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a b s t r a c t

The development of rapid and scalable techniques for thermally conductive film is useful for the
improved function and efficiency of electronic devices. The commercially available carbon film that made
from polyimide film by sequential carbonization and graphitization in electrical furnace is usually pro-
duced in an intermittent way, which inevitably decreases the manufacturing efficiency and increases
energy consumption and production cost. Macroscopic graphene film is considered to be an ideal
alternative of traditional carbon film due to its combined merits of high thermal conductivity and
flexibility. Here, we report a rapid approach to continuously fabricate graphene film by Joule heating of
chemically reduced graphene oxide film integrated with a high-throughput roll-to-roll process. The
achieved graphene film holds excellent electrical of 4.2� 105 S/m and thermal conductivity of
1285 ± 20W/mK. Moreover, the intensive Joule heating in a roll-to-roll manner is more time-saving,
energy-efficient, and cost-effective than traditional heating method by electrical furnace. Such facial
processing strategy offers new opportunities for the scaled-up manufacturing of large area graphene film
with potential applications in the fields of thermal management, flexible electronics, and wearable
devices.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Rapidly increasing heat flux density in miniaturized electronic
devices with intensive integrated circuits has posed significant
challenges on thermal management materials [1e4]. Efficient
dissipating the heat loads is becoming a critical issue for main-
taining the reliability and extending fatigue life of high-power
electronic system. Thermal conductive thin films with large heat-
dissipation capability are urgently needed in high effective ther-
mal management [5]. In response to these needs, copper and
aluminum foils have been used as the main thermal management
materials while they usually suffer from chemical oxidation/
corrosion, heavy weight and limited thermal conductivity (400W/
mK). The commercially available carbon film that made from pol-
yimide film by sequential carbonization and graphitization holds
high in-plane thermal conductivity (up to 1750W/mK), enabling it
to serve as qualified heat spreading materials in modern
gao@zju.edu.cn (C. Gao).
microelectronic and optoelectronic applications. However, the se-
vere demand on the molecular structure of original polyimide and
the tedious time-consuming production procedure (including
polymerization, film-forming, film-processing, long time carbon-
ization and graphitization, etc.) seriously decrease the product
yield rate and the manufacturing efficiency as well [6e8]. More-
over, another insuperable problem is the huge energy consumption
when using traditional graphitization furnace to prepare highly
thermally conductive carbon films.

Achieving advanced thermal management materials with
optimal performance requires scalable and cost-effective fabrica-
tion approaches that incorporate novel chemicals, synthetic route,
and methodology. Graphene, an atomically thin sheet of carbon
atoms arranged in a 2D hexagonal lattice, offers great potential for
next-generation thermal management [9e14]. Macroscopic gra-
phene film (GF) assembled from graphene sheets are expected to be
an ideal heat-dissipation material for high-powered devices due to
its combinedmerits of high thermal conductivity and flexibility. For
example, Xin et al. firstly reported a flexible GF with thermal con-
ductivity of 1434W/mK [15]. By choosing debris-free giant gra-
phene sheets as basic building blocks, Peng et al. improved the
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thermal conductivity up to 1940W/mK. Recently, Liu et al. prepared
ultrathin GF with a record high thermal conductivity of 3200W/mK
by tailoring the sheet alignment and interlayer binding energy [16].

In pursuit of highly thermally conductive GF, high temperature
annealing in an electrical furnace is indispensable for eliminating
the oxygen-containing groups and restoring the structural defects
[15,17,18]. It usually takes at least two days to complete the
annealing process due to the retarded heating/cooling rate limited
by the furnace itself [19,20]. Recently, several studies have
demonstrated that electrical current induced Joule heating can
substantially restore the conjugated skeleton in defective graphene
blocks and dramatically improve the conductivity and carrier
mobility of GF in a very short period [21e28]. The microstructure
and sheet alignment can be finely controlled by adjusting the
electrical current applied to the sample. However, the motionless
electrode configuration and limited sample size with centimeter
scale are not compatible with large-scale fabrication [21,29,30].
Therefore, continuously manufacturing free-standing highly
conductive GF in a rapid and scalable manner remains challenging.

