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Electro thermal papers have been widely applied in people's daily life. Compared to traditional metal
alloy resistance heaters, three dimensional graphene/carbonized-PAN composite freestanding paper
with lightweight, good flexibility and excellent electrothermal performance is presented. It retains
intrinsic properties of graphene sheets in the bulk state, and exhibits fast electrothermal response under
low operation voltage with robust mechanical property. The fastest specific heating rate could be up to
213°Cs~ 1V~ and the highest Ty is 235 °C at low driving voltage just of 1.75 V, which far surpasses those

of previous carbon-based film heaters, commercial nichrome wire, and Kanthal wire. These outstanding
properties together with the advantage of facile and large-scale fabrication, make the composite paper
with great potential applications in flexible electronics.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Superior electrothermal heating elements own merits of high
electrothermal conversion efficiency and fast electrothermal
response and widely used in applications including vehicle window
defrosters, outdoor display, household electric heater and other
heating systems [1—3]. The traditional resistance heaters, such as
Ni—Cr and Fe—Al alloys, are limited by their heavy weight, rigidity,
intolerance to acids and bases and limited heating efficiency [4,5].
In general, ultrafast electrothermal response, low operation
voltage, and good flexibility are the three key parameters to eval-
uate the efficiency of the electro-heating devices.

Graphene based materials, including 1D fiber and 2D film, are
promising candidates for electrothermal heating elements due to
its good electric and thermal properties [6—8]. Particularly, 2D films
such as graphene based transparent films have been highly con-
cerned as electrothermal heaters for vehicle window defrosters and
heating retaining windows, due to their transparency and light
weight [9—11]. However, such transparent electrothermal heaters
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usually need to attach to fragile substrate (glass or ITO) and could
not form a large-scale film with uniform electrothermal properties.
So it has highly limited their applications in many fields of large
scale heating system and high power heating elements, such as
home electric heating system, aircraft wing deicing system
[5,12—14], which require a free-standing and lightweight macro-
scopic paper with fast thermal response and low operation voltage
as possible.

Macroscopic graphene material maintained the 2D intrinsic
properties of graphene sheets in the bulk state with high electrical
and thermal properties is ideal electrothermal heaters. Moreover,
low specific gravity, chemical resistance, large heating area and
infrared radiation beneficial to human body are the unique ad-
vantages of the graphene electrothermal papers (GEPs). Various
preparation methods have been developed to obtain GEPs such as
chemical vapor deposition (CVD), vacuum filtration/thermal
reduction, electrochemical exfoliation and ball-milling [15—18].
However, due to the defects of graphene sheets or/and the weak
van der Waals interaction between graphene sheets after reduction
process, these GEPs usually can't perform well both the electro-
thermal and the mechanical performance, with long response time
up to stable-state temperature (beyond 10 s) and higher operation
voltage (more than 10V) [8,19—22]. Extensive efforts have been
made to increase the interlayer interaction between graphene
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sheets via covalent crosslinking, hydrogen bonding, ionic bonding,
and van der Waals attraction [23—28]. Generally, these external
enhancers contain flexible polymer chains, metal ions binding,
organic functional molecule and inorganic nano filler [29—33],
which could remarkably improve the mechanical performance of
the GPs, even give GPs some extra exciting performance. However,
these external components would deteriorate the electrical prop-
erty and the thermal stability of the GEPs. Thus, it's a great chal-
lenge to develop a macroscopic GEP, retaining intrinsic properties
of graphene sheets in the bulk state, exhibiting fast electrothermal
response under low operation voltage together with robust me-
chanical property.

2. Experimental
2.1. Preparation of three dimensional graphene (3DG)

The 3DG was prepared as following procedures. The starting
material, graphene oxide (GO), was synthesized by the oxidation of
natural graphite powder using a modified Hummers’ method. 3DG
was prepared following our previous procedures. The GO was
dispersed in ethanol, and a low concentration GO solution
(~0.5 mg mL~!) was solvothermally treated in a Teflon-lined auto-
clave at 180 °C for 12 h. Then the as-prepared ethanol-filled inter-
mediate product was carefully removed from the autoclave to have
a slow and gradually solvent exchange with water. After the solvent
exchange process was totally completed, the water-filled product
was freeze-dried. Finally, the material was annealed at 400 °C for an
hour in argon atmosphere to obtain the 3DG.

