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a b s t r a c t

The thermal dispersion power depends on thermal conductivity and thickness of the thermal dispersion
material that is a critical component of modern electronic devices due to the demands of high operating
power in a miniaturized space. Films made of assembled graphene flakes have been becoming an
emerging thermal dispersion material owing to their high thermal conductivity and tunable thickness up
to millimeters, which outperform that of artificial graphite films made from polyimide. But the thermal
conductivity typically decreases with the increase of film thickness. In our work, by pre-reducing the
graphene oxide with Vitamin C and sequentially annealing the stacking films at 2950 �C, a 80 mm-thick
graphene film (GF) with an in-plane thermal conductivity of above 1600 W/(m$K) is achieved. Detailed
characterizations indicate that, the addition of Vitamin C is beneficial to the assembly ordering of gra-
phene oxide platelets and the defect healing during the thermal annealing, which both contribute to the
excellent thermal conductivity of the films. Our work provides an industrially scalable strategy towards
high performance heat dissipation films for future electronic devices.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In the rapid development of communication power and the
miniaturization of electronic equipment, enormous amount of heat
is generated, especially in the high-frequency and high-speed
transmission. Thus, thermal management materials with ability of
instantaneous heat dissipation are critical to the operation reli-
ability and performance stability of the electronic devices.
Currently, the high-performance thermal dissipation films used in
commercial electronic devices are mostly fabricated by carboniza-
tion and graphitization of polyimide (PI) films, possessing a typical
in-plane thermal conductivity in the range of 1200e1500 W/(m$K)
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[1e3]. Limited by the production technique of highly oriented PI
films, however, the PI derived graphite films generally have limited
range of thicknesses; it is challenging to achieve such films with a
thickness larger than 30 mm [4]. In contrast, many electronic de-
vices, e.g., 5G communicating devices operating at high power,
require heat dissipation films simultaneously with a thickness
larger than 80 mm and a thermal conductivity higher than 1500 W/
(m$K).

On the other hand, the in-plane thermal conductivity of sus-
pended graphene has been to be up to 5300 W/(m$K) near the
room temperature [5]. More importantly, graphene films (donated
as GFs) can be obtained by orderly stacking graphene oxide (GO)
platelets and subsequent reduction/graphitization. The thickness of
films derived from GO is highly tunable, e.g., by controlling the
coating thickness of GO suspension in the film preparation. The
pioneering work on the stacking of GO platelets has been demon-
strated by Ruoff's group [6]. Recently, the same group showed a
thermal conductivity of up to 2025 ± 25 W/(m$K) from highly
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densified 5 mm-thick GFs by mixing GO with reduced GO (rGO)
flakes and annealing at 3000 �C [7]. Gao’ s group also demonstrated
a 10 mm-thick GFs with a thermal conductivity of 1940 ± 113 W/
(m$K) [8]. Chen's group synthesized a graphitized GO/PI hybrid GFs
with an in-plane thermal conductivity of 1428 ± 64 W/(m$K) for
30 mm thickness [9]. These works have demonstrated the great
potential of GFs for high-performance thermal dissipation in elec-
tronic devices, but it is challenging to maintain an impressive in-
plane thermal conductivity for thick films (e.g., >80 mm). In
particular, the compact-stacking layers in thick GO films would
largely hamper the escape of gaseous species in graphene lamellae,
which thus would be accumulated inside the films during the
reduction and graphitization, consequently deforming the gra-
phene platelets and leading to a deteriorated stacking order [8,10].
For example, the in-plane thermal conductivity of GFs retained
~1103 W/(m$K) for the thickness of 80 mm [11].

Challenges also remain with conventional thermal reduction
methods below 1100 �C due to generation of gaseous specious (CO2,
CO, H2O, etc.) and topological defects in the carbon skeleton [12].
Subsequent high temperature graphitization is necessary to
remove the residual functional groups and to heal the defects.
Previous studies have shown that the in-plane thermal conduc-
tivity of GFs is dominated by the crystalline domains size [13,14],
the defect content in the graphene platelets and the lateral
boundary between platelets [15e17]. Although various methods
have been proposed to restore the structure of graphene, e.g., by
ethanol [18] or iron (III) chloride hexahydrate (FeCl3) [19] assistant
thermal treatment, extra carbon source or metallic species would
generate more gas species or deteriorate the ordering of GO
stacking. As the orientation of GFs film heavily affects the thermal
conductivity [20], further optimized defect healing protocols while
not to destroy the assembly ordering of GO stacking are needed to
improve the thermal conductivity for thick GFs.

