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ABSTRACT: In the domain of smart electronic devices, graphene films play a pivotal
role due to their flexibility and high thermal conductivity. Within the realm of
fabricating highly thermally conductive graphene films, Joule heating technology has
garnered significant attention because of its capability for rapid temperature elevation
and reduction of graphitization duration. However, substantial gas emission occurs
during the reduction of graphene oxide films using this method, leading to immediate
combustion and film fracturing, thereby limiting the rapid and uninterrupted
production of graphene films. To address this challenge, a rapid reduction preparation
process is introduced. This process initiates with a two-step reduction of graphene
oxide films employing a reducing agent to establish gas escape pathways within the
graphene films beforehand. Subsequently, the film is pressurized and Joule-heated
using a graphite plate, with the entire heating process lasting only 800 s. The resulting
graphene film exhibits a remarkable thermal conductivity of up to 1012W/(m-K). This
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method enhances the production efficiency of high thermal conductivity graphene films and is expected to further reduce production

costs.

KEYWORDS: reduced graphene oxide films, Joule heat, gas escape channels, restore quickly, high thermal conductivity

1. INTRODUCTION

In recent years, the consumer market has witnessed a gradual
integration of smart folding-screen mobile phones and
wearable devices, facilitated by the widespread adoption of
SG technology and notable enhancements in chip perform-
ance.'™* Despite their compact internal design, these state-of-
the-art devices often face challenges associated with excessive
heat generation from chips and subsequent performance
degradation during prolonged usage.”® To mitigate this
issue, graphene thermally conductive films, originally prom-
inent in the aerospace sector, have been incorporated into the
manufacturing process of high-grade electronics.”® In
commercial production, graphite films exhibiting exceptional
thermal conductivity are typically fabricated using polyimide
(PI) films, which undergo sintering in a carbide furnace at
temperatures reaching up to 3000 °C for several hours.”
Alternatively, another method employs a redox process
wherein graphite powder undergoes oxidation to strip off
graphene oxide (GO). Subsequently, following the formation
of a thin film, the GO is reduced at similarly high temperatures
to yield graphene films (GF) characterized by superior thermal
conductivity.'” This technological advancement has notably
enhanced the properties of thermally conductive films.
However, both aforementioned preparation methods neces-
sitate prolonged exposure to elevated temperatures, resulting in
substantial energy consumption. Therefore, exploring novel
approaches to mitigate energy consumption during the high-
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temperature reduction stage and further reducing production
costs are imperative to facilitate the widespread adoption of
high thermal conductivity graphene films in the electronics
market.

In efforts to diminish energy consumption during graphene
film preparation, researchers have explored an array of
innovative rapid-temperature-elevation techniques. These
methods include microwave reduction, laser irradiation, and
Joule heating methods.''™'° Among these, the CO2 laser
technique has been investigated, wherein rapid irradiation on
polyimide (PI) films instantly elevates the laser temperature to
permeate the PI films, albeit resulting in inadequate
graphitization.'® Notably, the laser reduction process exhibits
linear characteristics, necessitating enhancements in the overall
graphitization efficiency of the PI film. Conversely, Zhao et al.
pursued an alternative approach by superimposing Reduced
Graphene Oxide (rGO) films onto GO films. They successfully
imparted reduced graphene traces onto the GO surface using
microwave ovens, achieving rapid heating within 4 to 5 s.'°
The resultant graphite traces on the PI film surface were then
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heated via microwave ovens, facilitating the graphitization
process. However, as the GO film itself does not absorb
microwaves, relying on the rGO film for heat transfer, the
reduction effect within the GO film is constrained. Hence, the
optimization of microwave fast reduction techniques to achieve
uniform temperature distribution warrants further investiga-
tion. Peng et al. employed a calendering process to flatten
resultant fullerene structures, screening large-sized GO and
subjecting them to a pressure of 300 MPa post high-
temperature graphitization treatment at 3000 °C."” This
process endowed the Graphene Films (GFs) with a certain
degree of flexibility, yielding GFs exhibiting a thermal
conductivity of 1940 + 113 W/(m'K), showcasing excellent
thermal conductive properties. On another front, Gao et al.
devised a continuous Joule heating device employing two
graphite rollers to enable the continuous production of high-
thermal-conductivity GFs.'® By rotating the rollers and
applying direct current to the rGO, the resulting Joule heating
temperature reached 2443 °C. The maximum thermal
conductivity of the obtained GF reached 1285 + 20 W/ (m-
K), with this continuous production method offering the
potential for large-scale production. These studies not only
advance GF preparation technology but also establish a
foundation for the application of high thermal conductivity
GF in electronic devices.

