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ABSTRACT: Graphite sheets are known to exhibit remarkable performance in applications such as heating panels and critical
elements of thermal management systems. Industrial-scale production of graphite films relies on high-temperature treatment of
polymers or calendering of graphite flakes; however, these methods are limited to obtaining micrometer-scale thicknesses. Herein,
we report the fabrication of a flexible and power-efficient cm2-scaled heater based on a polycrystalline nanoscale-thick graphite film
(NGF, ∼100 nm thick) grown by chemical vapor deposition. The stability of these NGF heaters (operational in air over the range
30−300 °C) is demonstrated by a 12-day continuous heating test, at 215 °C. The NGF exhibits a fast switching response and attains
a steady peak temperature of 300 °C at a driving bias of 7.8 V (power density of 1.1 W/cm2). This excellent heating performance is
attributed to the structural characteristics of the NGF, which contains well-distributed wrinkles and micrometer-wide few-layer
graphene domains (characterized using conductive imaging and finite element methods, respectively). The efficiency and flexibility
of the NGF device are exemplified by externally heating a 2000 μm-thick Pyrex glass vial and bringing 5 mL of water to a
temperature of 96 °C (at 2.4 W/cm2). Overall, the NGF could become an excellent active material for ultrathin, flexible, and
sustainable heating panels that operate at low power.

KEYWORDS: graphite film, electrothermal heater, low power, flexible, modeling

1. INTRODUCTION

Heating devices are one of the most integrated items in our
daily lives, ranging from home appliances (e.g., kettle and
toaster), devices for defogging windows, and outdoor display
panels,1,2 to less immediately visible technologies such as
microfluidic chips3 and sensors.4−7 Nevertheless, most existing
devices rely on resistive heating, involving materials such as
nickel−chromium alloys. High-end heating devices have
traditionally used ceramics and metals, the most common
being indium tin oxide (ITO),8 fluorine tin oxide (FTO), poly-
Si,5 and moldable metal alloys (e.g., Kanthal).2,9 In addition to
problems such as potential toxicity (e.g., chromium), limited
precursor availability (e.g., indium), and/or complex manu-
facturing processes, these materials may not be appropriate for
use in scaled-down devices owing to their brittleness, high
mass density, or chemical reactivity.10,11 Thus, new flexible and
lightweight active materials are needed to meet the require-
ments11−15 of modern society.

In recent years, carbon nanomaterials have been integrated
in heating applications following an effort to develop low-
power and flexi-transparent resistive panels. For example,
carbon nanotubes (CNTs) were combined with an electrically
conductive polymer, PSS:PEDOT, to fabricate printed heaters
with electronic ink, providing better performance than those
based on ITO films.16−18 However, the processing of CNT
samples, including purification, bundle separation, and matrix
dispersion, commonly increases manufacturing costs and may
alter the electrical and thermal conductivities of such
fillers.11,13,16,19,20 Another limitation of polymers and printing
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techniques is the production of heating elements that are
micro- to millimeter thick.13,16,19

Graphene represents an alternative to CNTs with a low
convective heat transfer coefficient, thereby enabling excep-
tional electrothermal device performance.21 Still, because
graphene-based heaters suffer from large sheet resistance,
they require a reasonably high input voltage (20−60 V) to
attain operational temperatures (50−250 °C).1,22−24 Methods
that attempt to overcome this issue include sequential transfer-
and-stacking of multiple graphene sheets, lattice doping,
mixing with metallic nanoparticles, and fabricating gra-
phene−CNT hybrid structures.10,20,21,23,25−29 Overall, these
approaches involve process steps that hinder a lean and cost-
effective workflow for future technology deployment. In
addition to graphene sheets, resistive heating elements have
been successfully made from graphene derivatives such as
graphene oxide (GO),25 reduced graphene oxide (rGO),24 and
laser-induced rGO (LrGO).30−32 Although these materials
have the advantage of low production costs and simple process
workflows, they suffer from batch-to-batch heterogeneity,31,33

high density of atomic lattice defects,15,24,31,34,35 and poor
electrical conductivity.30,31 More importantly, graphene
derivative-based heaters have a limited maximum temperature
of operation.24,31 They begin to degrade in air above 200 °C31

(owing to a non-negligible amount of lattice defects),
undergoing reactions that may be catalyzed by any organic
moieties or other elemental impurities present.36

Herein, we report the development of a flexible and
lightweight graphite film suitable for miniaturized heating
devices. We demonstrate nanoscale-thick graphite film (NGF)-
based heaters that operate at a low input power (with voltages
of <8 V) and reach up to 300 °C with excellent stability in air.
To illustrate their remarkable efficiency, we used the NGF as
the active material of an external adhesive panel to heat water
in a glass vial.