Herein, ascorbic acid (vitamin C, VC) is used as a mild reductant
compared to other reductants such as hydrazine hydrate and
hydroiodic acid [21]. The stable suspensions are achieved by pre-
reduction of GO with 8 wt% VC; the hybrid slurry named as GO-
VC can be assembled into highly ordered films by blade coating.
Only containing C, H, and O elements, VC helps to heal the defects
while avoiding the introduction of impurity atoms, and benefit to
maintain the crystalline domains in the final graphitized films.
Using this strategy, the 80 mm-thick GFs (named as rGO-VC-x film)
demonstrated a superior thermal conductivity of up to 1600 W/
(m$K).

2. Experimental

2.1. Materials

The raw material was commercially available wet GO cake, with
a stock number of SE2430WeN produced by The Sixth Element
Materials Technology Co. Ltd. Vitamin C was purchased from
Shanghai Zhanyun Chemical Co., Ltd. (AR, 99.7%) for laboratory-
scale fabrication or from Shandong Tongsheng Food Ingredients
Co., Ltd. (feed grade) for large-scale production.

2.2. Preparation procedures

The wet cake containing ~50 wt% water was exfoliated into a
homogeneous suspension in more water by high-pressure ho-
mogenization processing (ATS, AH-PILOT 2018), to a concentration
of 3.5 wt%. The 3.5 wt% GO suspension was vigorously stirred and
slowly added with VC. Then the mixture dispersion was further
exfoliated by passing it twice through the high-pressure homoge-
nization processor under a pressure of 850 MPa, from which GO-
800
VC-x suspensions were obtained. Bubbles were eliminated from the
suspensions under the vacuum. After that the suspension was
blade-casted on a PET substrate, and dried in a blast oven at 80 �C
for 2 h, to obtain GO-VC-x films. Then the GO-VC-x films were
thermally treated by a programmed oven to 2950 �C for 2 h to
obtain rGO-VC-x films. rGO-VC-x films were finally compressed
under 70 MPa for 12 h.

2.3. Characterizations

Raman spectroscopy was performed using a confocal Raman
microscope (Renishaw, inVia Reflex) with a laser wavelength of
488 nm thermogravimetric analysis (TGA) measurements (Netzsch,
STA 449 F5) were performed from 25 to 1000 �C at a heating rate of
10 �C/min in a nitrogen atmosphere. X-ray photoelectron spec-
troscopy (XPS) was performed with Thermo Fisher, ESCALAB 250 xi
and the spectra were fitted and deconvoluted using XPSPEAK41
software. Fourier-transform infrared (FT-IR) spectra were recorded
with an infrared spectrometer (Tianjin Gangdong FTIR-650) in a
scan range from 500 to 4000 cm�1 under the attenuated total
reflectance (ATR) mode. X-ray diffraction (XRD) patterns were ac-
quired using an X-ray diffractometer (Rigaku) equipped with a Cu K
a radiation source (l ¼ 0.154184 nm). The zeta potential data were
acquired using a ZEN3700 Nano ZSE. The tapping mode atomic
force microscopy (AFM) were carried out using a Dimension Edge
AFM (Bruker).

Cross-sectional scanning electron microscopy (SEM) images
were obtained on a NavoNanoSEM450 (FEI) field-emission electron
microscope at an accelerating voltage of 10 kV. The in-plane ther-
mal conductivity was measured using a laser flash method using a
NanoFlash instrument (Netzsch LFA 467). Cross-plane thermal
conductivity was tested by Interface material thermal resistance
and thermal conduction system instrument (LW 9389 Longwin).
The density was measured by a vacuum densitometer (Builder, TD-
2200). The thickness of films was acquired with a thickness gauge
(Mitutoyo). The heat capacities weremeasured using a Netzsch DSC
3500 at 50 �C.

