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ARTICLE INFO ABSTRACT

Keywords: Graphene, with its superior physical properties, has been considered as the perfect candidate for the production
Graphene of lightweight, high-strength composite materials with interesting multi-functionalities. The use of large-sized,
Nanocomposites

high-quality CVD graphene monolayers alternated to ultra-thin polymer films in a laminate configuration has
been recently proposed as an efficient route to overcome many of the limitations faced by the use of discon-
tinuous sheets of graphene in nanocomposites. Here we report on the production of CVD graphene/poly-
etherimide (Gr/PEI) nanolaminates with very low graphene volume fractions (up to 0.165 vol%), using a
modified iterative and automatic lift-off/float-on procedure. The produced freestanding Gr/PEI nanolaminates
present not only a significant enhancement of mechanical and electrical properties but, very interestingly, show
impressive Joule heating efficiency. In fact, upon the application of an electrical potential, they can reach
temperatures higher than 250 °C, with heating rates up to 325 °C/s. The produced heaters show a very uniform
distribution of the temperature even when bend and are characterized by low power consumptions (up to 16
Watt) and high areal power densities (up to ca. ~1.28 W/cm?), thus suggesting their possible application in

Mechanical properties
Electrical properties
Joule heating

thermal management.

1. Introduction

Graphene-related materials have shown a colossal potential to
revolutionize, even at very small volume fractions, the mechanical, elec-
trical, and thermal properties of polymeric materials, which are asso-
ciated with a wide range of demanding high-performance applications
thanks to unique multifunctional behavior [1-7]. Electrical conductivity
is one of the fundamental properties that leads to multifunctionality in
graphene-based nanocomposites; in fact, graphene provides a significant
enhancement to the electrical transport in polymer matrices in a more
efficient way than other fillers. For example changes in the electrical
conductivity aroused from changes in their environment can lead to
sensing applications [8,9], whereas very high values of electrical con-
ductivity can make them appealing for EMI shielding and heating ap-
plications. The high electron density leads to absorption or reflection of

electromagnetic waves [10,11]; and heat can be generated when an
sufficient electric current passes through them, which can be fully
regulated by precisely determining the electrical properties [12]. In light
of that and, combined to high transparency and the flexibility, graphene-
based nanocomposites are appealing for their usage in electronics as
electrodes, sensors etc. [13,14]. Other interesting functionalities are a
pronounced electromechanical behavior that makes graphene-based
polymer composites promising for the development of strain sensors
[15,16], and the Joule heating effect that allows them for their incor-
poration into thermal resistive devices such as de-icing units [17].
Many pieces of literature report on heating elements based on Joule
effect [18-23] for high performance applications (such as de-icing units,
defoggers, smart windows, electrochromic devices etc.) that require fast
heating which is achieved exploiting a low thermal mass [24-27]. A
major course of action for electrically stimulated heating elements is the
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integration of conductive materials capable to lead to low power con-
sumption with sufficient mechanical properties. For the development
and study of flexible heating elements, many materials have been uti-
lized such as metal alloys, ITO, metallic silver nanoparticles, metal ox-
ides, conductive polymers and 2D materials (e.g. graphene-related
materials and MXenes) [28-30]. But most of them face significant lim-
itations related to density and weight (e.g. metal alloys), their avail-
ability in resources (e.g. indium), their corrosion resistance (e.g. metal
oxides and MXenes) but also to the inherent physical properties related
to electrical and thermal properties (e.g. conductive polymers) [31]. In
order to overcome these limitations, several attempts have been pro-
posed either by combining different materials at the expense of a
complicated fabrication processes or by adapting multilayer structures
that are usually unable to follow a sufficient mechanical performance
upon electrothermal applications (i.e. the electrothermal response is
limited by the mechanical and thermal properties of the polymers)
[31,32]. Thanks to its low thermal mass [24,33], graphene is a great
candidate for heating applications aroused from its high electrical con-
ductivity that is derived from the ultra-high velocity of electrons and its
high thermal conductivity that allows instant heating without wasting
the heating energy of the heater itself [33-37]. Additionally, the
outstanding electrical and thermal properties of graphene can also
provide high heating rates when it is incorporated in polymer matrices
[38]. In comparison to metal-based heating elements, graphene-based
counterparts offer the advantage of lightweight, flexibility and other
superior mechanical properties capable to show faster and efficient
heating performance combined with high transparency and temperature
uniformity [39,40]. Flexible heating elements can be produced by
selecting a proper flexible matrix, which can be a polymer albeit it may
limit the thermal operation window of the heater itself. In fact, the
temperatures reached by the heating systems listed in Table S3 indicated
a wide span of operational thresholds which is applicable to a variety of
applications. For example, CNTs/cotton and metallic glass reported
saturation temperatures of around 50 °C and 120 °C, respectively.
AgNW/PEDOT: PSS and AgNW/polymer entries reached temperatures
of 65 °C and 137 °C, which were significant for polymer-based com-
posites. For instance, conductive paper like heaters and some metal
oxide combinations incorporated systems with higher saturation tem-
peratures qualifies them for high-temperature applications. The broad
range of temperatures reached by these systems implies a heterogeneous
composition and structural design, which in each case responded to the
specific thermal needs. Therefore, the design of graphene-based nano-
laminates, which incorporates the high thermal conductivity of gra-
phene with the polymers’ versatile matrices, is anticipated as an
opportunity to enable this system to reach, and possibly exceed, the
higher temperature thresholds shown above.