2. EXPERIMENTAL METHODS
2.1. Material Growth and Transfer. Details about the NGF

growth process have been described in a previous report.37 Briefly, 25
μm thick Ni foils (purity: 99.5%, Goodfellow, USA) were placed in a
commercial chemical vapor deposition (CVD) reactor (BMPro 4″,
Aixtron GmbH), which was then purged with Ar and evacuated to
10−2 mbar. Next, the foils were heated to 900 °C at a rate of 75 °C/
min in a mixture of Ar/H2 (500/1000 sccm) while maintaining the
chamber pressure at 10 mbar. After this pre-annealing step (with a 5
min dwell time), the NGFs were deposited on Ni by exposing the foils
to a CH4/H2 flow of 100 sccm each and a chamber pressure of 500
mbar, at 900 °C for 5 min. The specimens were cooled at a rate of
∼40 °C/min, under an Ar flow of 4000 sccm. Following the film
growth, a polymer-free wet-chemical transfer process (Figure S1a−d)
was used to place the NGFs on the target substrates. Details of the
transfer process can be found in a previous report.38 Deionized water
(18 MΩ cm) was used during the transfer process. Additionally, an
effort was made to improve the interfacial contact between the NGFs
and the substrates. For this, the samples were placed in a vacuum
furnace (10 mbar) and heated at a moderate temperature (70 °C) for
1 h. The set of substrates was selected attending to thermal stability
(at several hundred degrees Celsius) and type, namely, thin, flexible
films (e.g., Kapton) and thick, rigid surfaces (e.g., curved Pyrex glass
bottles). Some materials such as polyimide (PI) and quartz were used
to compare our results directly with the literature (refer to Table S1).
Taken together, we wanted to investigate if the performance of the
NGFs was an intrinsic characteristic of these films, hence only slightly
affected by the substrate type and material.
2.2. Characterization Techniques. Scanning electron micros-

copy (SEM) was performed by the use of an FEI Nova Nano (1−5

kV, 50 pA). The structure of the transferred NGFs (on Kapton) was
analyzed using powder X-ray diffraction, (XRD, D8 Advance DaVinci,
Bruker, with a Cu-Kα source, λ = 1.5418 Å). Raman spectroscopy
(Alpha 300 RA, WITEC) was conducted with a 532 nm laser, keeping
the power of the optical probe at 25 mW. A 100× Zeiss aperture
enabled the spectral acquisition with ∼0.5 μm lateral resolution.
Conductive atomic force microscopy (C-AFM) was carried out with a
Bruker Dimension Icon setup that was placed inside an isolation box
(to avoid external vibrations) and fitted with a PFTUNA tip (Bruker).
An applied potential bias of 1 V was used for all C-AFM
measurements. Current−voltage (I−V) curves were acquired in a
point-and-shoot ramp mode, in the bias range −400 to 400 mV.

2.3. Heater Fabrication and Electrothermal Response
Measurements. We have previously demonstrated NGF growth
on both sides (front side and back side) of the catalytic Ni foils.38 The
back-side (BS)-NGF is slightly thinner (∼80 nm) than the front-side
(FS)-NGF (∼100 nm) and rougher (8 times higher root-mean-square
roughness, as measured using AFM).38 Here, we used FS-NGF to
demonstrate the flexible heating behavior while the rougher BS-NGF
was selected to heat water, thereby exemplifying the wide applicability
of the CVD-grown NGFs. Typically, the FS-NGF was transferred
from the Ni foil onto a Kapton sheet (25 or 125 μm thick with a
maximum temperature stability of 400 °C, DuPont),39 after which the
device was assembled (Figure S1a−f). Using a shadow mask, 200 nm
thick Au electrodes were sputter-deposited (Quorum Q300TD) at the
sides of the FS-NGFs with a 2 mm overlap. Crocodile clips were
connected to the Au electrodes using Cu foil (30 μm) as a protective
interlayer (to avoid direct contact and clip damage to the Au thin-film
surface). The wires were safeguarded during handling by wrapping
them with a thin piece of Kapton tape (25 μm). Similarly, heater
devices were fabricated with FS-, BS-NGFs transferred on polyimide
(125 μm thick, PI), and quartz (2000 μm thick) substrates.

The resistance of the NGF/Kapton samples was measured using a
digital multimeter (Fluke 77 IV) at room temperature (25 °C).
Voltage was applied from a direct-current (DC) power supply
(Agilent E3649A) to the Cu foil terminals of the NGF heaters (held
horizontally in the air) to record the thermal responses to different
driving voltages. The local temperature readings and temperature
distribution of the NGFs were measured using a focused infrared (IR)
camera (Optotherm Micro, with a 20 μm resolution lens), placed
directly above the heating devices. Furthermore, the water temper-
ature inside the Pyrex glass vial (PGV) was measured using a
submerged digital thermometer. The temperature in the laboratory
was controlled through a central air-conditioning system, and it varied
between 22 and 25 °C. As the NGF/Kapton heater’s stand-by
temperatures (i.e., with no applied bias) were seen to fluctuate in the
same range, all temperatures were recorded above 27 °C.

2.4. Numerical Modeling. A finite element model (FEM) was
constructed to analyze the heat propagation as well as the electrical
and thermal properties of the NGFs.38 To do so, we used the
electrical and heat transfer modules integrated in the COMSOL
Multiphysics software package.40,41 Simulations of graphene-based
materials and their properties using COMSOL are reported in
previous studies.42−44 The computational work was performed on a
desktop workstation (8 Cores, 3.7 GHz, 64 GB RAM, Supermicro
SYS-5039A). To determine the heating device size and model its
components, we relied on the experimental size parameters and
physical properties listed in public databases.40−42,45,46 First, we
designed a 4.5 cm2 graphite film (the same area as that of the device
in Figure 2) with uniform thickness (100 nm) and properties, which
served as a control sample for the simulations. This graphite film slab
was placed on a 125 μm thick Kapton sheet. Then, two Au electrodes
(200 nm thick) were mounted on the left and right sides of the
graphite film and covered with a Cu film (30 μm thick). The
surrounding environment was represented as a block of air at 25 °C.
Similarly, the bottom surface of the substrate and the edges were kept
at a constant temperature of 25 °C. The device in the model was
operated by applying an electrical voltage to one electrode while the
other was electrically grounded. The FS-NGF model has the same
configuration and dimensions as the control device, differing only by

