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T Graphene

Flexible and Transparent Electrothermal Film Heaters
Based on Graphene Materials

Dong Sui, Yi Huang,* Lu Huang, Jiajie Liang, Yanfeng Ma, and Yongsheng Chen

High-performance and novel graphene-based electrothermal films are fabricated
through a simple yet versatile solution process. Their electrothermal performances
are studied in terms of applied voltage, heating rate, and input power density. The
electrothermal films annealed at high temperature show high transmittance and display
good heating performance. For example, the graphene-based film annealed at 800 °C,
which shows transmittance of over 80% at 550 nm, can reach a saturated temperature
of up to 42 °C when 60V is applied for 2 min. Graphene-based films annealed at 900
and 1000 °C can exhibit high steady-state temperatures of 150 and 206 °C under an
applied voltage of 60 V with a maximum heating rate of over 7 °C s, For flexible
heating films patterned on polyimide, a steady-state temperature of 72 °C could be
reached in less than 10 s with a maximum heating rate exceeding 16 °C s~ at 60 V.
These excellent results, combined with the high chemical stability and mechanical
flexibility of graphene, indicate that graphene-based electrothermal elements hold great
promise for many practical applications, such as defrosting and antifogging devices.

to acid or base, and fragility under mechanical bending
deformation.'®3 Alternatives have been investigated to
replace ITO. Ga-doped zinc oxide films that possess reason-
able conductivity and transparency have also been investi-
gated as transparent heaters because of their lower material
cost and relatively lower deposition temperature compared
to that of ITO.['*4 Carbon nanotubes (CNTs) possess excel-
lent thermal,’! electrical, and optical properties,[® which are
key factors that influence the performance of electrothermal
films. Han and co-workers first fabricated transparent heating
films using single-wall carbon nanotubes and an excellent

1. Introduction

Two-dimensional electrothermal heating elements
(films), especially transparent and flexible film heaters,
have attracted growing interest for a wide range of applica-
tions including outdoor displays, vehicle window defrosters,
heating retaining windows, and other heating systems.'l The
commercial film-like heater made from strips of a Fe—Cr—
Al-based alloy has many disadvantages, such as its compli-
cated fabrication process, opacity, heavy weight, rigidity, and
low heating efficiency.l'! Thus, indium tin oxide (ITO) has
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been widely used to prepare transparent heating films as it
is optically transparent to visible wavelengths and has high
electrical conductivity.”) However, ITO has some drawbacks
too, such as the limited availability of indium, intolerance
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heating performance was observed.[®l Since then, CNT film
heaters have been investigated extensively and are proving
to be an excellent potential heating element.[P1¢7]
Graphene, a 2D, atomically thick crystal material that
consists of sp?-hybridized carbons, has attracted much atten-
tion all around the word since it was first isolated in 2004.%]
The amazing electronic properties of graphene result from
its linear electron-dispersion relation,”! room temperature
quantum effects,'”) and ambipolar electric-field effects.®!
Moreover, its 2D aromatic conjugate structure also endows
graphene with excellent mechanical,'! opticall”?l and
thermal conductive (<5000 W m™" K') properties.['*] These
outstanding and unique properties have made graphene-
based materials promising for many applications,'! including
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transparent electrodes,>!!  field-effect
transisistors,[1% sensors,['”7l drug-delivery
systems,['¥]  polymer  photovoltaics,¥]
energy and gas storage,*”! nanocompos-
ites,2!] and integrated circuits.??! To date,
various methods, such as mechanical exfo-
liation,®] epitaxial growth,[] chemical
vapor deposition,?!! and exfoliation and
reduction of graphene oxide (GO),
have been applied to prepare graphene
sheets. Compared to other methods, chem-
ical exfoliation allows for low cost, large-
scale production, and imparts graphene with good solution
processability and versatile chemical properties, which make
it an excellent and practical choice for solution-processed
flexible electronic applications. Thin graphene films with
excellent mechanical flexibility and chemical stability can be
easily prepared by spin-coating a GO solution onto various
substrates, followed by chemical and/or high-temperature
annealing and reduction.