There are still some problems that need to be solved in the
rapid reduction stage of GO by laser, microwave, or Joule-
thermal methods, such as the income plete reduction of the
interior of the film by laser and microwave methods, as well as
the destruction of the lamellar structure of GO by direct
reduction.'"”'”*° Therefore, chemical reduction treatments or
pretreatments at around 800 °C are required before these rapid
reduction methods are employed, and In order to improve the
thermal conductivity, a cold pressing treatment of 300 MPa is
usually required to densify the structure.'>*'~** Although fast
reduction techniques offer new ways to prepare high-
performance graphene films, technical and technological
challenges need to be solved in order to realize their potential.

In this study, an innovative Joule heating device is
introduced for the rapid reduction of graphene films. The
approach begins with two chemical reductions of GO to
produce rGO, aimed at augmenting sheet layer spacing within
the film and establishing gas escape channels to prevent
damage from rapid gas flushing during reduction. Subse-
quently, the rGO film is sandwiched between two layers of
graphite sheets and undergoes uniformly elevated temperature
thermal annealing treatment facilitated by heat conduction and
radiation. Compared to the conventional method of directly
heating rGO with direct current, this technique effectively
mitigates temperature discrepancies and potential fracture
issues stemming from uneven resistance distribution within the
film. The entire thermal annealing process lasts 800 s, enabling
rapid and energy-efficient graphene film preparation. The
resulting graphene film boasts a thermal conductivity of 1012
W/(m-K), paving the way for applications necessitating high
thermal conductivity and low power consumption. This
method unveils promising prospects for the integration of
high thermal conductivity graphene films within the consumer
electronics industry.

2. EXPERIMENTAL SECTION

2.1. Materials. Scalar graphite (100 mesh) used in the
experiments was purchased from Aladdin Reagent Company,

hydriodic acid (HI, 57 wt %) was from Inokai Science and
Technology Company, Beijing, China, concentrated sulfuric acid
(H2S04, 98 wt %), concentrated hydrochloric acid (HCI, 37 wt %),
potassium permanganate (KMnO4, 99 wt %), hydrogen peroxide
(H202,30 wt %), hydrochloric acid (HCl, %), ethanol (C2HSOH),
were purchased from Guangzhou Chemical Reagent Factory, China.
99%), were purchased from Guangzhou Chemical Reagent Factory,
China.

2.2. Preparation of rGO and GF Films. Preparation of reduced
graphene oxide (rGO): The preparation of GO is mainly based on
Dong’ improvement of Hummers’ method to obtain large-size GO,”*
the specific preparation process is to add 2g of 100 mesh graphite
powder to 85 mL H,SO, and 8.5 g KMnO, mixture, and let it stand
for 24 h. After that, put it into 500 mL of iced water, and then add
H,0, to produce golden-yellow semiexfoliated large-size GO, add 20
mL of dilute hydrochloric acid to remove excess metal ions,, and after
4—S times of deionized water washing, get completely exfoliated large-
size GO, let it settle and remove the upper layer of clear liquid to get
brown large-size GO. And the SEM image of the large-size GO was
taken (Figure S2, Supporting Information). The rGO film sheet layer
spacing was increased using the team’s previously investigated method
of secondary reduction of GO films.>® This was done by reducing the
GO films in 57% hydriodic acid (HI) solution for 1 h. The GO films
were continued by placing them in a hydrothermal reactor, immersing
them in 57% HI solution, and reducing them for 3 h at 160 °C to
obtain the rGO films. The rGO film was washed in ethanol solution
for 3—4 times to remove the residual HI in the film, and the rGO film
was dried at 55 °C to obtain the final rGO film.

Preparation of reduced graphene film (GF): Figure S1 illustrates
the schematic diagram of the rapid high-temperature reduction device.
The reduction process was conducted within a sealed metal cavity
using argon gas, employing a graphite heating sheet measuring 100 X
20 X 2 mm. To facilitate real-time temperature monitoring of the
heating table, a sapphire window sheet was installed at the bottom of
the stainless steel cavity, enabling temperature measurements via an
infrared thermometer. Square graphite electrodes clamped the ends of
the heating table. rGO film was cut into 80 X 20 mm strips and
positioned between two graphite sheets, secured to the electrodes
using graphite bolts. The graphite heating pads were connected to a
40 VS500A autoregulated power supply. The heating process of the
graphite heating sheet was precisely controlled through staged heating
by adjusting the power supply’s output current, achieving temper-
atures up to 2500 °C. Additionally, to assess the impact of rapid high-
temperature reduction on internal graphitization, temperature-
controlled reductions were performed on rGO at peak currents of
400A and S00A, respectively. Postreduction, rGOs were obtained and
named GF-2200 and GF-2500 after roller pressing.