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c23803
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23803/suppl_file/am1c23803_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23803/suppl_file/am1c23803_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c23803/suppl_file/am1c23803_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c23803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the addition of an array of 100 few-layer graphene (FLG) domains
(shaped as 3 nm thick circles) in the graphite slab (Figure S2).
Because of the extended calculation time and memory limitations, the
model had to be simplified. Hence, no wrinkles were included in the
modeled FS-NGF slabs. Also, the multilayer graphene (MLG)
domains are not considered as their thermal properties are similar
to those of bulk graphite.47−49 Heat dissipation from the top surface
of the graphite film to the surrounding air (through convection) was
not considered because it is known to be negligible.41 To obtain the
electrothermal performance, thermal simulation was performed using
the heat transfer module by loading the energy power from the
electrical module. The calculated current density−voltage (J−V)
characteristics were validated with our experimental data and the work
of Fang et al.45 The sheet resistance (10 Ω/sq) of the FS-NGF film is
extracted from the I−V curve measured experimentally as per Joule’s
law, while the electrical resistivity of the FLG is given to be in the
range of 1.2−3.4 μΩ cm.45,50−52 The current density (J) is
proportional to the electric field E as expressed by the following
equations:

σ=J E (1)

= −∇E V (2)

The electric current I is the integration of current density J over the
area:

∫= ·I J n Sd (3)

where σ is the electrical conductivity, ∇ is the gradient, dS is the
differential cross-sectional area vector, and n is a unit vector normal to
the area.

· =E J q (4)

ρ ∇ + ∇· =C T Q qpu (5)

Heat conduction was then modeled by solving numerically
Fourier’s law:

−∇· ∇ =k T Q( ) (6)

where k is the thermal conductivity, T is the absolute temperature, Cpu
is the heat capacity, and Q is the electrical power. According to the
literature,42,49,53 the thermal conductivity of graphene ranges between
3000 and 5000 W m−1 K−1. While it is expected to be lower for the
FLG, when the number of layers is >7, k will tend to saturate toward
the bulk graphite value ∼2000 W m−1 K−1.8 This value was validated
experimentally, and the electrothermal properties of the model are
thus strongly coupled to the experimental behavior.

3. RESULTS
3.1. Morphological and Structural Analysis of the

NGFs. Recently, we reported the fast growth of NGFs on
polycrystalline Ni foils using the CVD method and
demonstrated its tremendous scope for scalability and
applications.37,38 These ∼100 nm thick films comprise a
well-distributed network of wrinkles as well as domains of FLG
(up to 3 nm in thickness) and MLG (up to 10 nm in
thickness) with a total areal density of 0.1−3.0% per 100
μm2.37,38 Herein, the as-grown FS-NGFs were first transferred
to a flexible Kapton sheet using the polymer-free wet-chemical
transfer process38 (Figure S1). To demonstrate the flexibility
of the NGFs, a typical FS-NGF/Kapton sample was repeatedly
bent and then characterized using SEM, Raman spectroscopy,
and XRD (Figures 1 and S3, S4). Although these analyses were
carried out before and after performing the heating measure-
ments, we present the results for the latter case as no
degradation was observed. Figures 1a and S3 demonstrate that
the NGFs remained intact (i.e., no cracks were identified). The
structural quality of the mechanically stressed films was

assessed using Raman spectroscopy (Figure 1b). Characteristic
G (1583 cm−1) and 2D (2658 cm−1) peaks were observed
(indicated by blue arrows) with an intensity ratio (I2D/IG) of
∼0.3, correlating well with the typical values of graphite
films.38 The absence of a D peak (∼1350 cm−1) further
indicates that the crystallinity of the NGF was preserved. A
large-area structural analysis conducted using XRD (Figure 1c)
confirmed the integrity of the NGFs after repeated bending.
First, the XRD diffraction pattern of the Kapton substrate
(Figure 1c) exhibited broad peaks (2θ = 21.9° and 26.6°),
explained by its amorphous nature.54−56 Next, on the FS-
NGF/Kapton XRD pattern, additional peaks (at 2θ = 26.6°
and 54.8°) were detected, attributed to the (0 0 0 2) and (0 0
0 4) crystallographic planes of graphite,38 respectively. Again, it
should be noted that the latter was acquired after the cycles of

Figure 1. Surface morphology and structure of the FS-NGF/Kapton
sample. (a) SEM image showing the surface features of the graphite
film, including wrinkles of varied sizes (some marked with orange
arrows) and FLG−MLG domains (red arrows). (b) Typical Raman
spectra of the stack (NGF/Kapton) and the supporting polymer sheet
(Kapton). Blue arrows indicate the two characteristic peaks of
graphite (G and 2D). (c) XRD patterns for the Kapton sheet (red
line) and postcycling FS-NGF/Kapton (black line); graphite peaks
are marked with a black star.
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heating under bending. The association of elasticity and a high
degree of graphitization, as seen in our films, is a unique
combination of much relevance to miniaturized electrothermal
devices.25,31,57