3. Results and discussion

Fig. 1 shows the fabrication procedure and optical images of
rGO-VC-x films. In brief, a wet graphite oxide cake made by
modified Hummers’ method [22] was diluted to GO suspension
with a concentration of 3.5 wt% bymechanical stirring for 1 h at the
room temperature. Then certain amount of VC was introduced into
the GO aqueous suspension by stirring for another 2 h. The hybrid
films were made by blade coating of the GO-VC stock; the GO-VC-x
films, where x represents the mass ratio of VC to GO were obtained
by drying the coating at 80 �C for 2 h. Due to the release of gas and
thermal stress during the treatment, foamed like GFs (F-rGO-VC-
8%) show a low density of ~0.32 g/cm3 (Fig. S1a) after the sequential
thermal treatment at 1000 and 2950 �C. Without introduction of
VC, F-rGO-VC-0% has an even lower density of ~0.23 g/cm3. As seen
from Fig. S1b, the typical size of air pocket in F-rGO-VC-8%, is
~10 mm, while that in F-rGO-VC-0% is 15e30 mm. After a mechanical
pressing at ~70 MPa, compact rGO-VC-x films with density of
~2.14 g/cm3 were obtained, as shown in Fig. S1c. The thickness of
rGO-VC-x films ranges from 78 to 83 mm, as listed in Table S1.

To determine the role of VC, GO dispersions with various VC
contents were characterized. From Fig. S3 we can see that the color
of GO dispersions evolves from dark yellow to black with increase
in the VC, indicating that GO has been reduced in the presence of
VC. Correspondingly, SEM images in Fig. 2a and b and S4 reveal that
GO platelets remains flat without wrinkles or agglomeration for
x � 8%. However, when the VC mass ratio exceeds 8%, GO starts to



Fig. 1. Schematic of procedures to fabricate rGO-VC-x films. (A colour version of this figure can be viewed online.)
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agglomerate or restack, as typically shown in the SEM image of GO-
VC-20% in Fig. 2c. The AFM image in Fig. 2d has shown a thickness
of ~0.78 nm measured across the platelets of GO-VC-8%. In com-
parison, the thickness of GO-VC-0%, GO-VC-5% or GO-VC-20% is
~0.8, ~0.75 or ~0.9 nm, respectively, as shown in Fig. S5. The slightly
different thickness of GO platelets after introducing VC might be
caused by removal of some functional groups [23]. Zeta potential
testing was carried out to evaluate the stability of the GO-VC dis-
persions. As shown in Fig. 2e, the absolute value of zeta potential
increases rapidly with introducing 1% VC, indicating the higher
stability of GO-VC-1% than the bare GO suspension. The high zeta
potential values maintain in the VC ratio ranging from 1% to 10%.
When the amount of VC reaches 20%, however, the absolute value
of zeta potential of GO-VC-20% decreases to that close to the bare
GO suspension, which may explain the obvious agglomeration
trend shown in the SEM above (Fig. 2c). Thus, the addition of proper
amount of VC is beneficial to the stability of GO platelets in aqueous
Fig. 2. SEM images of (a) GO-VC-0%, (b) GO-VC-8% and (c) GO-VC-20%. (d) AFM image and c
0.1 wt%. (A colour version of this figure can be viewed online.)
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dispersions, which shall improve the assembly ordering during
coating and drying.

The morphology of the blade coated GO-VC-x films was inves-
tigated to determine the effect of VC content on the assembly
ordering of films. As shown in Fig. 3aec and Fig. 3gei, a smooth
surface of GO-VC-x films is obtained for x� 8%. However, cracks are
observed in GO-VC-10% film (Fig. 3h) and the film even fragments
into small pieces upon drying for GO-VC-20% (Fig. 3i). Corre-
spondingly, the cross-sectional SEM images (Fig. 3def, 3j)
demonstrate a layer-by-layer compact stacking morphology for
x � 8%. But the stacking structure becomes disordered when
increasing the VC content to 10% (Fig. 3k). When the amount of VC
reaches 20%, the cross-section of GO-VC-20% film (Fig. 3l) shows a
heavy disordering with wrinkles and kinks. The assembly ordering
of GO films is essentially related to the colloidal status of GO
platelets, such as the dispersion and spreading of the platelets [24].
In the XRD pattern, GO-VC-0% shows a sharp peak and completely
orresponding height profile of GO-VC-8%. (e) Zeta potential of GO-VC-x suspensions at