2.2. Preparation of 3DG/carbonized-PAN composite paper

For 50%PAN@3DG, first, 100 mg 3DG was dispersed in 50 mL
DMF by stiring, then followed by adding 100 mg PAN dissolved in
10 mL DMF and the mixture solution was homogeneous through
stiring. The mixture was concentrated by solvent evaporation at
70°C, casted in teflon mold and then mechanical pressed at
270 MPa for 1 h to obtain the compact 3DG/PAN composite paper.
The mechanical press was achieved in a stainless steel moulding,
and then was pressed by a machine to achive certain pressure on
the up and down surface of the mould. The mould effective size was
40 mm in diameter and 50 mm in height. The obtained paper was
pre-oxidized under 20 MPa at 270°C for 360 min in air and then
carbonized under 20 MPa at 1000 °C and 1500 °C for 60 min in Ar
atmosphere to obtain the final 3DG/carbonized-PAN composite
paper. The press process at high temperature was obtained through
two graphite cylindrical mold face to face at certain pressure and
the pressure was kept by four graphite screw spike.

2.3. Characterization

The morphology of the 3D GPs was observed by scanning
electron microcopy (Nova Nano SEM 230 operated at 5.0 kV). The X-
ray photoelectron spectroscopy (XPS) analysis was obtained using
PHI 5000 VersaProbe (ULVAC-PHI, Japan). Raman spectra were
examined with a Renishaw InVia Raman spectrometer using laser
excitation at 514.5 nm. Combustion elemental analysis (EA) was
done at Vario Micro cube, (Elementar, Germany) for determination
of the C, H and O content. The tension testing was carried out by
single fiber tension machine with tension rate of 10 mm min-1
(LLY-06ED, Lai zhou electron instrument CO. LTD). The sample
was cut into a strip of 20 x 3 mm? and the thickness of the samples
were 30—60 pm. The electrical conductivity was measured by four-
probe method using Keithley 2450. The electrothermal behavior of
the 3D GPs was studied mainly on a rectangular sample

(5 x 20 mm?) powered by a d. c. power supply (KA3005D/P), while
the temperature of the sample was monitored using an infrared
temperature detector (QC 300, Taicooen).

3. Result and discussion

Recently, we have developed a three dimensional crosslinked
bulk graphene material (3DG) which possesses a homogeneous
structure, with low density (near air) and close to 100% porosity,
assembled by randomly oriented graphene sheets through covalent
bonds [34—36]. We adopt a strategy of using this 3DG as precursor
instead of traditional GO dispersion to prepare graphene paper,
which, on one hand, would greatly avoid the long-time assembly
layer by layer, more importantly, would increase the interaction
between the graphene sheets by chemical bonding. The X-ray
photoelectron spectroscopy (XPS) in Fig. S1 demonstrated the
exsistence of C—0O (~286.7eV) and C=0 (~288.6eV) bonds. The
peak at 1717 and 1190 cm ™! in the infrared spectrum (IR) in Fig. S2a
are assigned to the stretching vibrations of C=0 and C—O. The
Scanning Electron Microscope (SEM) in Fig. S2b showed the
crosslinking structure of 3DG. All these proved under the sol-
vothermal synthesis conditions, reactions are expected among the
OH, COOH and epoxy bond functional groups of adjacent graphene
sheets to generate aromatic ether and ester bonds between the
sheets. Furthermore, using polyacrylonitrile (PAN) derived struc-
ture (carbonized-PAN) as filler, as shown in Fig. 1a, an intercalated
and compact 3DG/carbonized-PAN composite paper was obtained
through mechanical press, peroxidation and carbonization. The sp?
graphite domains from carbonized-PAN were filled in the voids of
3DG and provided transport paths for the electrons in basal plane of
graphene. Meanwhile, they acted as structure enhancer to increase
the interaction between the graphene sheets to improve the me-
chanical and electrical performance of the whole composite papers.