3.2. Electrothermal Performance. The electrothermal
performance of the FS-NGF/Kapton heaters (Figure 2a) was
investigated through different modes of operations: an ON/
OFF switching response, an applied bias, and a steady-state
temperature. As shown in Figure 2b, a typical heater device
had an active FS-NGF area of ∼4.4 cm2. The Au electrodes
deposited overlapped the sides of the FS-NGF by ∼0.2 cm (on
each side). Unlike commercially available macroscale graphite
heaters (e.g., the graphite heaters used in our Aixtron BMPro4”
CVD system58), the stack of NGF/Kapton could be bent
repeatedly without compromising the NGF structural integrity
(Figure 2c). Additionally, these films have a considerably lower
sheet resistance (10−50 Ω/sq. at 25 °C, Figure S5 and a
previous study38) than other pristine carbon nanomaterial-
based films59 (200−1000 Ω/sq., Table S1).

To monitor the performance of the heaters, their temper-
ature was measured as a function of time after being subjected
to an electrical stimulus in the form of a DC voltage. Figure 2d
displays the typical sharp temperature increase as the system
reaches its steady state for a fixed bias voltage (in <10 s). The
plateau shown in the figure corresponds to the maximum
temperature (Tmax), which remains constant as long as the bias
is present (120 s in the case of Figure 2d). Here, the bias range
was capped at 7.8 V, corresponding to a power density (Pd =
P/cm2, where P (Watt) = current × voltage) of 1.1 W/cm2,
thereby also establishing an upper limit of 300 °C for Tmax.
Beyond this temperature, graphite films may start to oxidize in
air (especially the FLG domains present in our NGFs).60,61 On
switching off the power supply, the temperature drops rapidly,
reaching half of Tmax within 10 s and 25 °C in the following
30−90 s, depending upon the set Tmax (Figure 2d). Fast ON/
OFF switching responses have been reported for other heaters
based on carbon nanomaterials. For example, Lin et al.
demonstrated that an rGO film coated with Ag nanoparticles
was able to reach a temperature of 220 °C in only 5 s.25 While

Figure 2. NGF/Kapton heater’s electrothermal performance. (a) Schematic of the FS-NGF heater setup. (b and c) Digital images of an FS-NGF/
Kapton heater in its flat and bent configurations, respectively. (d) ON/OFF switching responses and steady-state temperatures (Tmax) at three
applied voltages; the inset shows a typical IR image taken for the heater at 7.8 V with a Tmax of 300 °C. (e) Maximum temperatures as a function of
the applied DC voltage, revealing a linear response at voltages above 1 V. (f) Comparative plot of the power density required to attain Tmax for
several nanocarbon-based heaters. In addition to the FS-NGF/Kapton (FS-NGF-2022) developed in this work, examples of active materials
described in the literature include doped single-layer graphene (doped SLG-2011),10 few-layer graphene (5 SLG-2020),44 laser-reduced graphene
oxide (LrGO-2018),64 CNT-polymer composite (MWCNT-PEDOT-PSS-2021),17 and single-walled CNT (SWCNT-2011).65 (g) Prolonged
durability test (12 days) in air, with an applied bias of 5.71 V; inset shows an IR image taken at the end of the test, where Tmax = 215 °C. Dotted
lines connecting data points used in panels (d) to (g) are a guide to the eye.
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considerably faster, their hybrid material requires an operating
voltage (18 V) that is three times higher than that of our FS-
NGF (5.7 V) to attain the same temperature. In all other
aspects, our device exhibits a superior performance than other
carbon heaters (Table S1): for instance, (i) a CNT/graphene
hybrid heater takes 25 s to reach a Tmax of 81 °C at 12 V23 and
(ii) an rGO/g-C3N4 hybrid heater takes 60 s to reach a Tmax of
78 °C at 9 V.57

In addition to the ON/OFF response, voltage, and Tmax,
additional key characteristics of heating panels include (i) the
homogeneity of the temperature distribution, (ii) linearity of
thermal response, (iii) input power density (energy con-
sumption), and (iv) structural durability.
(i) Temperature distribution: this property is clearly

demonstrated by the inset shown in Figure 2d, presenting
the remarkably even spreads produced by the FS-NGFs (with a
Tmax of ∼300 °C). The IR images were similar for all other
cases investigated (with Tmax = 27, 36, 150, and 212 °C, Figure
S6). A more detailed inspection of the images revealed
common trends in the temperature distribution, which can be
better understood by dividing the active area of the NGF into
three regions: T1 (or Tmax), T2, and T3, as per the schematic
presented in Figure S6e. For the example shown in the inset of
Figure 2d (at 7.8 V), the region with Tmax (∼300 °C) occupies
∼5% of the of 4.4 cm2 active area. Surrounding this is the T2
region, in which the temperature reduces to 93% of Tmax
(∼280 °C), the T2 region accounts for 90% of the active area.
The remaining 5% of the FS-NGF’s active area corresponds to
the T3 region, which is heated at 60% Tmax (∼240 °C). Given
that the Au electrodes act as heat sinks, the temperature
outside the active area remained close to room temperature
(25−30 °C). Overall, the thermal profile is excellent and
characteristic of a high crystalline-quality graphite film, with
the central region accumulating the maximum energy (heat
dissipation) owing to the Joule heating effect.62 Notably, most
heaters based on carbon nanomaterials10,21,23−25,31 (or
alternative materials63) sustain a smaller useful heating area
than ours and at lower Tmax, in the range of 60−100 °C.
(ii) Thermal response: the temperature−voltage linearity of