Herein we report on the fabrication of lightweight, thin, high-
performance heaters based on low-content CVD graphene-
polyetherimide (PEI) nanolaminates, produced through the iterative,
semi-automatic lift-off/float-on process that has been recently proposed
by the authors [11]. It was demonstrated, in fact, that by incorporating
large sized monolayer CVD graphene in a laminate configuration, most
of the criticalities that are met by using discontinuous sheets of graphene
(such as poor dispersion and aggregation, inefficient stress transfer due
to tiny lateral size, defects and impurities, etc.) are surpassed thus
leading to high enhancement of mechanical and electrical properties at
very low filler contents. In this study, we explore further the graphene
nanolaminates architecture and we introduce a high-performance
polymer (PEI) as polymeric matrix with the aim to investigate possible
applications in harsh environments and at high temperatures. In fact,
high-performance polymers are replacing conventional materials used
in aerospace and automotive applications such as ceramics and metals
mainly due to their lightness, high heat and oxidative resistance,
chemical inertness, high dimensional stability, corrosion resistance and
ability to maintain mechanical and physical properties over a wide
temperature range. CVD graphene (Gr)/PEl nanolaminates were
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produced with graphene volume fractions ranging from 0.009 to 0.165
vol% by varying the thickness of the polymeric layer accordingly and by
varying the number of layers. A systematic characterization was fol-
lowed in terms of mechanical, electrical and Joule heating behaviour,
highlighting the potential of this class of materials to develop flexible
heating elements, with faster heating responses and a wider thermal
operative window than it has been proposed so far for polymer
composites.

2. Materials and methods
2.1. Materials

PEI Extem® XH 1015 (gently supplied from SABIC Innovative Plas-
tics) was employed and dried at 120 °C overnight in a vacuum oven prior
to use. PEI was dissolved in cyclohexanone at 80 °C and several solutions
with concentrations ranging from 3 wt% to 10 wt% were obtained. Large
sized monolayer graphene sheets were synthesized via chemical vapor
deposition (CVD) using a semi-industrial AIXTRON® BlackMagic Pro
CVD chamber. Copper (Cu) foils with a thickness of 35 ym and purity of
99.95 % were supplied from Nippon JPX. Prior to the CVD process, Cu
foils were cleaned with isopropanol to remove organic contaminants
and then inserted into the CVD chamber. The chamber was pumped
down to 0.1 mbar and a mixture of Argon/Hydrogen was injected in
specific ratios. The Cu foil was then annealed at 1000 °C for 5 min.
Afterward, the hydrogen flow was reduced, and methane flow was
introduced as the carbon feedstock for graphene growth initiation. After
5 min at 1000 °C, the hydrogen flow was terminated, and the chamber
was gradually cooled down to 650 °C. The methane flow was terminated
at 650 °C, and the Cu foil remained in an Argon atmosphere until it
reached 150 °C. The graphene/Cu foil was then cut into smaller di-
mensions (4 x 4 cm2) for nanofilm fabrication.

2.1.1. Gr/PEI thin film preparation and thickness optimization

Micrometric and sub-micrometric PEI films were produced via spin
coating on Cu foils covered with CVD graphene by using the different
PEI solutions in cyclohexanone and spinning conditions from 1000 rpm
to 3000 rpm. Each PEI/Gr layer on Cu foil was then placed on a hot plate
at 150 °C for 5 min to remove all the residual solvent. After etching the
Cu substrate in a 0.15 M APS solution, the produced films were trans-
ferred on Si/SiO5 wafer substrate. Then the thickness of each film was
measured by using Atomic Force Microscopy (AFM Dimension Icon,
Bruker) according to the scratch step method as previously described
[41].

