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1 | INTRODUCTION

MIR-regulating materials, also called thermal regulat-
ing materials, are gaining growing attention due to the

| Andrew Balilonda' | Wei Chen'?

Abstract

Graphene exhibits enormous advantages in mid-infrared (MIR) regulation
because of the active control, precise regulation, and large modulation depth.
Such graphene films are prepared via chemical vapor deposition (CVD) or
reduction, which cannot realize large-scale production and limit the applica-
tions. Graphene films with van der Waals (vdW) structure enable excellent
mechanical and electrical performance for flexible electrodes and electronics
and might be a candidate for MIR regulation. However, current techniques for
preparing vdW graphene films require binder or solution assistance, resulting
in chemical residues and performance degradation. Here, a new strategy for
preparing large-area vdW graphene films by simple mechanical adhesion with-
out any additives was proposed. By selecting the carriers and substrates with
proper fracture energies, graphene nanosheets can be transferred from one
polymer to another with a layer-by-layer structure. The obtained graphene
films possess desired thickness and comparable electrical conductivity (92.8
+ 4.6 ohm sq') with those by chemical vapor deposition. They are of high
compactness even for ions to intercalate reversibly, which exhibit excellent
electrochemical activity and electro-optical regulation capability, effectively
suppressing 90% thermal radiation. This strategy can be extended to prepare
high-performance vdW graphene films on various polymer substrates and used
for sustainable and smart electro-optical applications.

KEYWORDS

dynamic emissivity, electrochemical device, graphene, thermal camouflage, van der
Waals film

thermal management behavior in radiative cooling,’
personal thermal management,”” thermal camouflage,®
communication,”® and food packaging.” Such materials can
manipulate the thermal radiation (P) either by emissivity
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(¢) engineering or surface temperature (T) engineering
according to Stefan Boltzmann Law (P = e6T*).'>"' Com-
pared to surface temperature regulating materials such
as phase change materials, emissivity engineering
materials proposed an intrinsic solution to regulate
thermal radiation, which would not influence the
thermal sensation caused by improper temperature.'®
Current emissivity regulating materials mainly
include vanadium dioxide,"* Ge,Sb,Tes,"> perovskite
oxides," tungsten oxides,"” polyaniline,'® poly(3,4-ethylene
dioxythiophene),'” carbon nanotubes,>® and graphene.'®"’

Graphene is regarded as a breakthrough for thermal
regulation among all materials due to its two-
dimensional structure, broadband absorption, and adjust-
able Fermi level which can be tuned by ionic intercala-
tion into the interlayers with an efficient electrochemical
structure.>***! Due to the poor regulation or electromag-
netic shielding effect caused by inappropriate thickness,
graphene films for the largest thermal modulation are
anticipated to possess a certain thickness (100-150
layers). Such films with controlled thickness are generally
produced by CVD or reduction.>”** However, the ther-
mal regulation performance of reduced graphene oxide
films was unsatisfactory due to the graphene structure's
high defect density. CVD-grown graphene films exhibit
excellent emissivity regulation because of the fine struc-
ture; however, it is hard to realize scalable production
and practical application due to the long synthesis dura-
tion, complex etching of metal substrates, transfer pro-
cess, and surface fracture during use.”* For graphene to
be employed as a thermal regulator, it is crucial to iden-
tify graphene synthesis with the appropriate thickness,
low defect density, and simple, scalable manufacturing.

van der Waals (vdW) films possess exceptional electri-
cal and mechanical characteristics due to the large width-
to-thickness ratio and the vast area of plane-to-plane vdW
contact between neighboring sheets.”*>® 2D materials such
as graphene,””*® MXene,” MoS,,*® black phosphorus,*
and BN** have been synthesized into vdW films utilizing
the intermolecular forces by spin coating,**** layer-by-layer
assembly,*>~® spray coating,>** and inkjet printing.”” The
nanosheets assemble into continuous films with adjacent
sheets interacting through vdW forces with merely interfa-
cial trapping, resulting in excellent electrical conductivity.**
Such performance makes vdW graphene film (vdWGRf) a
good candidate for MIR regulating. However, prior tech-
niques for vdW films' formulation rely on binders and solu-
tion assistance, limiting its production and causing
solution waste. In addition, excess or residual impurities
also bring performance degradation.