the device was determined in the 1−8 V interval (Figure 2e),
with the Tmax ranging from 30 to 310 °C. The minimum
operating voltage of the heater was 0.5 V, reflecting a high
input sensitivity.
(iii) Power density: to contextualize the electrical current

consumption of our heaters, the plot presented in Figure 2f
shows the power density required to attain Tmax for several
nanocarbon-based systems. The active materials range from
graphene10,21 and CNTs16,23 to their hybrids,23 deriva-
tives,24,30,57 and composites.11 Of note, the data point labeled
CNT-PEDOT:PSS-2021 represents a device reported by Pillai
et al.17 that reached a Tmax of 136 °C at a power density of just
0.13 W/cm2. While in this regard, the CNT composite is
superior to our NGF/Kapton device (labeled FS-NGF-2022,
with Tmax of ∼90 °C at 0.13 W/cm2), its film is much thicker
(13 μm), opaque (as opposed to our semitransparent NGF38),
and has the maximum operational temperature limited by its
matrix (PEDOT:PSS has a melting point of ∼146 °C).
(iv) Durability: although not being a commonly discussed

property, the resilience of the active carbon material to
continued electrical stress, particularly when exposed to an
oxidative atmosphere, is a key operational factor for resistive
heating technologies. To investigate the structural durability of
the FS-NGFs, we selected an operating temperature well above

that commonly reported for analogous carbon nanomaterial-
based heaters. As shown in Figure 2g, the device maintained a
Tmax of 215 °C (5.71 V) for 12 days in air. The inset presented
in Figure 2g shows a temperature map at the end of the
durability test (for the IR images recorded on other days, see
Figure S7 and Video S1). To the best of our knowledge, our
device sustains much longer continuous operation in air than
other carbon nanomaterial-based heaters. Recently, Liao et
al.,20 tested a graphene nanosheet/MWCNT/carbon black
composite heater stability for 4.5 h (170 °C, 3 V) while Ahmed
et al.28 showed the heater stability of rGO and PEDOT:PSS
coated on textile for 1 h (41 °C, 15 V). Thus, in addition to
showing the widest temperature range, our NGF/Kapton has
the lowest power consumption of a carbon nanomaterial-based
heater that can operate for prolonged periods under normal
atmospheric conditions.

3.2.1. NGF/Kapton as a Flexible Heater. As mentioned
previously, the FS-NGF/Kapton device can be bent effortlessly
and repeatedly, without breaking. Figure 3 demonstrates the
operational capability of a flexed NGF heater. In addition to its
normal configuration (referred to as the flat mode), two cases
are analyzed (bent modes 1 and 2, as illustrated in Figure 3a).
Using a double-clamp mechanical system (home-built), the
FS-NGF device was carefully compressed to produce bending

Figure 3. Operation of an FS-NGF/Kapton heater subjected to a
bending force. (a) Schematic of the flat and bent modes, including the
radius of curvature in the Kapton. (b−e) Digital images of the setup
in bent modes 1 and 2, with corresponding IR images taken at 7.8 V;
for both cases, Tmax = 300 °C, and the distribution is equal to that
presented in the inset of Figure 2d. (f) Temperature versus voltage
curves for the flat (pre- and post-bending) and bent modes; the linear
response is maintained and so is the minimum voltage required to
activate the device (0.5 V). Lines connecting data points in (f) are a
guide to the eye.
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(Figure 3b,d). Although it was not possible to measure the
applied force, we regulated it by maintaining the curvature in
the Kapton sheet, with the two side edges placed at a distance
of 1.8 cm (for bent mode 1, this led to a curvature radius of 0.7
cm) or 1.5 cm (for mode 2, the curvature radius was 1.1 cm).
After several mechanical bending cycles, irrespective of the
mode considered, the electrothermal characteristics of the
device were not altered (Figure 3f). This observation applies to
Tmax as well as the temperature distribution and power
consumption, as observed from the IR images of the bent FS-
NGF device subjected to a 7.8 V bias (Figure 3c,e).
Furthermore, there was no measurable increase in sheet
resistance or changes in the switching response times (Videos
S2 and S3) as the FS-NGF sustained several ON/OFF cycles
(>20) after undergoing electrical, thermal, and mechanical
stressing. Overall, these results validate the elasticity of the
NGF/Kapton heaters.
3.2.2. Effect of Wrinkles and FLG Domains. The

remarkable performance of our heaters prompted us to
investigate the surface features of the active NGF and how
they might influence its electrothermal response. As previously
shown (Figure 1a), the NGF surface comprises a network of
wrinkles. Using AFM, we found that the wrinkles’ height
ranged from 10 to 80 nm (Figure 4a). To identify local
variations in the electrical conductivity of these corrugated
surfaces, we used the C-AFM technique. Interestingly, the
electrical map revealed a noticeable current drop at the

location of the wrinkles compared with measurements at the
continuous flat graphite regions. This is evident from the
darker areas shown in Figure 4b (marked with dashed lines),
which correspond well with the surface protrusions identified
in the topographic image (Figure 4a). Furthermore, these
differences can be quantitatively assessed by analyzing the I−V
characteristics of each of the three main surface features
(Figure S8b): flat regions, small wrinkles, and large wrinkles.
The flat regions (related to the basal planes of the graphite film
and represented by the uppermost black curve shown in Figure
4c) exhibit an energy gap of 0.20 eV, as measured from the
peak-to-peak distance in the first-derivative I−V curve (dI/
dV). This value is analogous to the nonzero band gap of
graphite films analyzed with other surface-sensitive techni-
ques.66 Comparing the signals of the two wrinkles presented in
Figure 4a, with heights of 17 nm (small) and 70 nm (large), we
observe that there is an enlargement of the electronic band gap
(0.36 and 0.60 eV, respectively) with an increase in the height
of the wrinkles. This is consistent with the previous
observation by Lu et al. of band gap opening (0.23 eV) for
strained graphene layers with a blister (height = ∼0.52 nm).67