2.1.2. Nanolaminate preparation

Gr/PEI nanolaminates were produced through a semi-automatic
iterative ’lift-off/float-on’ process [11], adequately modified to allow
the use of high-performance polymers, such as PEI. A decade of parallel
transfer devices, consisting of conical PTFE tanks equipped with flow
control mechanisms, were employed for the sequential deposition of Gr/
PEI layers. Initially, the production of each Gr/PEI layer was done by
spin coating the PEI solution in cyclohexanone on the graphene grown
on copper foil of 4 x 4 ecm? For each nanolaminate specimen, the
adopted concentration of the solution and the spinning conditions were
set on the bases of a preliminary ‘optimization process’, in order to
achieve continuous films with thickness compatible with the desired
graphene volume fraction (see Table S1). After spin coating, the Gr/PEI
layer supported on the sacrificial Cu foil was baked at 150 °C for 5 min
to remove all the residual solvent. Having inserted the Gr/PEI layer/Cu
foil in the transfer device, the Cu substrate was etched using an APS
solution (0.15 M), resulting in a floating Gr/PEI film. This floating layer
was rinsed thoroughly with deionized-double distilled water inserted in
the transfer device until full replacement of the APS solution. By slowly
reducing the water level, the floating PEI/Gr layer was deposited on
another PEI/Gr layer on a copper foil, which represents the substrate for
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subsequent depositions. Each transfer was followed by a vacuum drying
step at 40 °C to eliminate excess moisture and then, to ensure effective
interlayer bonding, each multi-layer assembly underwent a post-baking
process at 150 °C for 5 min. This iterative cycle was repeated until the
desired number of Gr/PEI layers were assembled. In particular, the final
number of layers was determined in order to achieve a sufficient
thickness that secures the safe handling of the produced membranes
during characterization. At the end, the Cu substrate was etched away in
APS solution to release the freestanding Gr/PEI nanolaminate, then
rinsed with water and finally annealed at 260 °C. By using a similar
procedure, a control nanolaminate of neat PEI was also produced using
bare Cu foils, without overgrown graphene.

2.2. Characterization techniques

2.2.1. Tensile test

A micro-tensile tester (MT-200, Deben UK Ltd, Woolpit, UK) equip-
ped with a 5 N load cell was used for the evaluation of mechanical
properties in tension. Prior to the test, samples were cut into strips
having an overall length of 35 mm, a gauge length of 25 mm and a
width of 1 mm. For each specimen, the thickness was determined as the
mean of 10 measurements along the gauge length with a digital micro-
metre with a resolution of 0.1 pm (Mitutoyo, Japan); the width was
determined as the mean of 10 measurements across the strip using a
measuring microscope equipped with a 20x objective (DM 2500 M,
Leica Microsystems, Germany). To ease handling and alignment of the
specimens during the mounting on the micro-tensile tester, and to avoid
damage to the gripping area, all test specimens were secured onto paper
testing cards using a two-part cold curing epoxy resin (Araldite 2011,
Huntsman Advanced Materials, UK). The supported specimens were
clamped at both ends and aligned with dual threaded leadscrews. Af-
terwards, the sides of the paper testing cards were cut to free the spec-
imens, which were subsequently loaded in tension with a crosshead
displacement speed of 0.2 mm min~! (corresponding to a test specimen
strain rate of 0.008 min~'), until failure. Stress and strain were calcu-
lated based on the measured machine-recorded forces and displace-
ments. The Young’s modulus was estimated through a linear regression
analysis of the initial linear portion of the stress—strain curves (~0.4 %
strain). Average results of 10 test specimens are reported for each
sample.

2.2.2. Raman spectroscopy

Raman mapping has been performed on an area of 100 x 100 pm?,
by acquiring spectra at steps of 3 pm. A Raman microscope (Invia,
Renishaw plc, Wootton-under-Edge, UK) with 2400 and 1200 grooves/
mm grating for the 785 nm laser excitation and a 100x lens was used for
the evaluation of graphene quality on macroscale nanolaminates.

2.2.3. Electrical conductivity measurements

The electrical resistance was measured in a four-point scheme using a
Keithley 2002 multimeter (Tektronix Inc., Oregon, USA), on rectangular
specimens. Electrodes consisting of copper tape with conductive adhe-
sive (3M) were bonded to the edges of the specimens. The electrical
conductivity was calculated from measured resistance and specimen
dimensions.