With an easier processing procedure compared with that
of CNTs, which can’t be processed in solution without stabili-
zation by a surfactant, graphene’s super electrical and thermal
conductivity, excellent optical transparence, and flexibility are
expected to make it a superior choice of material for elec-
trothermal applications. Unfortunately, to the best of our
knowledge, there is still no such report about graphene for
electrothermal heating applications. In this work, graphene
electrothermal heating films/elements were fabricated on
both quartz and flexible polyimide (PI) substrates utilizing
a simple solution process beginning from GO followed by
thermal annealing. It is demonstrated that these heating
films/elements have a high performance, with films annealed
at 800 °C (RGO-800) showing over 80% transmittance at
550 nm and reaching a steady-state temperature as high as
42 °C at an applied voltage of 60 V. Furthermore, the films
annealed at higher temperatures of 900 and 1000 °C (RGO-
900 and RGO-1000) have steady-state temperatures of 150
and 206 °C at 60 V, respectively, with a maximum heating rate
of over 7 °C s7!. Flexible films with different thickness were
formed on PI that exhibit good heating performances and fast
response times. Specifically, a saturated temperature of over
70 °C can be reached within 10 s with a maximum heating
rate over 16 °C s™' at 60 V. Importantly, these films are quite
physically robust wherein repeated bending has only a slight
influence on the film’s thermal perform-
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Figure 1. Typical tapping-mode AFM height images (2.5 um x 2.5 um) of graphene films
on quartz: a) RGO-800, b) RG0O-900, and ¢) RGO-1000, with surface roughnesses of 1.275,
0.859, and 0.556 nm, respectively.

enlarge interlamellar spacing and enable it to disperse in
water.[?! In this work a GO aqueous solution with concentra-
tions up to 10 mg ml~' were obtained by simple ultrasonica-
tion. While various methods have been developed to prepare
graphene films, such as spray-coating,/*! spin-coating,! dip-
coatingl®l and vacuum filtration,?”] spin-coating was used in
this study because this method can be manipulated facilely
and can afford more uniform films. Conductive graphene
films were obtained by exposure of raw GO films to hydrogen
iodide (HI) vapor followed by thermal treatment.[?S]

The surface morphology of the fabricated graphene films
deposited on quartz were first characterized by atomic force
microscopy (AFM). Typical AFM height images are shown
in Figure 1. All films display a continuous and homogeneous
surface, which is attributed to the well-dispersed GO in the
precursor solution and the simple spin-coating deposition
method.

GO, whose conjugated aromatic structure is highly dam-
aged in its preparation process, is actually an insulator. A
chemical reduction in combination with thermal annealing
needs to be used to recover its conducting network. It is
well known that both sheet resistance and transmittance
are largely influenced by reduction methods and annealing
temperatures.l'”] As presented in Figure 2a, a linear relation-
ship between the voltage and current was observed for these
graphene films, indicating good semiconducting behavior. As
shown in Table 1, the sheet resistance determined by the I-V
measurement could be greatly reduced from 6.079 kQ O for
RGO-800 to 1.568 kQ 07! for RGO-900 and to 0.641 kQ 17!
for RGO-1000. Next, the optical transmittance of the films
was evaluated and it as found that these films have a pretty
flat and wide transmittance over the whole visible region,
independent of the annealing temperature (Figure 2b).
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Figure 2. a) /-V measurement and b) optical transmittance spectra in the visible region of GO
and reduced GO films deposited on quartz.
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Table 1. Sheet resistance, conductivity, and thickness of different
samples on quartz annealed at different temperatures.

Sample Sheet resistance Film conductivity ~ Film thickness
[k square™] [Scm™] [nm]
RGO-800 6.079 44.5 37
RGO-900 1.568 187.6 34
RGO-1000 0.641 445.7 35

Specifically, =35 nm-thick graphene films reduced under the
annealing temperatures of 800, 900, and 1000 °C have trans-
mittances of 81%, 53%, and 34%, respectively, at a wave-
length of 550 nm. The trend of decreasing transmittance with
increased annealing temperature has been observed in pre-
vious works, and has been attributed to the restoration of the
n-electron system in the graphene structure.'”]