Here, we report a continuous, high-throughput, and energy-
effective strategy for annealing GF via intensive Joule heating in a
roll-to-roll manner. The input electrical power is directly exerted on
the GF sample through rotated graphite rollers. As most of the
applied power converts into heat energy of the film, the energy
usage ratio should be much higher than traditional thermal treat-
ment by electrical furnace. The achieved GF exhibits excellent
thermal conductivity (1285± 20W/mK) and electrical conductivity
(4.2� 105 S/m), both of which are comparable to that of GF
annealed by furnace at the same temperature.
2. Experimental

2.1. Material preparation

Aqueous dispersion GO sheets with large lateral size of
15e20 mm (Fig. S1) was purchased from Hangzhou Gaoxi Tech-
nology Co. Ltd. The GO dispersionwas coated on flat glass substrate
by blade coating method to obtain GO film with controlled length,
width, and thickness. The GO filmwas carefully peeled off from the
substrate and chemically reduced by hydroiodic acid at 90 �C to get
rGO film. Then the rGO film was repeatedly rinsed with large
amount of ethanol to remove residual iodine and dried at 60 �C. The
dried rGO film was further thermally reduced at 300 �C under
mechanical pressure in H2/Ar (5%/95%) atmosphere to increase the
electrical conductivity by remove most of oxygen-containing
groups.

The Joule heating process was conducted in an argon-filled
glovebox with water/oxygen content lower than 1 ppm. The rGO
film was cut into strip with width of 1.5 cm for continuous Joule
heating. The rGO film continuously passed through the rotating
graphite rollers driven by two controllable micromotors at a speed
of 0.1m/min. The distance between the horizontally aligned
graphite rollers can be tuned from 1 cm to 10 cm according to the
resistance of the sample and the power supply capability of the
source. An auto range DC power source (ITECH IT6522D) was used
to supply programmed bias voltage across the graphite rollers by
two electric brushes, causing a direct current flowing through the
sample. We developed a two-step Joule heating reduction of rGO
film to achieve GF. In the first step, the voltage increased at a slow
ramp of 20mV/s until the temperature of the film reached to
~1200 �C. In the second step, the film was further Joule heated to
~2400 �C under constant voltage (50 V) model. The total heating
process takes about 20min.
2.2. Material characterization

XPS measurement was performed on a photoelectron spec-
trometer (ESCALAB 250, ThermoFisher Scientific) with Al Ka as X-
ray source. XRD was measured on an X'Pert PRO diffractometer
(PANalytical) using Cu Ka1 radiation with an X-ray wavelength of
1.5406 Å. Raman spectroscopy and mapping scanning were recor-
ded by a commercial Renishaw inVia-Reflex Raman microscope at
an excitation wavelength of 532 nm. The morphology of the sam-
ples was taken on a field emission SEM (Hitachi S4800) at 10 kV.
The temperature was monitored by fiber optic spectrometer (FX
2000) and two commercial noncontact two-color pyrometers
(Fluke Endurances series E2RL-F1-L-0-0 for 250e1200 �C and
Raytek Marathon MR1SC for 1000e3000 �C). The distance between
the sample and the optical fiber was 35 cm. The electrical con-
ductivity was tested using a four-probe method. Mechanical per-
formance was tested on a universal testing machine (Instron 2344,
USA) with a gauge length of 10mm and a constant loading rate of
1.0mm/min. Synchronous SAXS test was carried out in BL16B1
beam line station of Shanghai Synchrotron Radiation Facility (SSRF)
with incident beam parallel to the film plane. The distance between
sample and dector CCD was 1735mm. Thermal conductivity was
evaluated by a steady-state electrical heating method in a vacuum
chamber. A Keithley 2460 source meter was used to supply elec-
trical power. The temperature profile was recorded by a high res-
olution infrared imager (FLIR T630sc).

3. Results and discussion

To realize continuous reduction of GF by Joule heating, we
delicately designed a roll-to-roll preparation system consisting of
three parts: film-supplying, current-feeding and film-collecting, as
illustrated in Fig. 1a. The chemically reduced graphene oxide film
(rGO film) continuously passed through the rotating graphite rol-
lers driven by two controllable micromotors (Fig. 1b, Video S1). A
programmed voltage was applied across the parallel graphite rol-
lers by two electric brushes and a direct current (DC) flows through
rGO film, causing a temperature rise due to Joule heating effect. By
tailoring the rotation speed of the rollers, the film could accom-
modate the size shrinking induced by the Joule heating treatment.
The graphite rollers not only serve as rotating electrode, but also
exert mechanical pressure on the Joule heated rGO film to obtain
pure GF with condense structure.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2019.09.021.