2.2.4. Joule heating measurements

The resistive heating performance of the nanolaminates was deter-
mined by applying direct current to square-shaped specimens of di-
mensions of 30 x 40 mm? and supported on copper frames for safe and
facile manipulation. Conductive contacts were created on the edges of
the specimens with conductive copper tape as similarly prepared for
electrical conductivity measurements. In order to enable direct assess-
ment of temperature variation without accounting for substrate effects,
and to guarantee orthogonality with the infrared thermal camera, a
purpose-made stage in polytetrafluoroethylene (PTFE) was used to hold
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the membranes. The electrodes were connected to a Keithley 2002
source measurement unit (Tektronix Inc., Oregon, USA) which was used
both for power supply and for current measurement. A thermal infrared
camera (Thermal Vision Laird 3A, Nikon Corporation, Japan) having
spatial resolution of 410,000 pixels and thermal resolution of 0.1 °C in
the range —20 °C to 2000 °C was used to evaluate the temperature
distribution on the nanolaminates. Temperature was recorded with a
micron-thin thermocouple in contact with the center of specimen sur-
face and connected to an USB-4718 8-channel digital input module
(Advantech Europe BV, Eindhoven, The Netherlands). In all the exper-
iments, the temporal electrical current and temperature data were
recorded using a routine programed in the LabVIEW environment (Na-
tional Instruments, Texas, USA). The same routine was used to control
the source’s DC voltage. In the stepwise voltage increase test, DC voltage
was within the range of 10-60 V, in step increments of 5 V, and before
the next voltage step is applied, the previous voltage is turned off. Cyclic
stability was tested by 40 fast ON/OFF switching cycles at 55 V, with the
ON and OFF intervals lasting 15 s each. Bending durability experiments
were performed on rectangular specimens (having an overall length of
40 mm and a width of 5 mm), under applied DC voltage, using a servo-
hydraulic testing machine (MTS Bionix 858, MTS, Minneapolis, USA), in
a two-bending configuration. In order to prevent shortcuts, clamps were
coated with dielectric film. Stepwise bending test were performed
applying an incremental compressive displacement to bend the spec-
imen to certain angle (30° — 60° — 90° — 120°); cyclic bending test was
performed by applying 100 bending/release cycles (0° — 150°) at the
frequency of 0.5 Hz.

2.3. De-icing demonstrator

Proof-of-concept evaluation of the de-icing capability of the material
was performed by attaching the Gr/PEI nanolaminate with Vg, = 0.07 %
of area 30 x 30 mm? on the back of a ~400 pm thick glass substrate
using a small quantity of thermal conductive paste. Electrical contacts
were formed using copper adhesive tape and Kapton tape was adopted to
further secure the device. The device was placed inside a freezer oper-
ating at — 20 °C, while the front side of the glass faced upward. Water
was sprayed on the glass periodically until a ca. 3 mm thick layer of ice
was formed.

3. Results and discussion
3.1. CVD graphene/PEI nanolaminate fabrication

PEI is an amorphous thermoplastic polymer presenting an amber-to
transparent appearance, good chemical and ultraviolet resistance, and
exhibits excellent mechanical properties, including high strength, stift-
ness, and dimensional stability, making it suitable for applications that
require structural integrity. Additionally, the high glass transition tem-
perature (above 260 °C, see Figure S1-S2) combined with the very good
stability and retention of mechanical properties over a wide range of
temperatures (Figures S2-S3), make it suitable for high-temperature
applications in aerospace, oil and gas, and other industries [42]. PEI
also offers outstanding chemical resistance, making it ideal for appli-
cations exposed to aggressive chemicals. Furthermore, notable charac-
teristic of PEI is its transparency, with high levels of transmittance in the
visible spectrum, allowing for applications where optical clarity is
essential [42]. The utilization of a high-performance polymer such PEI
as matrix in the CVD graphene nanolaminate architecture proposed by
the authors in a recent work [11] is expected to enable further the
exploitation of the remarkable properties of two-dimensional materials
in a wider range of temperatures. By using the iterative lift-off/float-on
process developed recently by the authors [11], CVD graphene/PEI (Gr/
PEI) nanolaminates were produced with three different graphene vol-
ume fractions (Vg,), i.e. 0.009, 0.07 and 0.165 vol%, and with an overall
number of layers of, respectively, 8, 10 and 20 (Fig. 1A). As previously
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Fig. 1. A) Pictures of the PEI control sample (i), 8-layer Gr/PEI nanolaminate
with Vg, = 0.009 vol% (ii), 10-layer Gr/PEI nanolaminate with Vg, = 0.07 vol%
(iii) and 20-layer Gr/PEI nanolaminate with Vg, = 0.165 vol% (iv). Scale bar is
1 cm. B) SEM images of the PEI control specimen (i) and of the nanolaminate
with Vg, = 0.07 vol% (ii). Scale bar is 2 pm. C) Representative Raman spectrum
of the Gr/PEI nanolaminate with Vg, = 0.07 vol%. Peaks assigned to PEI
spectroscopic features are indicated by asterisks.

reported [11,43], the volume fraction of graphene in the nanolaminate
configuration is defined as

Ver = tGr/ (tpolymer + tGr) ~ tGr/ tpolymer (1)