2.3. Characterization. The micromorphology of the samples was
examined using a cold field emission scanning electron microscope
(SEM) (Hitachi SU8200) at an accelerating voltage of 10.0 kV.
Raman spectroscopic measurements were conducted by H.J.Y.
LabRAM Aramis at a laser wavelength of 532 nm. X-ray photo-
electron spectroscopy (XPS) measurements were carried out on an
Axis Ultra DLD to quantify the elemental content of the samples, with
Al Ka utilized as the X-ray source. X-ray diffraction (XRD) tests were
performed to analyze the sample structure using a Cu-targeted Ko
source at a wavelength of 0.15406 nm, a test voltage of 40 kV, and a
tube current of 40 mA. The thermal diffusion coefficient of the
samples was determined using a flash-method thermal conductivity
meter (Netzsch LFA 467), while infrared thermal imaging (FLIR C5)
was employed for sample thermal conductivity distribution testing.

3. RESULTS AND DISCUSSION

As depicted in Figure 1, the graphene oxide (GO) obtained via
the modified Hummers method underwent reduction in a 57%
HI solution. After 3 h of reduction at room temperature, the
majority of oxygen-containing groups within the GO film were
removed, yielding the preliminary reduced graphene oxide film,
denoted as rGO-1. Subsequently, rGO-1 was immersed in a
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Figure 1. Schematic diagram of the preparation process.

57% HI solution and subjected to continued reduction at 160
°C in a hydrothermal reactor for 3 h. This process aimed to
further increase the internal interlayer distances in rGO-1 and
establish gas escape channels in anticipation of rapid reduction.
Consequently, the thickness of the resulting rGO-2 signifi-
cantly surpassed that of rGO-1. The second chemical
reduction introduced numerous vacancies and defects within
the graphene lamellae, commonly addressed by scholars
through the augmentation of the carbon source and its
decomposition at high temperatures.”*~** This repair method
often necessitates ultrahigh temperatures (~3000 °C) to
eliminate excess elements of the carbon source, significantly
complicating the reduction process. Joule heating facilitates the
cleavage of graphene carbon atoms at the defective edges of
graphene sheets under high temperatures, with the liberated
carbon atoms effectively repairing internal sheet defects. This
mechanism enables defect rectification within graphene sheets
without the need for additional carbon sources, culminating in
the formation of a continuous and intact graphene lattice
structure.”””"

To prevent the disruption of graphene layer stacking caused
by the rapid outflow of gas within the film during temperature
elevation, a temperature rise procedure for the graphite heater
access current was devised. The variation of rGO-2 film
reduction temperature over time is illustrated in Figure. S3(a),
while the fluctuation of the access current over time is depicted
in Figure S3(b). The infrared thermometer, with a measure-
ment range of 700 to 3000 °C, was utilized to record the
temperature variation over time, beginning at the point when
the heating plate reached 700 °C. The entire heating process
comprises 8 segments, with each segment lasting 100 s,
resulting in a total reduction time of 800 s. Initially, the current
difference between the first 4 heating segments is set at 20A.
Upon reaching the fourth temperature segment at 870 °C, the
subsequent 4 program segments entail rapid heating, with each
heating segment featuring a current difference of 100A.
Ultimately, when the maximum access current of S00A is
attained, the power supply voltage is set at 30 V, achieving a
peak reduction temperature of 2500 °C. At this juncture, the
heating power reaches 15KW, and the total energy
consumption of the reduction process amounts to 1.55KWh.
By contrast, traditional graphitization furnace heating rates
typically range from 35 to 300 °C/h, with reduction durations

spanning 3—12 h. Thus, this method abbreviates the high-
temperature reduction duration by more than 90%. Scaling up
the reduction size merely requires enhancements to the
graphite heating table and stainless-steel chamber, facilitating
the mass production of graphene films with minimal energy
consumption.

Scanning electron microscopy (SEM) images revealed that
graphene oxide (GO) films exhibited tightly packed interlayers
with thicknesses ranging from 15 to 22 um (Figure 2a).

10um
—

Figure 2. (a) SEM image of GO cross-section. (b) SEM image of
rGO-1 cross-section. (c)—(e) SEM images of rGO-2 cross-section. (f)
SEM image of cross-section before GF roll pressing. (g) SEM image
of cross section after GF roll pressing. (h) SEM image of the surface
after GF roll pressing. (i) GF diagram.