2.2. Electrothermal Performances of Films on Quartz

Direct current power was applied to the graphene
films (valid heating area: 2 x 1.4 cm?) deposited on quartz
and their electrothermal performances investigated under
ambient conditions, as demonstrated in Figure 3. After elec-
trical power is supplied to the films, the surface tempera-
ture monotonically increases over time until a steady-state
temperature is reached. For a given film, the steady-state
temperature increases with increasing applied voltage. The
higher the annealing temperature of the sample, the higher
the steady-state temperature at a given applied voltage

a) 45

(6]

o

~

2

3

§

g

2

15 1 1 1 1 1
0 40 80 120 160 200
Timels
c) 240
60V
180 -

o 50V
-

o

N
S 120} 40V

E 30V

%

E 60 20V
S

10 V
0 1 1 1 1 1
0 40 80 120 160 200
Timels

D. Sui et al.

(Figure 3d). Compared with the other two films, RGO-800,
which has a relatively higher sheet resistance, displays the
lowest steady-state temperature and the lowest heating rate
at the same applied voltage. This may be attributed to the
lower transduction of electrical energy into Joule-heating,
based on the equation P = U%/R (where P is power, U is the
applied voltage, and R is the resistance). RGO-800 shows a
steady-state temperature of 42 °C with a maximum heating
rate of 0.7 °C s7! at a driving voltage of 60 V (see Figure 3a
and the Supporting Information (SI), Figure S1), which is
comparable to heating films prepared with single-walled
carbon nanotubes (SWCNTSs).['PI Therefore, RGO-800 can
be used as a transparent heating film considering its low elec-
tricity consumption (e.g., maximum input power density of
less than 0.175 W cm™ (see SI, Figure S1)), and good trans-
parency of higher than 75% over the whole visible region.
Furthermore, as shown in Figure 3b,c, a higher heating rate
and higher steady-state temperatures are observed for RGO-
900 and RGO-1000, which benefit from lower sheet resist-
ance. Both of these two samples can reach their steady-state
temperatures in less than 2 min. A saturation temperature of
55 °C can be reached for RGO-900 when a voltage of 30 V is
applied, which can be increased to 150 °C by increasing the
voltage to 60 V. With regard to RGO-1000, the steady-state
temperature at 60 V is up to 206 °C. Both of the two films
show maximum heating rates of over 7 °C s7! at an applied
voltage of 60 V (see SI, Figure S1), which is much higher
than that of SWCNTs at the same voltage.['" Compared to
the RGO-800, the RGO-900 and RGO-1000 samples can
achieve a higher input power at the same applied voltage
because of the improved conductivity resulting from the
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Figure 3. Electrothermal performance of graphene films (2 cm x 1.4 cm) deposited on quartz. Time versus temperature profiles with respect to
different applied voltages for a) RGO-800, b) RGO-900, and c¢) RGO-1000. d) Steady-state temperatures versus the applied voltages.
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higher temperature of reduction. But the maximum input
power density is still less than 2 W cm™ (see SI, Figure S1).
Figure 4 depicts the infrared thermal images of the
graphene films at their steady-state temperatures under an
applied voltage of 60 V. It should be noted that the tempera-
ture distribution of the graphene films at the applied voltages
is rather homogeneous. This even distribution of heat may
be attributed to the excellent thermal and electrical conduc-
tivity of graphene as well as the highly uniform surface of
the graphene films. It should also be noted that the size of
the films fabricated using the solution-based process outlined
here is not limited to small sizes. Thus, it is possible to pro-
duce films for applications that require larger active areas.
With the excellent optical and electrothermal properties of
these graphene films in hand, several immediate applications
can be proposed. RGO-800, which possesses an improved light
transmission over the other samples, could serve as a trans-
parent film heater on either car or building windows. As a
demonstration, frost of about 1 mm thickness was allowed to
form on the back of the graphene film at —10 °C in a refrig-
erator and a defrosting test was carried out under the same
conditions (see Figure 5a,b). As it is shown in Figure 5c, the
frost on the surface of the heating element was completely
removed after a voltage of 60 V was applied for only 2 min.
Considering the excellent chemical sta-
bility, light weight, and high transparency of
graphene, a graphene-based defroster is fea-
sible for outdoor displays, the back and side
windows of vehicles, and other equipment
needing transparent heating films for either
defrosting or temperature maintenance.
Though RGO-900 and RGO-1000 show
improved electrothermal performance, it
came at the cost of reduced transparency.
Nevertheless, these films may find use in
many other devices that need heating
films but do not have the requirement of
a high transmittance. For example, people
are always bothered by the invisibility of
rearview mirrors in vehicles and bathroom
mirrors in winter because water vapor is
always condensed on their surfaces. As
such, the applications for these films could
include antifogging for such mirrors. Here,
a moisture removal device is fabricated by
pasting RGO-900 on the back of a mirror
and tested its antifog effect under the same
conditions as mentioned above. As shown
in Figure 6a,b, the image in the mirror

a)
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Figure 4. The infrared thermal images of a) RGP-800, b) RGO-900, and c) RGO-1000 at 60 V.
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becomes totally indistinct after
a thin layer of water was con-
densed on it. However, after
applying a voltage of 60 V for
30 s to the heating film, the
moisture on the mirror surface
was removed and the visibility
of the image was clearly recov-
ered (Figure 6¢). The excel-
lent heating performances of
these films also endows them with applications that need a high
heating rate and a high steady-state temperature.