where tg, is the thickness of monolayer graphene (constant in all the
nanolaminates and equal to 0.334 nm) and t,o,mer is the thickness of the
polymer layer (which is varied to modulate Vg,). In order to control the
volume fraction of graphene in the produced nanolaminates, the spin
coating conditions and the concentration of the PEI solution were pre-
liminary fine-tuned to produce continuous PEI films on graphene with
known thicknesses. In this initial optimization process, graphene on
copper foil was coated with PEI films produced from several PEI/
cyclohexanone solutions (3 wt% to 10 wt%) and varying the spinning
conditions (Figures S4). The thickness values of the produced PEI films
on CVD graphene was determined by using the scratch step method [41]
and are plotted in Figure S4; as expected, the thickness depends on the
concentration of the solution and is found to decrease with the angular
speed. Hence, considering eq. (1), nanolaminates with Vg, of 0.009, 0.07
and 0.165 vol% were fabricated with PEI ultra-thin films on graphene
layer with nominal thickness of 3.75 pm, 500 nm and 200 nm respec-
tively (Table S1). It is important noting here that the polymeric thin
films were continuous, and their morphology conformally reproduces
the typical undulated surface of the Cu foil after CVD graphene growth
(Figure S5). Moreover, the nominal volume fractions of graphene in the
produced nanolaminates have been found to well match the actual
volume fraction as inferred inversely from the final thickness of the
nanolaminates which has been measured by a digital micro-meter
(Table S1).

The produced 4 cm x 4 cm Gr/PEI nanolaminates show the amber
colour which is characteristic of PEI and do retain a certain degree of
transparency as graphene content increases (Fig. 1A and S7). Further-
more, the very regular lamination sequence of the produced laminates
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has been proved by SEM (Fig. 1B); in fact, unlike the PEI control spec-
imen, the graphene nanolaminates present a layered architecture
resulting from the fact that the polymeric layers of amorphous PEI are
separated by monolayer CVD graphene sheets thus creating distinct,
alternated layers within the cross section of the Gr/PEI nanocomposites.
Raman spectroscopic mapping has been adopted to assess the quality of
graphene in the produced nanolaminates. As shown in Figure S8, high-
quality CVD monolayer graphene was employed in the process. Fig. 1C
shows a representative Raman spectrum of Gr/PEI nanolaminate (Vg, =
0.07 vol%); spectroscopic features which are characteristics of graphene
(e.g. G, 2D and D peaks) can be observed in the spectrum. As shown in
Figure S9, the intensity ratio I(2D)/I(G) is larger than 2, which are
typical values for CVD graphene [11]. Also, graphene experiences a
small compression (~0.13 %, based on [44]) as G and 2D peaks are
slightly blue-shifted. For the case at hand, the residual compression is
slightly higher than that observed for PMMA/Gr nanolaminates [11],
and this can be ascribed to the higher temperatures required by PEI for
the annealing steps compared to PMMA.

3.2. Characterization of mechanical and electrical properties

Uniaxial tensile tests were conducted to assess the mechanical per-
formance of the produced Gr/PEI nanolaminates. Representative stress
strain curves for the nanolaminates, as well as for the PEI control sam-
ple, are shown in Fig. 2A. It is evident that the addition of continuous
layers of graphene in the polymer provides an enhancement of stiffness,
with increase of both Young’s modulus and tensile strength, without
inducing a significant embrittlement of the system. In particular, as
graphene content increases up to 0.165 vol%, a substantial increase of
the Young’s modulus (from 1.8 + 0.1 GPa to 3.2 + 0.2 GPa) and of the
tensile strength (by 30 % ca.) is observed, compared to the control
sample (Fig. 2B, 2C). Minimal reduction has been noticed in the defor-
mation at break as presented in Fig. 2C. This improvement of the me-
chanical properties in tension has been already observed in similar
system and has been ascribed to the efficient reinforcement provided by
the large-size graphene sheets in the nanolaminate architecture [11,45].
The linear increase of both modulus and tensile strength with graphene
volume fraction has been found to hold at all graphene loadings of the
produced nanolaminates. This has been confirmed by further tests per-
formed on nanolaminates with 0.1 vol% of graphene. The use of a simple
rule of mixture on a set of five samples allowed to estimate the effective
contribution of graphene to the modulus and the strength of the nano-
laminate, which yield 862 GPa and 9.6 GPa, respectively.

Also, Gr/PEI nanolaminates exhibit high in-plain electrical conduc-
tivity. Actually, as it is illustrated in Fig. 2D the electrical conductivity
increases with graphene content and follows a linear trend within this
range of volume fractions, with values ranging from 19 + 0.09 S/m (for
0.009 vol%) to 1400 + 170 S/m (for 0.165 vol%). As reported for
similar systems, the homogenous dispersion of the graphene monolayers
provides the advantage to reach significant enhancement of electrical
conductivity even at very low volume fractions, outperforming the
traditional discontinuous graphene-particle composites with similar or
even higher filler content [46]. As already proposed for similar nano-
laminate architecture [10], the system can be modelled as a two-
dimensional parallel system of conducting sheets with an equivalent
sheet conductance N time that of an isolated graphene layer. Therefore,
the contribution of graphene to the electrical conductivity evaluated
from linear fitting of the experimental data has been estimated 9 x 10°
S/m, which is not far from the reported value for graphene in the PMMA
nanolaminates [11], thus proving that the intrinsic electrical conduc-
tivity of graphene monolayer has been preserved in the Gr/PEI nano-
laminates during the lamination process including the high temperature
annealing.
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Fig. 2. A) Representative stress—strain curves of Gr/PEI nanolaminates obtained by uniaxial tensile testing. B) Young’s modulus, C) Ultimate tensile strength and
deformation at break of the Gr/PEI nanolaminates as a function of graphene volume fraction. D) Electrical conductivity as a function of graphene volume fraction.