Chemical reduction with HI at ambient temperature resulted
in an increased interlayer spacing of the rGO-1 films,
expanding their thickness to 20—25 um (Figure 2b).
Hydrothermal treatment with HI at 160 °C further enlarged
the interlayer gap in rGO-2 films, increasing their thickness to
300—350 pm (Figure 2c). Continuous delamination and
channels were observed at various locations in rGO-2 (Figure
2d), with magnified images indicating that the internal
channels possessed significant depth (Figure 2e). This
treatment not only facilitates the removal of oxygen-containing
functional groups from rGO-1 but also creates channels for gas
escape, which is critical for rapid reduction during Joule
heating. Following rapid reduction under controlled temper-
ature conditions, the thickness of rGO-2 remained relatively
stable, and the cross-sectional structure preserved its lamellar
configuration without further expansion of the interlayer voids
(Figure 2f). After roll pressing, the graphene film (GF)
exhibited a compact and ordered internal structure (Figure
2g), with a thickness reduced to 18—22 um, closely
approximating the thickness of the initial GO film. These
findings suggest that the two-step HI reduction process
effectively mitigates structural damage caused by gas release,
facilitates rapid gas expulsion, reduces thermal resistance, and
increases GF density. The flat and wrinkle-free surface of the
calendered films (Figure 2h and 2i) further indicates that this
method avoids producing a loose and porous film interior. The
cross-section of the calendered GF exhibited a dense internal
interlayer with orderly sheet stacking, providing efficient
thermal and electrical conduction pathways for phonons and
photons. Moreover, the dense architecture of the GF endows it
with exceptional flexibility, allowing it to endure 300 cycles of
180° end-to-end bending without exhibiting signs of fracture.
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Figure 3. (a) Raman spectra of GO, rGO-1, rGO-2, GF-2200, and GF-2500. (b) XRD spectra of GO, rGO-1, rGO-2, GF-2200, and GF-2500. (c)
XPS measurement spectra of GO, rGO-1, rGO-2, GF-2200, and GF-2500. (d) GO, C 1s deconvolution spectra of rGO-1, rGO-2, GF-2200, GF-
2500. (e) Raman mapping of D band, G band, and I,,/I; of the GF-2500.

To thoroughly investigate the impact of the rapid high-
temperature reduction technique on the internal structure of
GF, X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy tests were conducted on rGO and its resultant
graphene film (GF). Raman spectroscopy results (Figure 3a)
reveal that the intensity of GF-2500 obtained through high-
temperature rapid reduction significantly decreases at the
defect peak (D peak, 1350 cm™') compared to rGO-1, while
exhibiting a higher intensity at the G peak (1580 cm™) of the
graphene lattice. Comparing the D-peak to G-peak intensity
ratio (Ip/Ig) of rGO-1 and rGO-2, a decrease from 1.65 to
1.20 suggests a substantial effect in repairing the defects of
rGO-1 at 160 °C. The D-peak to G-peak intensity ratios of 0.1
and 0.05 for GF-2200 and GF-2500 respectively indicate that
rapid high-temperature reduction effectively rectified graphene
defects. Notably, the intensity of the 2D peak (2680 cm™) of
GF-2500 exceeds that of the G peak, signifying that the fast
high-temperature reduction still produces a stable graphene
lamellar stacking structure.”’”” To assess the internal
homogeneity of GF-2500, Raman mapping was utilized to
observe the D-peak, G-peak, and I,/1; normalization, revealing
a uniform internal structure at the micron level (Figure 3e).

The reduction effect was further verified through X-ray
diffraction (XRD) analysis (Figure 3b). The diffraction peak of
GO was positioned at 9.5°, while the diffraction peak of rGO-2
after two HI reductions shifted to a higher angle at 24.1° (layer
spacing of 0.369 nm), indicating the removal of more oxygen-
containing functional groups during the chemical reduction
process. Eventually, both GF-2200 and GF-2500 exhibited
diffraction peaks near 26.5° (layer spacing 0.336 nm), aligning
with the standard diffraction peak position of graphite,
affirming the realization of GF graphitization through rapid
high-temperature reduction. In XPS analysis (Figure 3c), the
carbon—oxygen ratios (C/O) of rGO-1 and rGO-2 were 6.76
and 9.3S respectively, with the O content of rGO-2 decreasing
by 5% compared to rGO-1. Meanwhile, the C/O ratios of GF-
2200 and GF-2500 markedly increased to 28.94 and 49.76,
respectively, indicating a reduction in oxygen-containing
groups before rapid reduction, thereby facilitating subsequent
high-temperature reduction. The creation of an oxygen-free
environment during the high-temperature reduction stage,
resulting from the reduction of oxygen content inside the film
after the two-step chemical reduction and the rapid escape of
interlayer gases, reduced the difficulty of reduction. This
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Figure 4. (a) Schematic diagram of the test setup. (b) Infrared thermal image of rGO, Gf-2500 film. (c) Schematic diagram of the test setup. (d)
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heat dissipation.

