of turbostratic
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Conductive tape

GF in (e), (f) AFM image showing the morphology of GF-4.

Figure 3. (a) Cross-sectional FIB-SEM image of GFs. (b) Top view of the surface of GFs. (c) Top view of the surface of GFs after
5000 bending/release cycles. (d) High-resolution TEM image of the edge morphology of GFs. Electron diffraction pattern of the

stacking on the heat transfer of the GF in the out-
of-plane and in-plane directions (figure S2). The heat
transfer was closely related to the stacking pattern. A
previous study has shown that turbostratic stacking
can lead to lower interlayer binding energy, enhan-
cing heat transfer in the plane [4]. A similar result was
obtained in this study.

The percentage of turbostratic stacking in the GF
decreased with increasing high-temperature anneal-
ing time, decreasing the in-plane thermal conductiv-
ity. Ma et al [34] reported that the grain size has a
significant effect on the thermoelectric properties of
graphene. In summary, the effect of the increase of
the grain size with increasing heat treatment time was
greater than the effect of the decrease of turbostratic
stacking. Therefore, the thermal conductivity still
increased with increasing heat-treatment time.

Artificial tearing can destroy the original mor-
phology of the sample (figure S4). To obtain a bet-
ter cross-sectional morphology of the GFs, SEM with
a FIB was performed. During the annealing process,
gas molecules, such as CO or CO,, expand in the mul-
tilayer graphene sheets and can form micro-airbags
[35, 36], which is harmful to the transfer of heat flow.
Micro-airbags were found in the GFs before mechan-
ical pressing in this study (figure S3). Interestingly,
the GFs showed very high density and defect-free
structures with a thickness of approximately 1 pm
after mechanical pressing (figure 3(a)). The dense
and defect-free stacking structure facilitates phonon
transmission, which enhances the thermal conduct-
ivity. To demonstrate the flexibility of the obtained
GFs, bending tests were performed. After 5000 bend-
ing/release cycles, the GFs exhibited good flexibil-
ity and reliability without any fracture, as shown
in figure 3(c). The stretchable micro-folds make
GFs have a wide elastic region, which can restore
the original structure under repeated deformation
(figure 3(b)) [21]. A high-resolution TEM image of
the edge morphology of GE, which was composed
of six layers of graphene, is shown in figure 3(b).
The well-defined diffraction spots showed that the

graphene sheets had an sp? crystalline structure
(figure 3(e)).

In addition to the large grain size, roughness of
the surface of the GF can also cause phonon scattering
[4]. Therefore, the flatness of the film surface plays
an important role in the thermal conductivity of GFs.
With extension of the annealing time at 2850 °C, the
overlapping graphene sheets combined to form non-
overlapping, extended, and flat graphite layers. The
size of the smooth features increased from 8.5 pum
for GF-1 to 20 um for GF-4 (figures 3(f) and S6). A
longer high-temperature annealing time eliminated
the rough morphology, resulting in enhancement of
the thermal conductivity.

The in-plane thermal conductivities of the GFs
were measured by a previously reported Joule self-
heating method [4]. GF-4 showed the highest in-
plane thermal conductivity of 3826 47 Wm ™! K~1,
which was 39% higher than that of GF-1 (figure 4(a)).
The GFs showed higher thermal conductivity than
previously reported GFs, reduced GFs, and graphite
(figure 4(b), for the detailed information, see table
S1). At the same time, the electrical conductivity of
GFs shows an increasing trend with the extension of
heat treatment time (figure S7).

The excellent thermal properties of the GFs can be
attributed to the following factors: (a) the improve-
ment of the crystallinity by extending the thermal
annealing time at 2850 °C, (b) the dense and defect-
free arrangement of the graphene sheets inside the
GFs, and (c) the high flatness of the GFs. Extending
the annealing time at 2850 °C can effectively repair
the defects in the carbon lattice generated by removal
of the oxygen-containing groups and improve the
flatness of the GF surface, reducing the scattering
points of the phonons and leading to significant
enhancement of the thermal performance [37-39]. In
addition, the dense structure results in high in-plane
thermal conductivity.

To further demonstrate the outstanding heat
spreading performance of the GFs, we used a
self-made thermal test platform to observe the heat
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transfer of the GF, as shown in figure 5(a), and we
compared the results with that of a 12 ym-thick alu-
minum foil. Before testing, a thin layer of carbon
black was sprayed on the surfaces of the test strips to
ensure similar emissivity. Compared with the 12 ym-
thick aluminum foil, the 1 pm-thick GF showed a
lower temperature gradient, indicating the outstand-
ing heat-transfer capability of the GF (figures 5(b)
and (c)). This GF shows potential for rapid heat dis-
sipation in next-generation electronic devices.

For more practical heat dissipation capability
demonstration, application tests were performed by
loading the GFs on self-made thermal test plat-
form (figure S8(a)). The results show that the
high-temperature annealing treatment can effectively
increase the heat dissipation capability of the GFs and
can be potentially used for thermal management of
electronics devices.

4. Conclusions

By extending the high-temperature annealing time,
the thermal conductivity of the GF increases. The

large grain size (59 nm), highly flat graphene flakes
(20 pm), and dense and defect-free structure endow
the GF with ultrahigh thermal conductivity of up
to 3826 4+ 47 W m~! K~!. We believe that these
GFs can be integrated into the next generation of
high-performance electronics devices for thermal
management.
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