The dashed-dotted lines represent the linear fitting of the experimental data.

3.3. Resistive heating of the Gr/PEI nanolaminates

The Joule heating behavior of the produced nanolaminates was
investigated upon the application of an external electrical DC potential,
in the range of 10 to 60 V, in steps of 5 V. Changes of the temperature of
the nanolaminates were followed with an IR thermal camera and a
thermocouple was attached at the middle of each specimen (see
Figure S10). As it is shown in Fig. 3, the application of the electrical
potential results in an increase of the temperature of the nanolaminate,
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which is due to the Joule heating effect. Heating via the Joule phe-
nomenon is the physical effect in which the flow of electric current in a
conductor with finite resistive losses induces heat production in which a
part of the electric energy is converted to thermal energy [25]. Actually,
the mechanism involves the collision of phonons with electrons when
the electric field is applied [40,47]. In Fig. 3A, the temporal evolution of
temperature is plotted for each applied voltage for the three investigated
samples. Significant changes in the temperature profile of the Gr/PEIL
nanolaminate are observed for electric potentials above 10 V and, as the
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Fig. 3. A) Temperature profiles for 0.009 vol% (green line), 0.07 vol% (purple line) and 0.165 vol% (blue line) Gr/PEI nanolaminates as a function of applied DC
electrical potentials. B) Maximum temperature as a function of applied DC potentials (inset: real-time IR images of the 0.165 vol% Gr/PEI sample under applied
electric voltages of 50 V and 55 V). C) Temperature profile of the 0.165 vol% Gr/PEI nanolaminate upon the application of 55 V DC electrical potential (inset:
zoomed-in view of the initial region, to shown the representative calculation of the heating rate). D) Graphic representation of maximum steady state temperature vs

heating rate of 0.009 vol%, 0.07 vol% and 0.165 vol% Gr/PEI nanolaminates.
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applied electric potential increases, the temperature of the nano-
laminates is found to increase as well (Table S2). The steady-state
temperature increases with the applied voltage (Fig. 3B), reaching
temperatures higher than 250 °C, overperforming state-of-the-art
heaters based on polymer composites (Table S3). For each applied
voltage, the temporal evolution of the nanolaminate temperature can be
described by a transient time (or response time) where the temperature
increases from room temperature up to a steady-state value (i.e. plateu),
as it is illustrated in Fig. 3C. For the three investigated samples, the
duration of the transient time is very small, the response time being even
less than 1 s, with maximum heating rates in the range of ~ 50-325 °C/s
(Fig. 3D and Table S2). To the best of our knowledge these are among the
highest heating responses reported in literature so far for graphene-
based heating elements. The fast response conduces to heat up the ob-
ject surface efficiently and it is indispensable to applications requiring
rapid temperature switching [48]. In the steady-state, temperature
fluctuations of ca. 2 % reveal the thermal stability of the freestanding
Gr/PEI nanolaminate heaters. Upon removal of the DC electric voltage,
the Gr/PEI nanolaminate samples return to room temperature in a range
of time from a few seconds to a sub-second time depending on the
maximum steady-state temperature. The results in Fig. 3A-D clearly
demonstrate that with an increase in the graphene content, a noticeable
shift in the temperature behavior is observed, characterized by higher
temperature difference and heating rates for each corresponding applied
electrical voltage. These findings highlight the positive effect of gra-
phene on the thermal response of the composite system, potentially
indicating superior thermal properties at relatively low volume fractions
of graphene (such as enhanced thermal conductivity and a more efficient
heat dissipation). It is important to underline here that the 0.165 vol%
Gr/PEI nanolaminate under the application of a DC potential of 55 V can
even reach the highest temperature with no detrimental effect on its
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robustness, as shown by mechanical tests performed on the nano-
laminate at room temperature after Joule heating and cooling
(Figure S11).