Here, we proposed a novel strategy to prepare Scalable
Van Der Waals Graphene Films for Electro-Optical Regu-
lation (vdWGRfs) without binder and solution assistance

and applicate the vdWGRfs to thermal regulation. By
selecting interfacial fracture energies with graphene
nanosheets, vdWGRfs can be directly prepared on variable
polymer substrates (e.g., polytetrafluoroethylene, PTFE;
Polydimethylsiloxane, PDMS; Nafion®). Through a
repeated dragging—adhesion-separation process, graphene
nanosheets are able to stack in layers and form vdWGRfs.
Such mechanical adhesion method is scalable, cost-
effective (0.3 USD m™?), room-temperature processable,
binder-, and solvent-free. The electrical conductivity
(sheet resistance to 92.8 + 4.6 ohms sq ') and flexibility
(bend radius to 0.5 mm) of the as prepared vdWGRfs are
comparable to multilayer graphene films grown by CVD;
however, they are more cost-effective and resistant to frac-
ture. Later, a PTFE-based vdWGR(f was directly assembled
into an electrochemical device by injecting 1-ethyl-
3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
(EMIMTEFSI) into the porous PTFE substrate. The electro-
chemical device demonstrated the excellent thermal regu-
lation capability of suppressing 90% radiative heat transfer
and reducing the emissivity from 0.6 to 0.1. The emissivity
regulation arising from the ion intercalation into graphene
interlayers was determined by in situ x ray diffraction
(XRD). Due to the capacitor intrinsic of the thermal regula-
tor, a corrected working voltage range of —0.5 to 4 V
was provided, resulting in excellent stability with 90% modu-
lation retention in 300 cycles. The facile and scalable produc-
tion strategy for high-performance vdWGRf may facilitate
the practical application of graphene as flexible electrodes
and thermal regulators, such as personal thermal manage-
ment, radiative cooling, and thermal camouflage.

2 | RESULTS AND DISCUSSION

2.1 | Mechanical adhesion to prepare
vdWGRfs

Direct preparation of thin films on flexible plastic sub-
strates facilitates sensing, storage, and communication
functions for electrical devices.*® Here, we proposed a
scalable production strategy of vdWGRfs directly on poly-
mer substrates without binder and solution assistance via
a simple mechanical adhesion method. Graphene
nanosheets adsorbed by a carrier polymer film could be
transferred to a substrate polymer film by a dragging-
adhesion-separation process (Figure 1A[i-iii]). By repeat-
ing the process, graphene nanosheets could be accumu-
lated on the substrate, and a graphene film could finally
be formed (Figure 1A[iv-vi]). The only existed three
objects (graphene nanosheets, polymer carrier, polymer
substrate) and simple external force make it necessary to
believe that graphene film can be formed by a simple
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FIGURE 1 Mechanical adhesion method to prepare vdWGRfs. (A) Schematic of the mechanical adhesion method. (i) Graphene
nanosheets were adhered onto a nitrile butadiene rubber (NBR) carrier and being dragged onto the PTFE substrate; (ii) Graphene

nanosheets transferred from the NBR carrier to the PTFE substrate by dragging; (iii) The polymer carrier was removed, and the graphene
nanosheets were separated with the polymer carrier; (iv) Repeated the dragging-adhesion-separation process; (v) Graphene nanosheets
remained on the PTFE substrate by vdW force; (vi) vdWGRf formation. (B) Sketch of the graphene nanosheets transfer process. Interfacel
and Interface2 demonstrate the interface of graphene nanosheets and polymer carrier, interface of graphene nanosheets and substrate film,
respectively. F is the applied force. (C) Debonding simulation of the interface between the polymer carrier and graphene nanosheets: von
Mises Stress state of the graphene nanosheets transfer process. Schematic of vdWGRf with stacking layer-by-layer structure: (D) Top view

and (E) cross-section view.