By varying the content of PAN occupying the voids of the 3DG,
an optimal balance between compactness and electrons prior
transfer channel would be achieved. The tension strength and
electrical conductivity increased with the addition of PAN until 50%,
as shown in Fig. S3. The optimized composite paper was 50%
PAN@3DG-1500 with addition of 50 wt% PAN and carbonized at
1500°C. It exhibited excellent electrical and mechanical perfor-
mance (tension and bending performance). The optimized com-
posite paper by carbonized-PAN filling improved the tension
strength to 52 MPa, increasing 85% compared with the pure 3DG
paper (Fig. 1b), and was ten times more than the commercial
graphite paper (Fig. 1b). The specific electrical conductivity (k/p, k is
the electrical conductivity (S m~!) and p is density (g cm™—3)) of
optimized composite paper was 1 x 10°Sm™', increasing 150%
compared with the pure 3DG paper (Fig. S3b) and was same order
magnitude with traditional Ni—Cr and Fe—Al alloys resistance
heaters (~10° S m~1). Further increasing the fraction of PAN beyond
50% led to encasing the 3DG skeleton in the carbonized-PAN
graphite domains after high temperature annealing. On one hand,
this resulted in the fracture point transferring from 3DG to graphite
domain and weakened mechanical performance. On the other
hand, the carbonized-PAN dominated in the composite film,
resulting more grain boundaries between the graphene and smaller
graphite domains of carbonized-PAN. Electrons would be hindered
when transport between these domains, resulting lower electrical
conductivity than the optimized composite paper. Compared with
other graphene based papers in literatures [7,17,18,37,38] (Fig. 1c),
the optimized composite paper furthest retained the intrinsic
graphene properties, combining both the mechanical and electrical
performance.

Graphene based materials are attractive for energy-efficient
electro thermal heaters because of their low heat capacity,
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Fig. 1. (a) The schematic diagram of preparation process of the 3DG/carbonized-PAN composite paper. (b) Strain-stress curve of the optimized composite paper (50%PAN@3DG) and
pure 3DG paper without PAN, both carbonized at 1500 °C and commercial graphite paper. (c) Comparison of the specific electrical conductivity and specific tension strength of the
optimized composite paper with other graphene based papers in literature. Specific electrical conductivity is defined as k/p, where « is the electrical conductivity (S m™'), p is
density of the paper (g cm~2). Specific tension strength is defined as o/p, where ¢ is the tension strength (MPa). (A colour version of this figure can be viewed online.)

excellent joule heating performance. Advantage of above excellent
electrical and mechanical performance of the optimized graphene
composite paper made it promise as electro thermal heater. Both
ends of the optimized graphene composite electrothermal paper
(OGEP) were connected to a direct current power supply by copper
foil. The temperature distribution of the paper under an electric
field was monitored by a real time infrared thermal detector. As
illustrated in Fig. S4, when the electric field was carried out, both
the heating and cooling process accomplished within 1 s until the
corresponding saturated temperature (Ts) was reached. This fast
thermal response owed to the low thermal capacity of the OGEP
compared to other materials. The Ts of the OGEP were 65, 97, 125

and 196 °C at input voltage of 0.88,1.13,1.30 and 1.61 V, respectively
(Fig. 2a). Moreover, both the T and heating rate linearly rise with
input voltage (Fig. 2b). Considering the higher T; in literatures was
obtained at higher voltage, the specific heating rate (heating rate/
voltage) was defined for fair comparison. Compared with rGO film
and CNT film in literatures [7—9,20,39], even commercial heating
element and carbon fiber paper, the OGEP showed fastest specific
heating rate and higher Ts, as shown in Fig. 2c. The fastest specific
heating rate could be up to 213°Cs~!V~1, and the highest T, was
235°C at low driving voltage just of 1.75V, which far surpasses
those of previous carbon-based film heaters, commercial nichrome
wire, and Kanthal wire.
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Fig. 2. (a) Temperature profiles of the optimized composite paper at different applied voltage. (b) Heating up rate and the corresponding saturated temperature as a function of the
input voltage for the optimized composite paper. Insert is its infrared image at the input voltage of 1.4 V. (c) Comparison of the specific heating rate and saturated temperature of the
optimized composite paper with other carbon based materials in literatures. Specific heating rate is defined as heating rate divided by applied voltage (d) Temperature profiles of
the optimized composite paper under stepwise voltage from 0.8 V to 1.82 V. Insert are the infrared images at the input voltage of 0.8 and 1.82 V. All the scale bar above were 1 cm. (A