Heating stability, even at long-term and at high temperatures, and
reliability under static and dynamic conditions are also very important
for practical applications. Cyclic ON/OFF experiments were performed
showing an excellent stability of the heater without signs of degradation.
Fig. 4A shows the reliable performance of the Gr/PEI nanolaminate
heater (Vg = 0.07 %) under 40 ON/OFF switching cycles of 55 V,
demonstrating stable heating/cooling response. The real-time IR images
prove that the homogeneous temperature distribution of the heater is
retained after decades of ON/OFF switching cycles. The stability of the
heater at high temperatures has been further examined with long-term
experiments (Fig. 4B), demonstrating that the heating element re-
mains stable for long time periods (up to 120 min) even at temperature
close to the glass transition of the polymer. It is also interesting noting
that the nanolaminate can retain its heating character even when it is
bent (Figure S12), with a stable heating performance, under different
degrees of bending (Fig. 4C). Moreover, the heater remains operative
during bending/releasing cycles, with a homogenous temperature, as
demonstrated in supplementary video 1. As a support for this, it has been
also proven that the electrical properties of the nanolaminate remain
mainly unaltered under the imposition of an external deformation, at
both room and higher temperatures, with relative changes of resistance
of only 0.2 % (Figures S13-S14). In addition, the heater showed
remarkable bending durability; in fact, after different bending cycles,
the stability of the heater was assessed in terms of ON/OFF switching at
50 V, and a remarkably stable heating/cooling behavior was observed
after 50 and 100 cycles (Fig. 4D). Hence, the resilience of the multi-
functional Gr/PEI nanolaminates, the remarkable flexibility and strong
robustness upon Joule heating owe to the excellent electrical, thermal
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Fig. 4. A) Cyclic stability experiment of fast voltage switching cycles at 55 V, with the ON and OFF intervals lasting 15 s each, and the IR thermographs at the 1st and
40th cycle of the Gr/PEI nanolaminate with Vg, = 0.07 % (B). Temperature profile of the Gr/PEI nanolaminate with Vg, = 0.07 % under the application of 55 V for
120 min (B). C) Real-time IR images of the Gr/PEI nanolaminate with Vg, = 0.07 % upon incremental bending. A DC voltage of 25 V is applied to the specimen. D)
Temperature profiles of the Gr/PEI nanolaminate with Vg, = 0.07 % measured after different bending cycles (0 — 150°) while applying ON/OFF switching cycles at

50 V.
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and mechanical properties of graphene in the nanolaminate architecture
and suggests that the great potential of PEI/Gr nanolaminates for flex-
ible electronics applications [49].

By invoking the transformation of electrical energy into Joule-heat
and Ohm’s law, the power of heating can be estimated with respect to
the applied voltage as by P = V2/R, [50,51], and the quadratic depen-
dence is clearly shown in Fig. 4a. The areal power density of the three
nanolaminates under investigation, expressed in W/cm?, required to
reach target temperature value and in function of the applied external
potential (V) is plotted in Fig. 4b-c, as well. Experimental results suggest
that Gr/PEI nanolaminate systems can achieve desired temperatures
with lower power densities compared to current systems, indicating
their potential to revolutionize the aviation sector. Experimental data
indicate that the areal power density of Gr/PEI nanolaminate systems
can achieve values up to 1.28 W/cm?, enabling heating to temperatures
exceeding 250 °C. These values approach the critical power density
levels required for certain applications in light aviation aircraft, sug-
gesting potential utility in this domain [52-55]. The ability of these
systems to achieve high temperatures with lower power densities opens
up possibilities for their use in diverse aviation systems (such as flight
deck flooring, foot warmers, fuel cells, water distribution systems, brake
temperature controls, de-icing systems, cabin conditioning), providing
enhanced performance and functionality.

The surface temperature can be facile tuned by the DC electric po-
tential revealing a linear relationship with the applied areal power
density. It is well known that the slope dT/dP represents the thermal
resistance, which is a parameter defining the heating performance of an
element [56,57]. It is generally recognized that the greater this slope,
the superior the efficiency of a heating element [58,59]. Specifically, in
the Fig. 4b are represented the graphs of the AT vs areal power density
(W/cmz) and the corresponding AT/AP slopes for the three investigated
Gr/PEI samples, which have been estimated 450 °C cm? W1, 290 °C
em® W' and 190 °C em® W! for, respectively, 0.009 %,0.07 % and
0.165 vol%. It is evident that as the graphene content increases
(meaning thinner PEI spacers), the thermal resistance of the elements
magis et magis decreases. This is a reasonable behavior since the thermal
resistance is directly proportional to the thickness of the PEI insulating
layer which apparently works as a thermal diffusion blocker [60]. The
obtained values of thermal resistance of the Gr/PEI nanolaminates place
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them among the most efficient heating elements as it has been illustrated
so far (Table S3). The Gr/PEI nanolaminates as lightweight heating el-
ements present a unique combination of high heating responses, low
power consumption at very high steady-state temperatures can place
them among the most efficient and robust heating elements.

In consideration of the Joule heat effect and the characteristic low
weight to area ratio exhibited by the investigated Gr/PEI samples (given
that their weight ranges between 8 to 30 mg for a 16 cm? heating
element), resulting from the unique design of graphene-based nano-
laminates, a compelling proposition arises for their potential imple-
mentation in lightweight energy-saving systems targeted for the
aviation and transportation sectors. Notably, an analysis of existing
heating system approaches, including those based on carbon derivatives,
reveals that denser systems are typically fabricated in order to achieve
significant reductions in electrical resistance. However, it is noteworthy
that such efforts towards enhancing electrical conductivity often entail
compromises in the mechanical integrity of the heating element.