Fig. 3. Optical images (a-c, g-i) and cross-sectional SEM images (d-f, j-l) of GO-VC-x films. (A colour version of this figure can be viewed online.)
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disappears when x increases up to 20% (Fig. S6a). The full width at
half maximum (FWHM) corresponding to the interlayer peak for
GO-VC-x films increases from 0.823� to 8.71� when x increases from
0 to 20% (Fig. S6b). Since FWHM is related to the distribution of the
peak position, we presumably attribute the larger FWHM to the
change in stack ordering of GO films, which is sensitive to the hy-
drophilic groups of GO. Combining all the characterizations, we can
clearly see that a proper amount of VC (e.g., ~8%) would promote
the stability of GO suspensions while not disturbing the assembly
ordering of GO films too much. Introducing more VC (e.g., 10% or
20%) would cause the wrinkling or even sheets aggregation in the
stacking, which eventually leads to the cracks or fragmentation of
films upon drying.

The chemical feature of dried GO-VC-x films has been further
characterized to clarify the effect of VC. As shown in the FT-IR
spectra (Fig. 4a), the peaks at 1720, 1617, 1560, and 1370 cm�1 are
ascribed to the stretching vibration of C]O, the bending vibration
of H2O, and the stretching vibrations of C]C and CeOH, respec-
tively [25]. Several peaks of pure VC (Fig. S7) located at 3530, 3411,
3319,1753, and 1663 cm�1, have vanished in the spectra of GO-VC-x
films, which means that VC reacted with the functional groups of
GO. In addition, due to more hydrophobic feature of GO after
certain degree of reduction by VC, the peak at ~1617 cm�1 (bending
vibration of H2O) gradually weakens as x increases, indicating less
water absorption [25]. As a result, the peak intensities of
1560 cm�1 (C]C) and 1370 cm�1 (CeOH) enhances as x increases
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due to the pre-reduction with VC. Fig. 4b and Fig. S8a show the
derivative thermo gravimetry (DTG) and TGA curves of GO-VC-x
films, respectively. The obvious weight loss of bare GO and GO-VC-
1% at ~100 �C (Fig. 4b) is due to the removal of water [26]. The less
loss of water for GO-VC-x with larger x values is consistent to the
FT-IR results, verifying the reduction in such films due to addition of
VC. The temperature corresponding to themainweight loss evolves
from ~227 �C for bare GO and GO-VC-1%, to lower temperature as x
increases, till ~204 �C for GO-VC-10%. The other weigh loss at
around 148 �C is significantly enhanced especially for x of 20%.
Compared to theweight loss of pure VC between 194 �C and 253 �C,
we can see that the introduction of VC has lowered the temperature
needed for reduction, consistent with the FT-IR results [27]. The
pre-reduction would be beneficial to the high temperature
annealing as less gas species shall be generated in the following
treatment.

Raman spectroscopy has been used to investigate the structural
evolution by analyzing the changes in D-band and G-band [28,29].
As shown in Fig. 4c, the FWHM of D-band becomes smaller with
addition of VC, indicating the lower content of defects in a graphitic
lattice [28]. But the ID/IG ratio (Fig. S8c) does not change signifi-
cantly, showing the relatively weak reduction [30,31]. XPS was
further used to analyze the elemental composition of GO-VC-x
films. The C/O atomic ratio is about 1.57, 2.48, and 2.15 for GO-VC-
0%, GO-VC-8%, and GO-VC-20%, respectively (Fig. S8b), indicating
the reduction for x ¼ 8%. But more VC adsorbed on GO sheet



Fig. 4. (a) FT-IR spectra, (b) DTG curves, and (c) FWHWof Raman D band for GO-VC-x films. XPS C 1s spectra of (d) GO-VC-0%, (e) GO-VC-8%, and (f) GO-VC-20%. (A colour version of
this figure can be viewed online.)
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(instead of reducing GO) has decreased the C/O value for x ¼ 20%,
since the C/O ratio in pure VC is 1. The following functional groups:
CeC (284.8 eV), CeO (286.8 eV), C]O (288.2e288.4 eV), and C(O)O
(289.0e289.4 eV) can be seen from C1s spectra [32], as shown in
Fig. 4def and Table S3. As can be seen, the fraction of CeC and C]O
peaks increases with the existence of VC, and that for CeO (CeOH)
peak decreases, verifying the transformation of CeO into CeC by
the pre-reduction of VC.