The sequence snapshots in Fig. 1c show that the light intensity
emitted from the film increases with the input power, indicating
gradually increased temperature induced by the Joule heating.
During the programmed heating process, we collected the emission
spectra from 350 nm to 950 nm by a fiber optic spectrometer
(Ideaoptics FX 2000) (Fig. 1d). Then the temperature of the filmwas
extracted by fitting the spectra to a gray body radiation equation,

Blðl; TÞ ¼ gε
2hc2

l5
1

ehc=lkBT � 1
;

where g is a scaling constant for fitting, ε is the emissivity, h is the
Planck constant, c is the light speed, kB is the Boltzmann constant,
and l is thewavelength [31e33]. Additionally, we also continuously
recorded the temperature of the sample in real time by two com-
mercial noncontact two-color pyrometers to ensure accuracy of the
measurement. The temperature versus applied electrical power for
the rGO film is shown in Fig. S2. The sublinear curve indicates the
decrease of heating efficiency at higher temperature zone because
more heat is dissipated by conduction and radiation at high
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Fig. 1. (a) Schematic of the pressurized roll-based production of GFs by Joule heating. (b) Schematic of the continuous electrical-heating equipment driven by two speed-
controllable motors. (c) Snapshots of the film heated by increasing electrical power from bottom to up. (d) Spectral radiance measurement of the film for different electrical
power inputs. The temperature can be obtained by fitting the spectra to Planck's law. (e) Photos of the Joule-heated GF, exhibiting excellent flexibility and foldability. (A colour
version of this figure can be viewed online.)

Y. Liu et al. / Carbon 155 (2019) 462e468464
temperatures. Note that the temperature of the Joule heated film
can reach as high as 2835 �C, while considering the safety and
stability of our roll-to-roll equipment, the highest temperature was
set as 2433 �C in real Joule heating process. Thereafter, the GF refers
to the film Joule heated at 2433 �C unless otherwise stated.

We adopted a two-step Joule heating reduction to obtain high
quality GF (Fig. S3a). In the first step, the voltage increased at a
ramp of 20mV/s. The slowly loading mode of voltage avoids the
abrupt temperature rise that can cause unfavorable pores on the
film due to the violent release of gas (Fig. S4). In the second step,
higher temperature (~2400 �C) was achieved under constant
voltage condition. Fig. S3b shows the typical I-V curve for the
electrified sample with size of 1.5 cm� 6 cm. The current increased
slowly with the applied voltage on the rGO film. When the voltage
was increased to ~36 V, the current rapidly increased from6 to 43 A.
The significant increase in the conductivity is due to the removal of
defects and impurities in rGO film during the high temperature
treatment. By carefully tailoring the applied voltage, the velocity of
the horizontally aligned graphite rollers, as well as the pressure
(interspace) between the vertically aligned rollers, a continuous GF
with width of 1.5 cm and length of 20 cm can be achieved within
20min. Note that the maximum width of the processed rGO was
limited by the width of the graphitic rollers and the power of the
source in our experimental setup. The upper limit of the current
that the DC power source (ITECH IT6522D) can be supplied is about
120 A. Therefore, the maximum width of film can be Joule heated
using our experimental setup is about 4 cm. We envision that GF
with much larger lateral dimension could be easily achieved by just
increasing the width of the rollers and upgrading the power supply
device.

The surface morphology of GF is featured with numerous pro-
tuberant wrinkles and ripples, as shown in Fig. 2aec. The wrinkles
and ripples originate from the microgasbags generated during the
Joule heating process [17]. The cross-sectional images show well
aligned multilayer stacking of graphene sheets. Such close contact
between aligned graphene layers contributes to the transfer of
phonon and electron, thereby facilitating the thermal and electrical
conductive performance [34]. The order parameter of the
continuously prepared GF with compacted structure (86.9%) is
much higher than that of loosely stacked GF without continuous
rolling compaction (75.3%, Fig. S5), as evidenced from the small-
angle X-ray scattering (SAXS) patterns (Fig. 2g and h) and corre-
sponding FWHM of the azimuthal scan curve (Fig. 2i). The com-
pacted structure and better alignment of graphene sheets endows
the GF with tensile strength of 16.7MPa and Young's modulus of
0.32 GPa, both of which are higher than that of uncompacted GF
(Fig. 2j).

We investigated the structural evolution of rGO film after Joule
annealing by X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and Raman spectroscopy, respectively. The car-
bon to oxygen (C/O) atomic ratio of rGO film treated at 1260 �C and
2443 �C are 15.3 and 50.4, respectively, which are much lower than
that of initial rGO film, confirming the effective removal of the
functional groups during the Joule heating reduction (Fig. 3a). The
C1s spectra shown in Fig. 3b also give the same conclusion. The XRD
pattern of rGO film shows a (002) reflection peak at 24.16� with a
full width at half maximum (FWHM) of 2.02� (Fig. 3c). After high
temperature reduction by Joule heating, the characteristic peak
becomes much more sharp and narrow, with FWHM decreases to
0.784 for 1260 �C reduction and 0.22 for 2443 �C reduction. The
narrow peak reveals the existence of uniform crystalline structure
in annealed GF. The characteristic peak shifts from 24.19� to 26.48�

after Joule heating at 2443 �C, corresponding to an interlayer dis-
tance reduced from 0.41 nm to 0.34 nm. The decreasing interspace
distance is due to the effective removal of the functional groups in
RGO film, which is consistent with the decline of oxygen containing
groups as illustrated in XPS spectra (Fig. 3a and b). The crystallite
size (Lc) in GF was estimated to be 37.13 nm using Scherrer equa-
tion, Lc¼ 0.9l/(bcosq), where l is the X-ray wavelength and b is
FWHM of the (002) peak [35]. The large crystalline domains
contribute to the high electrical and thermal conductivity of GF
[36e38].

In Raman spectra (Fig. 3d), compared to the rGO film, the D band
(1350 cm�1) corresponding to defective carbon sites is suppressed
tremendously and the G band associated with crystalline carbon
(1585 cm�1) remains as prominent peak with high intensity for the



Fig. 2. (a-c) SEM images of the Joule heated GF with different magnifications, showing wrinkles and ripples on the surface. (d-f) Cross-sectional morphology of the Joule heated GF.
(g-i) SAXS pattern of the compacted (g) and uncompacted (h) GF and corresponding azimuthal scan curve (i). The narrower FWHM of compacted GF signifies higher degree of
orientation. (j) The stress-strain curves of the GF with different compacting states. (A colour version of this figure can be viewed online.)
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film heated at 2443 �C. As a result, the intensity ratio (ID/IG) of the D
peak and G peak decreases from 1.10 to 0.08, suggesting an effective
recovery of structural defects by Joule heating [39]. Additionally, a
sharp 2D band at 2720 cm�1 appears with an I2D/IG ratio of 0.97,
which is closer to that of perfect single layer graphene, further
confirming the highly crystalline structure of the GF after high
temperature Joule annealing [40,41]. The symmetric 2D band can
be fitted into a single Lorentzian peak, suggesting the presence of
turbostratic stacking graphene [20,29,34].

To evaluate the uniformity of the Joule heated GF, we collected
Raman spectra at different sites along the length direction of the
film (Fig. 3e). The distance of each collecting sitewas about 1 cm. All
the Raman data are similar, indicating the high uniformity of the GF
in a long range. Additionally, we measured the resistance of the GF
as a function of testing length. The resistance increases linearly
with the testing length (Fig. 3f), further testifying structural ho-
mogeneous on large area. The Raman mapping images (Fig. S6 and
Fig. 3gei) of normalized intensity of D peak, G peak, and ID/IG
demonstrate that the Joule heated GF is uniform in micron scale.

The thermal conductivity of GF at room temperature was
measured by an optimized steady-state electrical heating method
in a vacuum chamber (Fig. S7) [15,19,37]. In contrast tomost studies
where two electrodes are frequently used, here the GF was sus-
pended between four copper blocks (Fig. 4a) which simultaneously
served as heat sinks and electrodes. A Keithley 2460 source meter
was used to supply direct current and to measure the voltage drop
across the middle two electrodes by a standard four-wire method.
This modified steady-state electrical heating method eliminates
contact resistance, enabling much more reliable testing results
about electrical conductivity and thermal conductivity thereof.
When a direct current flows through the GF, the temperature will
increase due to Joule heating effect. The temperature profile along
GF was recorded by an infrared imager (FLIR T630sc) with a tem-
perature resolution of 0.1 K in real time. When the temperature rise
is not large (below 15 �C in this study), the radiative heat loss can be
neglected. Then, we calculated the thermal conductivity (K) of
conductive materials by the following equation that derives from
one-dimensional steady-state heat transfer model,

K ¼ UIL
AcðTm � TeÞ;

where U is themeasured voltage across themiddle two contacts, I is
the applied direct current, L is the half-length between the middle
two contacts, Ac is the cross cross-section area of the sample, and
Tm and Te are the temperature at the middle and end points of the
suspended film, respectively. A thin layer of amorphous graphite
was spray-coated on the GF sample and copper electrodes to ensure
a uniform infrared emissivity before thermal conductivity mea-
surement, which is critical to get accurate temperature profile by
infrared imager (Fig. S8). Additionally, to maximize experimental
accuracy, a series of temperature profiles were recorded at various
applied powers (UI).

Fig. 4b shows the temperature profiles along the GF at different
input power. The temperature profile obviously resembles a para-
bolic curve with the highest temperature presented in the middle
point of the film, matching the one-dimensional steady-state heat
transfer model. The relation between the temperature rise of the
middle point and the input power is shown in Fig. 4c. The Tm-Te is
linear to the input power, ensuring the accuracy of the thermal
conductivity measurement.