colour version of this figure can be viewed online.)
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When applied a voltage on the paper, the temperature was
uniformly distributed at the whole paper (insert of Fig. 2b), indi-
cating the structure integrity and homogeneity of the OGEP.
Furthermore, the OGEP showed fast responsibility and without
hysteresis when worked in periodic or stepwise process. As illus-
trated in Fig. 2d, with stepwise voltage from 0.80 to 1.82 V applied
to the paper, the temperature rise up accompanied with the
increasing input voltage and the temperature distribution was
uniform (insert of Fig. 2d). This indicated the structure integrity and
easy to operation of the OGEP. The surface temperature distribution
was measured and recorded with infrared camera.

It was the first reported carbon based material to have such fast
specific heating rate at lower driving voltage. Such outstanding
electro thermal performance ascribed to the unique microstructure
of the 3DG filled by the carbonized PAN with low thermal capacity
[40]and excellent electrical and thermal properties. When a fixed
voltage was applied on the OGEP, the electrons would transport
between the domains of the paper at the external electric field. This
lead to interaction between electrons and lattice at numerous grain
boundaries and finally the electric-thermal energy exchange. In
such pure resistance circuit, Ohm's law (U = IR) and Joule's law
(Q = I?Rt)) were applicative. Theoretically, assuming the electrical
energy has been completely converted to thermal energy, the
conversion could be described by Joule's law P = U? / R (where P is
the input electric power, U is the input voltage and'R is the resis-
tance of the sample). At a constant DC voltage, a smaller R means
more electric energy converted to thermal energy, which was in

accordance with the excellent electric conductivity of the OGEP. The
density of the OGEP is less than 1.0gcm™! (Fig. S5), much lower
than commercial graphite paper (~1.8 gcm™') and traditional rGO
paper obtained by filtration or exfoliation method (1.5-2.5gcm™1).
According to the relationship of thermal energy and temperature,
dQ = cmdT , where dQ is the thermal energy change, dT is the
temperature change, ¢, m are the thermal capacity and mass of the
sample, respectively, the OGEP had low thermal capacity and much
lower density, so much higher Ts and faster response could be ob-
tained at constant voltage circuit (Fig. S6).

The microstructure of the OGEPs was investigated by scanning
electron microscope (SEM). The section morphology of the pure
3DG-1500, 50%PAN@3DG-1500 papers and pure PAN-1500 frag-
ments (Fig. 3a—c) showed that the composite papers densified with
larger PAN content. The pure 3DG-1500 paper remained the orig-
inal 3D crosslinked structure and retained parts of the voids
(Fig. 3a), and the pure PAN-1500 displayed smooth and homoge-
neous morphology but can't form an integrated paper due to the
high inner stress during carbonization process (Fig. 3c). While the
50%PAN@3DG-1500 presented compact structure with the
carbonized-PAN domains almost entirely filling the voids and
interlocking the graphene sheets (as marked by red dash line in
Fig. 3b). And finally it formed an integrated composite paper as
shown in insert of Fig. 3b. The carbonized PAN (graphite domains)
filling the voids of the 3DG afforded extra electron transport
channels and strengthen the interaction of graphene sheets.