A local wrinkled graphene configuration was reported to
considerably affect the sheet resistance (increasing it by up to
an order of magnitude) along with reducing the mobility.68

Accordingly, the arrays of wrinkles induce anisotropic transport
properties, along and across the folded configuration, through a
diffusive charge transport mechanism68 that favors fast ON/

Figure 4. Analysis of the NGF surface features detected using C-AFM and FEM. (a) AFM topography image of the NGF surface; inset shows the
height profiles of the two wrinkles crossed by the dashed lines, corresponding to small (17 nm high) and large (70 nm high) wrinkles. (b) C-AFM
map of (a) showing the current distribution (0.38−0.43 nA at a bias voltage of 1 V) that spans the typical flat regions and wrinkles; lower current
values are observed at the wrinkles, clearly identified by the darker contrast region and delineated by the dashed lines. (c) Plot of the first derivative
of the current−voltage (dI/dV) versus the voltage for the three surface features examined using C-AFM, that is, basal plane (or flat) regions, small
wrinkles, and large wrinkles. Green dashed line highlights an increase in the band gap coinciding with the height of the wrinkles and with the flat
regions. (d) FEM model of the control graphite/Kapton heater exposed to a bias of 5.7 V. (e) FEM model of the NGF/Kapton heater with 100
FLG domains distributed across the graphite surface, exposed to a bias of 5.7 V. The temperature color scale is the same as that shown in (d). (f)
Temperature profiles were taken across the models in (d) (the red line) and (e) (the blue line), with their directions indicated by the dashed
arrows (Y0).
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OFF switching in contrast to a perfectly flat configuration of
graphite-sheet-based heaters. Thus, the band gap opening at
the wrinkle’s region and the localized anisotropy in charge
transport could partially explain the enhanced electrothermal
properties of our NGF devices.
In addition to the wrinkles, another surface feature that

potentiates Joule heating could be the junction between the
∼100 nm film and its FLG/MLG domains. A numerical model
of the heating device, including the Kapton sheet, Au
electrodes, and NGF, was developed to study this feature.
Only the FLG domains and NGF−FLG interfaces were
considered (to simplify the model). Given the relatively small
size of the FLG domains (inclusions of the order of
micrometers in the centimeter-sized NGF), we speculated
that these features would act as potential barriers and induce
localized perturbations in the current flow, thereby slightly
increasing the temperature in their surroundings (a.k.a. “hot
spots).”69 Under these circumstances, Figures 4d,e show the
temperature distribution found in two models of the NGF/
Kapton heater. The first shows the device with a regular
graphite slab (100 nm thick) and acts as the control (Figure
4d). The second model builds upon the control graphite slab

and includes the FLG domains and corresponding NGF−FLG
interfaces (Figure 4e). In both cases, a temperature gradient is
expected, with the electrodes acting as heat sinks and the
central region of the graphite slab being the hottest point.
However, for the same input of electrical power, the NGF
clearly manifests higher temperature values. In fact, the
simulated surface temperature, shown in Figure 4e, is in
good agreement with the thermal map that was obtained
experimentally (see the IR image in Figure S6d). The absolute
temperature values were extracted from the center to the edge
of the modeled films (signaled with the dashed arrow Yo in
Figure 4d,e). The respective profiles are presented in Figure 4f.
In addition to a Tmax difference of almost 50 °C, the presence
of the FLG resulted in a wider Tmax area. In practice, this
means that the useful heating area at the target Tmax (or close
to it) is largely extended compared with a normal graphite film.
Such an observation correlates well with the 95% area that
corresponds to the Tmax and T2 regions discussed above
(Figures 2 and S6). Moreover, a similar effect has been
previously described for localized constrictions in graphene
layers.70

Figure 5. Using the NGFs for water heating and their electrothermal performance with different substrates. (a) Digital photograph of the water-
heating device comprising a BS-NGF placed on the outer wall of a glass vial and connected to two electrical wires via a conductive Ag paste. The
outset shows the temperature map of the device at a 5.5 V. (b) Schematic of the device in (a) in an upright position and partially filled with water.
The digital thermometer (TC, submerged in water) and the IR camera are also included. The outset shows the temperature map of the device, at
8.5 V. (c) Electrothermal performance curves for different combinations of NGFs and substrates, including the PGV heater assembly; labels are
defined in the main text. The lines connecting data points in panel-c are a guide to the eye.
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Overall, the C-AFM and the numerical modeling help
explain the superior performance of the FS-NGF/Kapton
devices. Briefly, in addition to the wrinkles (common in CVD-
grown graphene/graphite films32), the FLG domains and
NGF−FLG interfaces increase the diffusive charge transport
characteristics of the active material, improving the dissipation
of energy as heat.71 This takes place without compromising the
structural integrity of the NGF.
3.3. Water-Heating Application of the NGF Device.