The overall performance of Gr/PEI nanolaminates has proved that
their efficient design led to surpassing the major limitations that are
faced in discontinuous graphene-based polymer nanocomposites. Their
excellent mechanical and electrical properties obtained by the Gr/PEI
nanolaminates have made them promising as next-generation multi-
functional materials. In fact, Gr/PEI nanolaminates seems to have
similar capabilities to other heating systems (see Fig. 4c), combined with
several advantages, such as maintaining electrical constant resistance
upon stretching and the encapsulation in the polymer matrix that pre-
vents any interactions with oxygen and humidity, surpassing a common
limitation that significantly affects the operation of respective systems
with uncovered graphene or other 2D materials (e.g. MXenes) [61,62].
However, it should be emphasized that by using the polyetherimide as a
matrix the temperature limiting factor is bypassed leading to the
achievement of even higher temperatures than it is reported so far for
heating elements based on graphene composites (See Table S3).

In light of the excellent Joule heating performance, a proof-of-
concept experiment has been performed to test the de-icing capabil-
ities of the produced Gr/PEI nanolaminates. Specifically, the 10-layer
Gr/PEI nanolaminate with Vg = 0.07 % was attached to a glass
testing surface as shown in Fig. 5D. The testing surface was placed
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Fig. 5. A) Joule heat power and areal power density as a function of the DC voltage for the Gr/PEI nanolaminates. B) Temperature difference (AT) for each areal
power density for the nanolaminates with different graphene volume fractions. C) Comparison of areal power density vs heating rate for different Joule heaters
presented in the literature (see Table S3). Data in red refer to CVD graphene/PEI nanolaminates presented in this study. D) Digital photograph of the de-icing proof-
of-concept device in the refrigerator and video frames (zoomed-in) of the de-icing experiment at t = 0, 10, 20, 30 and 40 s.
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was formed at the front side of the surface. Frames of the submitted
supplementary video 2 of the de-icing proof-of-concept experiment are
shown in Fig. 5D as well. The frames correspond to initial state and to t
=10, 20 and 40 s after the application of DC voltage of 30 V, and clearly
show the ice melting procedure, until near complete removal. The above
results successfully demonstrate the perspective of the Gr/PEI nano-
laminates as heating elements for de-icing applications with fast re-
sponses and very small mass.

Graphene/PEI nanolaminates have shown the potential to provide a
disruptive advantage in applications where fast, high-intensity heating
is one of the key requirements over existing carbon, metal, and polymer-
based counterparts for both heating efficiency and time of response. The
result of this study is particularly salient as it introduces the capability of
the material to withstand environments where cyclical loading and high-
temperature conditions are simultaneously present. Such resilience
under cyclical and thermal stress further validates the Gr/PEI nano-
laminates as highly promising candidates for high-temperature, high-
strain applications.

4. Conclusions

CVD graphene/PEI nanolaminates were fabricated in graphene
contents of 0.009 vol% up to 0.165 vol%. The incorporation of large-
sized, continuous CVD graphene led to the significant improvement of
mechanical properties, with increase of elastic modulus and tensile
strength. The electrical conductivity measurements showed that signif-
icant values can be obtained even for very low volume fractions as a
rational consequence of the efficiency of the nanolaminate design.
Specifically, the in plane electrical conductivity ranges from 19 S/m
(0.009 vol% Gr/PEI sample) up to 1400 S/m (for the 0.165 vol% sam-
ple). Joule heating tests have revealed the fast-heating responses of the
Gr/PEI nanolaminates (up to 325 °C/s) with a maximum steady state
temperature of 275 °C. All the specimens presented a uniform temper-
ature distribution with absence of local hot spots. The proposed heating
elements present a unique combination of low power consumption up to
16 W, high areal power densities (~1.3 W/cmz) and thermal resistance
(up to 450 °C cm? W™1) and have been demonstrated as de-icing devices.
The Joule heating behaviour of the nanolaminates has been demon-
strated to remain stable after repetitive bending deformation and de-
cades of heating/cooling cycles, confirming the favorable flexibility and
durability. The impressive properties achieved even at low graphene
content are attributed to the unique architecture of the composite where
continuous, large, high-quality graphene sheets are alternated with
polymeric layers, thus guaranteeing the optimal dispersion of the filler
within the matrix with fine control of interlayer coverage at the nano-
scale. Moreover, the use of high-performance polymer such PEI enabled
a new potential application of CVD graphene nanolaminates as flexible
heating elements. In light of that, the findings of this work pave the way
for the development of a novel class of materials with a remarkable
combination of physical properties and low weight to volume ratios,
giving the possibility to design lightweight systems for a whole range of
applications in the aviation, transportation, in data communication and
electronics sectors.
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