conclusion was further supported by the C 1s deconvolution
spectra (Figure 3d). In conclusion, the characterization results
show that the transient high temperature generated by the fast
high-temperature reduction method in a short period of time is
able to achieve the complete reduction of rGO, and that the
high temperature is still a key factor in determining the degree
of graphene graphitization.

The thermal diffusion coefficients of GF-2200 and GF-2500
were measured to be 476 mm*/s and 580 mm?/s, respectively,
using a laser flash method thermal conductivity meter
(Netzsch LFA 467). The densities of the samples were
determined to be 1.86 g/cm3 and 2.01 g/cm3, respectively.
Subsequently, calculations yielded thermal conductivities of
690W/(m-K) and 1012W/(m-K) for the two samples. These
results suggest that constructing a gas escape channel before
rapid reduction can mitigate the formation of microair pockets
induced by Joule heat, thereby enhancing interlayer compact-
ness of the film and yielding high-density graphene films
without the need for excessive pressure during calendering.
From the aforementioned characterization results, it is inferred
that high temperature remains pivotal for achieving complete
graphene lattice structure. Furthermore, the two-step chemical
reduction pretreatment of GO, by increasing internal interlayer
spacing and preemptively releasing excess oxygen-containing
groups, contributes to reducing interlayer gaps in the GF film,

enhancing its internal compactness, and ultimately improving
GF thermal conductivity.

In order to compare the heat dissipation effect of high
thermal conductivity GF in practice, the center of the film was
heated using a Led heating rod, and the heating power was
adjusted so that when the LED heating rod reached 160 °C,
the film was placed S mm directly above the heating rod, and
the schematic diagram of the device is shown in Figure 4a. The
heating temperature at the film’s center was recorded until the
temperature change stabilized, and the average temperature
performance of rGO and GF-2500 was compared using an
infrared camera (Figure 4b). Compared with rGO, the center
temperature of GF-2500 decreased by 28.8 °C, and the overall
surface temperature distribution of GF-2500 was more
uniform. Furthermore, to validate the heat dissipation ability
of GF-2500, the back of the LED light was coated with
thermally conductive silicone grease, and a 20 mm diameter
GF-2500 was applied. The surface temperature of the LED
lamp was recorded under the same power conditions, and the
schematic diagram of the device is shown in Figure 4c. Figure
4d shows the LED heat dissipation temperature curve. The test
results revealed that, 10 min after, the surface temperature of
the LED bulb with no GF thermal film decreased by 6 °C.
Conversely, with the GF-2500, the heat dissipation was faster,
evidenced by the time it took for LEDs with GF-2500 to return
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from a constant temperature of 50.6 °C to room temperature,
shortened by 42.8%. This conclusion is supported by the
infrared image in Figure 4e. These results demonstrate that GF
can effectively reduce the operating temperature of high heat-
generating electronic components, and by increasing the area
of GF, further enhancement of heat dissipation efficiency can
be achieved.

4. CONCLUSIONS

In this study, we adopted a two-step reduction method to treat
GO, which significantly increased the interlayer distance of the
sheet and provided the necessary gas escape channel for the
subsequent Joule-heated rapid high-temperature reduction.
This design avoids the damage to the internal structure of the
film caused by the large amount of gas that suddenly rushes
out during the rapid reduction stage. During the reduction
process, we utilize the double-layer graphite plate to directly
heat the film, and by controlling the power output, we realize
the strategy of slowly increasing the temperature in the first
half of the heating process, and rapidly increasing the
temperature to 2500 °C in the second half. The graphene
film was tested to have a thickness of 20 pm, a density of 2.01
g/cm’, and outstanding thermal conductivity with an in-plane
thermal conductivity of 1012 W/(m-K). The Joule-heat fast
reduction method proposed in this study not only improves
the efficiency of GO reduction, but also effectively avoids
energy waste in the reduction process. This method reduces
the production cost of high thermal conductivity reduced
graphene oxide films while providing new possibilities for the
expansion of high thermal conductivity graphene films in the
consumer electronics application market.
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