mechanical adhesion, which is similar to the mechanical
exfoliation of graphene nanosheets from graphite. To
explore the mechanics, we conducted finite element anal-
ysis on the system stress during the dragging—adhesion—
separation process based on traction-separation criteria
(more information in Figure S1). It was found that the
transfer can happen while the fracture energy of Inter-
facel (graphene nanosheets and polymer carrier) was
lower than that of Interface2 (graphene nanosheets and

polymer substrate) (Figure 1B). In addition, the surface
energies of the graphene nanosheets and the polymer
substrates should be similar, which is essential for the
layer-by-layer structure. In an NBR carrier and PTFE
substrate system, graphene nanosheets started to transfer
when the strain energy release rate reached the interfa-
cial fracture energy (Figure S2). The simulation result
(Figure 1C) demonstrated that the Interfacel was
detached, with graphene remaining on the PTFE
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FIGURE 2

Thickness (nm)
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Morphology and electrical performance of vdWGRfs. (A) Photographs of vdWGRfs demonstrated on (i) large

(40 cm * 80 cm), (ii) smooth (Naﬁon®), (iii) porous (PTFE), and (iv) elastic (PDMS) substrates, respectively. Scale bars, 5, 1, 1, and 1 cm,
respectively. (B) Sequential scanning electron microscopy images of the vdWGRfs formation on a porous PTFE substrate. Scale bars, 2 pm.
(C) Weight variation and sheet resistance of the PTFE-based vd WGRf{s with preparation time increases. (D) Ashby plot comparing the sheet

resistance of the vdWGRfs to previously reported graphene films by CVD and reduction method.>%****~*? (E) Electrical resistance variation

of the PTFE-based vdWGR(f at a bend radius up to 0.5 mm.

substrate. The mechanical adhesion method is also appli-
cable on other substrates, such as PDMS and Nafion®,
where the fracture energies of Interfacel are lower than
that of Interface2 (more information in Section 4). Using
such method, vdWGRfs were prepared with stacking
structure (Figure 1D,E).

2.2 | Performance of vdWGRfs

By selecting the carriers and substrates with proper frac-
ture energies, vdWGRfs can be obtained on various sub-
strates with arbitrary dimensions. We demonstrated
flexible vdWGRfs with a dimension of 80 cm length and
40 cm width (Figure 2A[i]) and on smooth (Figure 2A[ii]),
porous (Figure 2A[iii]), and stretchable substrates
(Figure 2A[iv]), respectively. All vdWGRfs exhibited strong
metallic luster, associated with the layer-by-layer stacking
structure and high electrical properties. The structure of a
PTFE-based vdWGRf was determined by sequential SEM

images, finding that graphene nanosheets assembled onto
the porous substrate layer by layer (Figure 2B[i-iii]),
entirely and flatly adhered onto the PTFE substrate with-
out any part upturned or detached, forming a vdWGRf
(Figure 2B[iv]). Under MIR spectral testing, vdWGRfs
exhibited no obvious absorption peaks and showed almost
the same reflectance at different positions, proving all car-
bon structures and high uniformity (Figure S3). X-ray pho-
toelectron spectroscopy (XPS) characterizations proved the
high carbon content and fine graphene structure of
graphene nanosheets (Figure S4), resulting in ultra-low
defects of the vdWGRfs, where the values of Ip/I5 (0.20)
that evaluate the graphite structure defect degree are
nearly the same as the pristine graphene nanosheets (Ip/
Ig = 0.08), approved by Raman spectra (Figure S5). Also,
the impurity-free structure of vdWGRfs was determined
by XRD (Figure S6). It is important to note that the thick-
ness of the vdWGRf cannot grow indefinitely, which is
limited by the shear force.*> With the loading content of
graphene nanosheets increasing to ~75mgm >, the
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FIGURE 3 Performance of a vdWGRf{-based electrochemical device. (A) Schematic of the device structure with voltage off (left, high