2.3. Flexible Heating Units on PI

Flexible heating films with different thickness on PI
(valid heating area: 2 x 1.6 cm?) were fabricated by simply
spin-coating a solution of GO on PI followed by pre-reduc-
tion with HI vapor and thermal annealing at 450 °C. Their
electrothermal performances under different test conditions
were studied. The mechanical robustness and flexibility of the
films were investigated by repeatedly bending them 100 times
(see inset of Figure 7c). It’s important to note that after 100
bending cycles there is no visible change in the morphology
and only a slight change in the resistance of these graphene
films on PI substrates (both samples PI-1 and PI-2 with dif-
ferent thicknesses) was observed (see SI, Table S1). This out-
standing performance may be attributed to the robustness
and flexibility of the graphene films.

As shown in Figure 7 and Figure 8, similar results are
observed for the films on PI as for those on quartz substrates.
The surface temperature of the film, when charged with elec-
trical power, exhibits a fast monotonic rise until a saturation

Figure 5. Frost removal performance results of RGO-800 before (a) and after (b) frost formed
on the back of the film, and c) after heating at 60 V for 2 min.

Figure 6. Moisture removal results of RGO-900, before (a) and after (b) watervapor condensed
on the mirror surface, and c) after heating at 60 V for 30 s.
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Figure 7. Time versus temperature profiles of PI-1 (2 cm x 1.6 cm) with
respect to different applied voltages in a) planar and b) curved states,
and ¢) after bending 100 times. d) Steady-state temperature versus
applied voltage.

temperature is reached. The steady-state temperature of PI-1,
which has a thickness of 45 nm, is over 50 °C at an applied
voltage of 60 V, with the maximum heating rate exceeding
10 °C s7! (see SI, Figure S2), while the saturation temperature
of PI-2, which has a thickness of 70 nm, is as high as 72 °C
with heating rate of 16 °C s7! at 60 V (see SI, Figure S3). It

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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is obvious that the higher steady-state temperature of PI-2 is
due to its lower sheet resistance. Moreover, compared to PI-1,
a much smaller change in resistance for PI-2 was observed
after repeatedly bending 100 times (see SI, Table S1), which
may be attributed to the thicker film of PI-2. More impor-
tantly, repeated bending tests (over 100 times) of these
flexible heating units has rather little impact on their electro-
thermal performance, as shown in Figure 7d and Figure 8c.
The difference in steady-state temperature before and after
100 bending cycles is only about 2 °C, which may partially
arise from convective heat transfer by the air flow adjacent
to the film.

Furthermore, compared with the graphene films on quartz
and glass substrates, these flexible graphene thermal heaters
display even better electrothermal performance. The steady-
state temperature of the graphene films on flexible PI was
achieved within 10 s compared with =80 s using quartz, and
the maximum heating rate at 60 V could exceed 16 °C s™! com-
pared with 9 °C s7! using quartz (see SI, Figure S1,S3). Both
the PI-1 and PI-2 samples under all testing conditions have a
maximum input power density lower than 250 mW cm™ (see
SI, Figure S2,S3). The better heating performance is due to
the smaller thickness and smaller heat capacity of PI com-
pared with quartz. Also, the temperature on the entire surface,
regardless of whether the surface was in a planar or curved
state, is rather even as the IR thermal images show (see SI,
Figure S4). Consequently, not only is the electrothermal per-
formance of these two heating units excellent, but also the
heating rate and steady-state temperature could be adjusted
by simply changing either the film thickness or the applied
voltage. The electrothermal films fabricated here, with the
advantages of flexibility, low energy consumption, and very
fast heating times, could be used as heating units where both
flexibility and high heating performance are required.