The NGF’s flexibility, durability, and high Tmax motivated us to
assemble a water-heating system to display a potential
application of the device. For this, we transferred a BS-NGF
directly (without Kapton) onto the 2000 μm thick external
wall of a PGV. A conductive Ag paste glued the BS-NGF to the
PGV and electrical cables of the power supply. This vial
assembly (hereafter, labeled as BS-NGF/PGV (2000 μm)) was
integrated with a setup that included an IR camera. The water
temperature was measured using a partially submerged
thermometer. The electrothermal response of the BS-NGF/
PGV (2000 μm) could then be studied using two
configurations: (i) empty vials (Figure 5a) and (ii) filled
vials, that is, containing 5 mL of deionized water (Figures 5b
and S10).
The main findings concerning the electrothermal response

of the empty FS-NGF/PGV heater assembly are summarized
as follows:
First, when ramping up the bias, the temperature of the

NGF and its immediate vicinity increased (the outset shown in
Figures 5a and S11). Notwithstanding the heat dissipation to
the glass surface, the Tmax−power density linear relation was
maintained, as seen in Figure 5c (data curve labeled BS-NGF/
PGV (2000 μm)). Notably, the BS-NGF reached a Tmax of 200
°C when the input power density was 0.97 W/cm2,
corresponding to an applied bias of 5.5 V. This voltage is
slightly higher than the 5.0 V (0.54 W/cm2) used for the FS-
NGF device shown in Figure 2f (FS-NGF-2022, relabeled as
FS-NGF/Kapton (125 μm) in Figure 5c). The difference in
energy consumption can be attributed (predominantly) to the
substrate effect as a similar result was noted for the FS-NGF/
PGV (2000 μm) (Figure 5c). The thermal mass of the thick
glass (2000 μm) is considerably larger than that of the Kapton
(125 μm). Additionally, the thermal conductivities of the Pyrex
glass and the Kapton sheet are 1.1 W/m K72 and 0.12 W/m
K,39 respectively. Thus, a more pronounced heat loss is
expected to occur for the PGV setup, resulting in a higher
power requirement to attain the same Tmax. This also explains
the much slower ON/OFF response of the BS-NGF/PGV
(2000 μm) assembly, which took almost 2 min to attain a
steady-state Tmax compared with the few seconds of the FS-
NGF/Kapton (125 μm), as shown earlier.
Second, although the NGF/PGV assemblies involved using

the Ag paste/electrical wires, as opposed to the deposited Au
electrodes/Cu sheet/crocodile clips of the earlier device, the
sheet resistances (calculated from the I−V curves) differed
only by 2 Ω/sq. Such variations might be associated to a
slightly higher contact resistance in the latter case. In fact, for
our centimeter-scale heaters, the choice of the metal electrode
is not expected to significantly affect the device performance
(this contrasts with the behavior in nanoscale devices).73

Third, the BS-NGF worked just as well as the FS-NGF,
although it had slightly higher power consumption (Figure 5c).
In addition to the BS-NGF/PGV (2000 μm), another device
with a Kapton substrate was fabricated using the BS-NGF

[labeled BS-NGF/Kapton (25 μm) in Figure 5c]. Despite the
reduced thickness of the polymer film, the electrothermal
performance of this heater was poorer than, for instance, the
FS-NGF/Kapton (125 μm). Still, for a Tmax of 200 °C, the BS-
NGF/Kapton (25 μm) required an input power density of 0.79
W/cm2, which is lower than the 0.88 W/cm2 input power
density for the LrGO-2018 system (Figure 2f). Hence, in the
high-temperature regime (>150 °C, in air), the NGFs are
clearly superior to any other nanocarbon-based heaters (to our
knowledge).
In the second configuration used for the electrothermal

response assessment, the BS-NGF/PGV (2000 μm) was filled
with 5 mL of water, and the active material was positioned
parallel to the line-of-sight of the IR camera (Figure 5b). In
addition to this “vertical” mounting (90° with respect to the
mounting surface, see also Figure S9a), two other positions
were probed. We refer to these as “slightly inclined” (50° to
the mounting surface, Figure S9b) and “inclined” (20° to the
mounting surface, Figure S9c). During these experiments, the
voltage was increased to 8.5 V in steps of 1 V. At each bias
increment, a dwell period of 2 min was maintained before
recording the Tmax.
In the “vertical” position, water reached the same height as

the BS-NGF mounted on the outer side of the glass wall
(Figure 5b). The corresponding electrothermal curve,
presented in Figure 5c, is labeled BS-NGF/PGV with water
(2000 μm). Upon reaching 8.5 V (2.37 W/cm2), the measured
Tmax was 120 °C, and the water temperature (TH2O) was 96
°C. It should be noted that the IR image (taken at 8.5 V, outset
of Figure 5b) captured only a fraction of the BS-NGF. From
Figure S10, it is apparent that the fixed IR camera mounting
enabled us to move it and capture entirely the active area of the
NGF. Consequently, the measured Tmax may effectively
originate from the T2 region. Hence, Tmax may be under-
estimated by ∼10% (refer to analysis in Section 3.2).
Nevertheless, it is clear that substantial heat transfer occurs
from the glass to water (through a conduction mechanism),
resulting in the boiling of water (96 °C) when the NGF
temperature is 120 °C (see also Videos S4a−S4c).
In the two other positions, the water level corresponded only

partially with the area of the BS-NGF panel (Figures S9b and
S9c). Logically, this translates into reduced conductive heat
transfer/loss rates from the NGF to water, justifying the
inverse correlation of Tmax (for equal input power density)
versus the inclination angle (Figure S9). Therefore, for the
“inclined” orientation with a Tmax of 260 °C (8.0 V and 2.10
W/cm2), the TH2O did not exceed 40 °C (Figures S9c and
S9f).