Furthermore, high carbonization temperature made effective
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Fig. 3. (a) The cross-section SEM of pure 3DG paper carbonized at 1500 °C. Insert is the high magnification with the 3D crosslinked structure. The cross-section SEM of (b) the
optimized composite paper with 50% PAN content and (c) 100% PAN fragments. The scale bar above is 5 um. Inserts are the photographs of the macro papers respectively. (d)
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under cyclic bending for 1000 times. (f) The temperature evolution of the optimized composite paper under 1000 bending cycles at voltage of 1.0 V. Insert are the infrared images of
the paper in a bending cycle. (g) The cyclic stability of the optimized composite paper during 500 cycles between on and off at driving voltage of 1.0 V. All the scale bar above were

1 cm. (A colour version of this figure can be viewed online.)
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restoration of the conjugated structure of the graphene and
graphite domains to improve its electrical performance. X-ray
photoelectron spectroscopy (XPS) and elemental analysis (EA)
showed the N atoms almost removed (Fig. S7) and carbon content
sharply increased with the temperature increasing from 1000 °C to
1500 °C (Table S1). Furthermore, the increase of sp? crystalline
domain size (Lg, in-plane size and L., out-plane size) also demon-
strated the restoration of the sp® structure with the increasing
temperature (Figs. S8 and S9, Tables S2 and S3). And the graphite
domains possible grow along the edge defect of graphene sheets to
improve the mechanical performance (Figs. S10 and S11). Thus, the
specific electrical conductivity of the composite paper was in the
same order of magnitude with traditional metal alloys for electro-
thermal heaters.

Based on above structure analysis, the combination of 3DG and
PAN could make up their respective shortcomings. On one hand,
the voids of 3DG would provide adequate space to disperse the
inner stress of the graphite domains from carbonized-PAN. On the
other hand, the graphite domains would intercalate the graphene
sheets to be favorable for electrical and mechanical properties.
Fig. 3d show the excellent bending performance of OGEP. We
investigated its bending behavior by monitoring the variation of
electrical resistance. The resistance didn't change dramatically with
the variation of bending radius (Fig. 3e), suggesting a good toler-
ance on bending deformation. After 1000 bending-releasing cycles
for a radius of 18 mm, the resistance kept stable without obviously
variation (Fig. 3e). Such excellent bending performance was also
shown in electrothermal conversion process. As shown in Fig. 3f, no
obvious temperature change was observed after 1000 bending
cycles (curve radius of 18 mm). The temperature distribution of the
flatness and bending papers was uniform from infrared images of
insert of Fig. 3f, demonstrating the mechanical thermal stability of
the OGEP. Moreover, the paper exhibited fast response between on
and off at driving voltage of 1.0 V. The T; kept steady even after 400
cycles (Fig. 3g). Such mechanical, specially bending stability under
heating process was due to the 3D crosslinked micro structure of
the 3DG/carbonized-PAN composite paper. Also, the excellent
electrothermal performance under bending proved its wide
application under harsh environment.

Moreover, the OGEP exhibited an outstanding dehumidification
and deicing ability. As shown in Fig. 4, a piece of ice
(~7 x 4 x 4mm?>, 30 mg) is entirely melted rapidly within 6sat
1.0V on a rectangular paper (20 x 5 x 0.035 mm?>). And within 40s,
the melted water completely evaporated. From the infrared images
of the paper under deicing process, the temperature of the paper
gradually was uniform with the ice melting and the water evapo-
ration. The rapid response for deicing and the weather resistance of

the carbon made the composite paper a promising candidate in the
large-area and quick heating field.

4. Conclusion

In conclusion, using 3DG and carbonized-PAN as skeleton and
filler respectively, we have developed a novel composite graphene
paper, which exhibited outstanding specific electrical conductivity
up to 1x 10°Sm~". Furthermore, the composite paper demon-
strated excellent electro-thermal properties with the fastest spe-
cific heating up rate per voltage of 213°Cs~!V~! and the Ts of
235 °C at low driving voltage just of 1.75V, obviously better than
commercial metal alloys, carbon fiber paper and graphite paper.
Such excellent performance was attributed to its hierarchical
structure with the graphite domains fully intercalating the voids of
3DG, serving as the bridge of graphene sheets to increase the
transmission paths for the electrons. We believe the composite
graphene paper have provided new thinking for the large-area and
quick heating field.
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