thermal radiation) and voltage on (right, low thermal radiation). PTFE-based vdWGRf is injected with EMIMTFSI ionic liquid and then

adhered with a copper film. (B) Spectral reflectance in the wavelength of 2-15 pm as a function of 0-4 V applied voltage. (C) Thermal images

of the vdWGR{-based electrochemical device on a 38°C hot plate under room temperature of 26°C. (D) In situ XRD spectra of the vdWGRf-
based electrochemical device under 0-3.4 V. (E) XRD peak positions (00n + 1), (00n + 2) of the charged vdWGRf-based thermal regulator.
Insert table shows the ratio of the two peak positions and the corresponding stage phase of vdWGR{. (F) Schematic of ions intercalation
stages into graphene layers. (G) Nyquist plot of the vdWGRf-based solid electrochemical device. (H) CV curves of the vdWGRf-based solid

electrochemical device at scan rates from 0.002 to 0.5 V.

thickness stopped growing (Figure 2C). The thickness of
vdWGRfs was around 136 nm, determined by SEM
(Figure 2C), which was exactly in line with the theoretical
calculation and thickness to achieve the theoretical maxi-
mum emissivity regulation of graphene film with 100-150
layers.>**

The ultra-low defect and impurity-free vdW structure
endow the vdWGRfs with excellent mechanical and elec-
trical properties. Here, the sheet resistance of vdWGRfs
was 92.8 +4.6 ohmsq' at a maximum thickness
(Figure 2C). The electrical conductivity of vdWGRfs was

comparable with CVD-grown graphene films with 100-
150 nm thickness of 20-100 ohm sq~* >*° but much lower
than that of reduced graphene oxide films of ~1000
ohm sq ™' *® (Figure 2D). The high electrical conductivity
arises from the ultralow carrier barrier of graphene
nanosheets’ highly compact vdW structure with the
dangling-bond-free interface.’ In addition, the vdAWGRf
showed excellent mechanical properties, with a maxi-
mum 7% electrical resistance change up to a 0.5 mm
bend radius (Figure 2E). After bending for 5000 cycles at
a 2.5 mm bend radius, there was no obvious change in
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electrical resistance and morphology (Figure S7), indicat-
ing that the vdW structure maintained well.