4. DISCUSSION
Our electrothermal study of the NGF/Kapton heaters showed
superior results in terms of power consumption, response time,
and steady-state temperature when compared with other
known carbon nanomaterial-based heating devices. In
particular, our devices can be driven with relatively small
voltages (1−8 V) throughout a wide range of operational
temperatures (30−300 °C). They also exhibit an even surface
spread of Tmax and display ON/OFF switching times on the
scale of seconds. Finally, despite being thin and flexible, they
show durability in air at hundreds of degrees Celsius.
In this study, owing to the high resistivity of the supporting

Kapton sheet (1 × 1010 Ω cm),39 we assumed that no current
leakage occurred through it. To study the substrate effect and
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for better comparison with the relevant literature, we also
investigated other substrates such as 25 μm Kapton, 125 μm
Kapton, 125 μm polyimide (PI), and a 2000 μm quartz plate
(all values refer to thickness). Apart from the considerations
made above, the plot shown in Figure 5c reveals some
interesting trends. First, the substrate type influences the
power consumption, as is evident by comparing the thin sheets
of 125 μm Kapton and 125 μm PI (both using FS-NGF).
When thick, insulating substrates are employed (the cases of
FS-NGF/quartz (2000 μm), FS-NGF/PGV (2000 μm), and
BS-NGF/PGV (2000 μm)), an increment in power con-
sumption takes place. Remarkably, even the worst-performing
substrate among our options provides better consumption
results at high temperatures (i.e., above 150 °C) when
compared to all other carbon nanomaterial-based heaters
(refer to Figure 2f and Table S1 in the Supporting
Information).
Considering the abovementioned findings, it is important to

recall that the sheet resistance of the NGF/Kapton heater was
as low as 10 Ω/sq., a value achieved without undertaking any
additional processing of the carbon film. The low sheet
resistance and thermal capacity help in understanding the basis
for our device performance. During Joule heating, the amount
of thermal power generated is directly proportional to the
electrical power (Pe) provided, which is related to the driving
voltage (V) and the resistance (R) by Pe = V2/R or, equally, Pe
= R·I2. We observed a rapid temperature increase in the entire
film until it reached a saturation temperature within 10 s of
applying a voltage, followed by a rapid drop in temperature to
25 °C after voltage cut-off. This low power requirement is
partly attributed to the fact that the low sheet resistance of the
NGF enables a high current flow for Joule heating, similar to
the carbon nanomaterial-based composite films reported by
Liao et al.20 A fast ON/OFF response and good distribution of
the heat generated over the centimeter-scale area reflect the
low thermal capacity of the film. In our case, a Kapton-
supported NGF demonstrated a steady-state temperature of
300 °C at a power density that outperforms the previously
reported systems (Figure 2 and Table S1). Reaching a superior
steady-state temperature at a lower applied voltage attests well
the efficiency of the heater in transducing electrical energy into
Joule heating.26 As concluded from the FEM study, the FLG
regions (uniquely present in our NGF samples) act as hot
spots (localized higher electrical resistance) and are respon-
sible for increasing the overall sample temperature as
compared to samples without these regions. Moreover, the
wrinkles could also act as hotspots (C-AFM measurement)
while the flat regions (low local resistance) might facilitate fast
heat spread (because of the high in-plane thermal conductivity
of graphite) leading to the uniform temperature distribution
over a cm2-scaled sample. Thus, the surface of our NGF
heaters has excellent temperature homogeneity, attributed to
the presence of the evenly distributed few-layer domains and
wrinkles.37,38

Considering recent technological trends and the properties
of our heaters, we foresee their application in the bio- or gas-
sensing fields, where samples must withstand temperatures up
to 300 °C.3,5,74−76 Another relevant use would be the removal
of atmospheric moisture from graphene electronics. Generally,
graphene heating (to ∼100 °C) is performed using bulky
commercial elements requiring high power consumption.27 By
contrast, the low-power NGF-based heaters could be easily

implemented with a small device footprint in nanoelectronic
devices.77,78

5. CONCLUSIONS
We developed a flexible and highly performant cm-scale NGF-
based heater with excellent durability. Importantly, the NGFs
grown on either side of the Ni foil can be used and the heater
device prepared without the need for multiple transfers,
doping, functionalization, and/or nanoparticle loading. The
FS-NGF heaters demonstrated excellent heat propagation in
air (30−300 °C) and stability at high temperatures, under
continuous heating over 12 days. Nanoscopic imaging and
numerical modeling revealed that the wrinkles and FLG
domains act as barriers, originating hot spots, thereby
increasing the temperature all over the heater. Using an
external BS-NGF patch on a 2000 μm thick PGV, we
fabricated a simple reusable heater to bring water to 96 °C.
The availability of NGFs as a flexible and low-power active

material for heating elements opens broad application
prospects that range from localized heating (e.g., for
laboratory-scale research samples) to large-scale deployment
(e.g., as required in defoggers for aircraft and automobiles).
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