As shown in the Raman spectra in Fig. 5a, the D-band disappears
and the G-band becomes narrower, indicating an efficient resto-
ration of graphitic conjugation in rGO-VC-x films. The detailed
Lorentzian fitting in Fig. 5b and c shows that, the G0 peaks of rGO-
VC-0% and rGO-VC-8% are both composed of turbostratic stacked
graphite (G0

2D) and AB Bernal stacked graphite (G0
3DA, G0

3DB). The
relative fraction of turbostratic stacking is calculated to be 13.6%
and 22.8%, for rGO-VC-0% and rGO-VC-8%, respectively, according
Fig. 5. (a) Raman spectra of rGO-VC-x films. Lorentzian fitting of Raman G0 peaks of (b) rG
thermal conductivity of rGO-VC-x films. (f) Comparison of rGO-VC-x films with other repor
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to Cançado's equation [33]. Previous studies show that the tur-
bostratic stacking may help to reduce the phonon scattering be-
tween layers due to the weak interlayer coupling [34], which may
enhance the phonon transport in the plane [35]. FromXRD patterns
in Fig. 5c, the FWHMof (002) plane is obviously reduced in rGO-VC-
5% and rGO-VC-8% films. The crystallite size (Lc) for rGO-VC-0%,
rGO-VC-5% and rGO-VC-8% are estimated to be 53.9, 69.3 and
76.0 nm, using the Scherrer equation [36]. The FWHM of rGO-VC-x
(x ¼ 5, 8) films decreases obviously after the introduction of VC,
indicating that the existence of VC has improved the crystallinity
after annealing, although more VC caused wider FWHM in the XRD
of GO-VC-x films. On the other hand, Fig. 5d shows that, although
with more uniform distribution of interlayer distance, the inter-
layer spacing of rGO-VC-5% or rGO-VC-8% films is larger than that in
bare GO, possibly due to the higher content of turbostratic stacking
of VC involved films.
O-VC-0% film and (c) rGO-VC-8% film. (d) XRD pattern of rGO-VC-x films. (e) In-plane
ted values [38e41]. (A colour version of this figure can be viewed online.)
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The in-plane thermal conductivity of rGO-VC-x films has been
evaluated using a laser flash method and more details are included
in the experimental session. As can be seen from Fig. 5e and
Table S1, the thermal conductivity of rGO-VC-x films generally in-
creases as the VC ratio increases till x of 8%, from which a thermal
conductivity of 1603 W/(m$K) is demonstrated. When the VC ratio
is further increased, e.g., to 10%, the thermal conductivity decreases
to the level of bare rGO films. From the comparison shown in Fig. 5f,
the in-plane thermal conductivity of rGO-VC-8% is superior to
previously reported films with the similar thickness [11]. The cross-
plane thermal conductivity of rGO-VC-x films was also tested
(Table S2), which is far lower than the in-plane values. An industrial
scale preparation of rGO-VC-8% films has been demonstrated
(Fig. S1), from which 200 m2 rGO-VC-8% films show a thickness of
80 ± 5 mm and an averaged thermal conductivity of 1550 ± 50 W/
(m$K), exceeding the performance of commercially available arti-
ficial graphite membranes in the market [37].

4. Conclusion

In summary, we have introduced VC to achieve moderate pre-
reduction of GO before thermal annealing process to achieve a GF
with high thermal conductivity and thickness. The reduction of GO
by VC transformed some functional groups (e.g., COOH, C]O) to
those (e.g., CeOH, CeO) which can decompose at a lower temper-
ature, leading to less gas species in the annealing. Meanwhile, the
introduction of VC improved the assembly orderings of the ther-
mally annealed films, which contained a larger fraction of turbos-
tratic stacking and larger interlayer distance. As a result, the GFs
prepared through a blade coating process with VC mass ratio of 8%
demonstrated a thermal conductivity of 1603 W/(m$K) with
thickness of 80 mm, higher than the state-of-the-art graphitic
thermal dispersion films.
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