3. Conclusion

Graphene-based electrothermal heating elements with
excellent heating performance and flexibility were fab-
ricated through spin-coating a GO solution on quartz or
PI and their electrothermal performances were studied in
terms of heating rate and applied voltage. Heating films
deposited on quartz show high transparencies and good
heating effects. Devices for defrosting or antifogging based
on these heating units were prepared and remarkable effi-
ciencies were observed. Flexible graphene films formed on
PI show exciting electrothermal and mechanical properties
including fast heating rates and pretty robust endurance
against repeated bending. We attribute these properties to
the excellent electrical, thermal, optical, and mechanical
properties of graphene. As a consequence of their chem-
ical stability, mechanical flexibility, high transparency, light
weight, and scalable production through easy solution
processing, graphene films are excellent potential candi-
dates for film heaters. Some notable applications include
thermal control components for aircrafts, in medical equip-
ment, or in home appliances as well as in many other indus-
trial fields.
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Figure 8. Time versus temperature profiles for PI-2 (2 cm x 1.6 cm) with respect to different applied voltages before (a) and after (b) bending

100 times. c) Steady-state temperature versus applied voltage.

4. Experimental Section

Preparation of Graphene Oxide: The starting material GO
was prepared through a modified Hummers method reported
elsewhere.!3! In brief, flake graphite (Qingdao Tianhe Graphite
Co. Ltd., Qingdao, China, 20 um) was oxidized by NaNO; and
KMnO, in concentrated H,S0, and reacted with 30% H,0, to
complete oxidation, then washed thoroughly with dilute H,SO,,
dilute HCl, and deionized water. Lastly the GO was isolated by
centrifugation and dried to obtain a brown solid that can be dis-
persed in water to a concentration of up to 15 mg mL™! by simple
ultrasonication.

Deposition and Reduction of Graphene Oxide Films: Graphene
oxide was dispersed in water at a concentration of 10 mg mL™
by ultrasonication for 2 h. The GO solution was deposited on
hydrophilic substrates with dimensions of 2.0 cm x 2.0 cm (such as
quartz, glass, and PI) by spin coating method. Generally speaking,
for the films on quarts and glass (2 cm X 2 ¢cm x 1 mm), the GO
solution coated on substrates was allowed to stand for 30 s to wet
the surface, after which the substrates was spin at 500 rpm for 9 s
and 3000 rpm for 30 s. Then the films were dried at room tempera-
ture for 5 h and then at 80 °C for 5 h. After that, the GO films were
placed on filter papers saturated with an HI solution and sealed
in a container which was put in a constant-temperature oven at
100 °C for 10 h, wherein pre-reduction was accomplished from
exposure to HI vapor. The films were further reduced by thermal
annealing at the rate of 5 °C min~! and held at their target tem-
peratures for 3 h under the atmosphere of Ar/H, (9:1 vol.) in a
quartz tube furnace, then cooled to room temperature naturally.
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Different annealing temperatures were carried out to evaluate the
transparency and electrothermal performance. Three heating films,
RG0-800, RGO-900, and RGO-1000, were made, representing the
samples annealed at 800, 900, and 1000 °C, respectively. Films
deposited on Pl (2 cm x 2 ¢cm x 50 um) with different thickness
were prepared using a similar method. After pre-reduction with HI
vapor the films were heated to 450 °C at a rate of 5 °C min~?, held
at 450 °C for 5 h under the same atmosphere mentioned above,
and then cooled to room temperature naturally.

Characterization: After reduction/annealing treatment, gold
electrodes with a width of 2 mm and thickness of 50 nm were
deposited onto the films through a shadow mask and their sheet
resistances were measured with a semiconductor parametric ana-
lyzer (Keithley 4200, Keithley Instrumetns Inc.). Transmittance in
the visible region was measured using UV-vis—NIR spectropho-
tometer (JASCO V-570). Tapping-mode atomic force microscopy
(AFM) measurements were performed using a Multimode SPM
from Digital Instruments with a Nanoscope llla Controller to char-
acterize the surface morphology of the graphene films. The thick-
ness of graphene film was measured by a profilometer (XP-2
AMBIOS Technology). For films deposited on PI, silver paste elec-
trodes were used instead of gold and the sheet resistance was
determined with a digital multimeter (UT61B). The voltage was
supplied by a DC power source (Zhaoxin RXN-6050) and a digital
multimeter was used to measure the current. The average surface
temperature of the films was measured in real time by an infrared
thermometer (MASTECH MS6550A). The surface temperature dis-
tribution was characterized by an infrared thermal imager (Raytek
RAYPi20).
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