The thermal conductivity was obtained via the slope from the
linear fitting Tm-Te and UI. The calculated thermal conductivity of
the GF reaches to 1285± 20W/mK with a measurement uncer-
tainty error of 10.4%. The thermal conductivity of the GF is about 3



Fig. 3. (a-d) XPS spectra (a, b), XRD patterns (c), and Raman spectra (d) of rGO film before and after Joule heating at different temperatures. (e) Raman spectra collected at different
sites of the Joule heated GF. The distance of each collecting site was about 1 cm. (f) Resistance of the sample as a function of testing length. (g-i) Raman mapping of D band (d), G
band (e), and ID/IG (f) of the Joule heated GF at 2443 �C. (A colour version of this figure can be viewed online.)

Fig. 4. (a) Infrared thermal image of a GF strip suspended on four copper electrodes. (b) Temperature profiles of Joule heated GF samples at different electrical power. (c) Tem-
perature rise as a function of input power. (d) Photo of LED lamp. (e) Infrared thermal image of the LED lamp coated with Ag paste at working state. (f) Infrared thermal image of the
LED lamp integrated with GF and Ag paste at the back side. (g) Real-time temperature mnoitoring curves of the LED with and without GF. (A colour version of this figure can be
viewed online.)
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times as high as that of pure copper (400W/mK), 6 times as high as
that of the best magnetically aligned discrete CNT films (200W/m)
[42], about 68% higher than that of aligned carbon nanotubes
(CNTs) papers with high density (z766W/mK) [43], and compa-
rable to that of GF (800e1500W/mK) assembled from exfoliated
graphene nanoplatelets with further annealing in furnace
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[15,18,34,44]. The electrical conductivity of GF was calculated to be
4.2� 105 S/m, 10 times higher than that of rGO film. Such
enhancement in thermal/electrical conductivity of our GF can be
attributed to the highly crystalline graphene structure and reduced
phonon-boundary scattering resulting from the synergistic effect of
high temperature Joule annealing and mechanical compaction by
graphite rollers.

To evaluate the thermal management performance, the GF was
pasted on the back side of a 5W LED lamp by silver glue (Fig. 4d).
According to the infrared thermal images, the highest temperature
of the LED incorporated with GF/Ag paste is ~74 �C (Fig. 4f), about
6 �C lower than that of silver pasted LED (~80 �C, Fig. 4e). We
monitored the real-time temperature changes of the LED (Fig. 4g).
Both the temperature rising rate and the steady temperature of the
LED/Ag paste/GF was lower than that of LED/Ag paste, demon-
strating that the GF can be used as a promising thermal dissipation
material for electronics. Additionally, we briefly compared the
thermal conductivity, reduction time and production cost of
various GFs reported thus far. Chemical reduction usually takes
more than 10 h to get a moderate conductivity of 100e500W/mK
[16,45]. The production cost of thermally conductive film is mainly
concentrated on the electric power consumption during carbon-
ization/graphitization process. Conventional thermal annealing in
electrical furnace can attain GF with higher thermal conductivity,
but it needs much longer time (at least two days) and huge energy
cost due to the slow heating and cooling rates. The average electric
power per hour of the mini high-temperature graphitization
furnace is about 50e70 kW/h and the total heating time is about
6e10 h. On the contrary, our roll-to-roll based Joule heating
reduction method can be completed within tens of minutes with
high energy efficiency. The total electrical power consumption for a
thin film in this work is less than 3 KW. Obviously, the intensive
Joule heating in a roll-to-roll manner is more time-saving, energy-
efficient, and cost-effective, especially for the experimental proto-
type production. Considering the combined merits of ultrafast
manufacturing process and satisfied thermal conductivity of the as-
prepared GF, this facile roll-to-roll approach should have great
potential to replace the traditional energy/time-consuming heating
method by electrical furnace.

4. Conclusions

In this work, we report a rapid approach to fabricate continuous
GF by Joule heating of rGO film integrated with a high-throughput
roll-to-roll process. The achieved GF demonstrates superior flexi-
bility and excellent electrical and thermal properties with the
electrical conductivity of 4.2� 105 S/m and thermal conductivity of
1285± 20W/mK. When compared with traditional reduction
method by electrical furnace, the intensive Joule heating in a roll-
to-roll manner is more time-saving, energy-efficient, and cost-
effective. Such facial processing strategy will enable the scaled-up
manufacturing of large area and flexible GF with potential appli-
cations in thermal management, energy batteries, and wearable
electronics.
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