2.3 | Performance of a vd WGRf-based
electrochemical device

The PTFE-based vdWGRf was fabricated into an electro-
chemical device, where vdWGR{ acted as the working
electrode layer, porous PTFE film directly functioned as
the separator, ionic liquid EMIMTFSI worked as the elec-
trolyte, and a copper foil served as the counter electrode
(Figure 3A). By applying appropriate voltage on the elec-
trochemical device, the ions will intercalate into the
graphene layers, resulting in a change in the Fermi
energy and carrier density, which alters graphene's opti-
cal properties. The optical properties in MIR wavelength,
associated with the thermal radiation, were measured
quantitively to examine the dynamic spectrum of the
vdWGR(. A failure voltage of 5 V was first determined,
with MIR reflectance decreased significantly (Figure S8).
The spectral reflectance of the vdWGRf-based electro-
optical device was tested under an efficient working volt-
age of 0-4.4 V (Figure 3B), and the integrated emissivity
with voltage variation under two atmospheric windows
(3-5 pm and 8-13 pm) was determined (Figure S9). An
ultra-low emissivity of 0.1 was detected at 4 V, which
means the thermal radiation of the vdWGRf can be
suppressed to a very low value. Thermal images were
taken to visually observe the dynamic thermal radiation
of vdWGRf{, by a homemade apparatus composed of a hot
plate and a thermal camera (Figure S10). The apparent
temperature of the vdWGRf decreased by 5.4°C from
31 to 26.6°C in a normal indoor environment of 26°C
(Figure 3C) and the electro-optical regulation sustained
for about 44 min. A spectral test was studied to deter-
mine the working principle of the vd WGRf thermal reg-
ulator. In situ XRD of the vdWGRf thermal regulator
was tested under an effective working voltage of 0-4 V
with three characteristic peaks of PTFE observed at
18.22°, 22.74°, and 25.98°. The C002 peak of graphene
was observed at 26.5°. (Figure S10) The C002 peak
weakened after the applied voltage exceeded 2 V, and
two new peaks (00n + 1) and (00On + 2) appeared as a
signal of TFSI anions' intercalating into graphene layers
(Figure S11 and Figure 3D), where n represented the
intercalating layers followed by n layers of pristine
graphene.*® The ratio of these two peaks' position d(00n
+ 1)/d(00n + 2) was used to value the stage phase
n (Figure 3E). When the voltage reached 2.3 V, a stage
phase 4 graphene intercalation compound was observed,
and a stage phase 3 reached at 3.5 V. Compared to a
CVD-grown graphene-based thermal regulator, the

vdWGRf-based thermal regulator demonstrated a lower
intercalation stage, which contributes to the composited
few-layer graphene nanosheets.”” The results indicated
that the ions intercalated into graphene layers under
electrical voltage, resulting in the MIR property change
(Figure 3F).

The vdW structure of graphene film may optimize its
electroactive surface and endow vdWGRf energy and
charge storage capacities. The electrochemical properties
were evaluated to explore the nature of the vdWGR( ther-
mal regulator, including electrochemical impedance
spectroscopy  (EIS), cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), capacitance, and
stability. EIS suggested that the impedance of the ion dis-
persion was low (Figure 3G). At all scan rates, the CV
curves of the all-solid vdWGRf-based thermal modulator
exhibited quasi-rectangle shapes and instantaneous cur-
rent response to voltage reversal, demonstrating the elec-
trochemical activity (Figure 3H). The specific capacitance
of the device was calculated, with a maximum value of
16.95 F g™! at the scan rate of 0.002 V s™' (Figure S12).
Compared to a CVD-grown multilayer graphene-based
device with the same structure, the vdWGRf-based device
exhibited a little larger capacitance due to the stacking
vdW structure.** GCD curves measured under the cur-
rent of 10-60 pA (Figure S12) with triangle shapes deter-
mined the formation of efficient electric double layers
and further confirmed the capacitor nature of the
vdWGRf-based emissivity modulator. The capacitor
nature of the vdWGRf and the electrical current hystere-
sis effect suggested that a proper reverse voltage might be
applied to the thermal regulator to release the accumu-
lated ions. Besides, the lifetime test of the device with no
significant decrease in both capacitance and voltage dem-
onstrated stability in 100 cycles (Figure S13).

2.4 | Electro-optical regulation and
large-area thermal camouflage

Working as a large-area thermal regulating material, the
response time and the apparent temperature regulation
of the vdWGR{-based thermal regulator were tested. With
a pulse voltage changed at the 10th second from 0 to 4 V,
it took around 7 s to steady the apparent temperature
from 30.2 to 26.1°C, demonstrating a relatively fast
response (Figure 4A). Due to the capacitor nature of the
vdWGRf{-based thermal regulator, a slightly negative volt-
age of 0.5 V was settled to release the accumulated cat-
ions on the vdWGR{. The stability of the regulator in
300 cycles was tested, finding that the thermal regulator
maintained excellent emissivity regulating capability with
90% retention in 300 cycles (Figure 4B). The emissivity
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FIGURE 4 MIR regulating and thermal camouflage of large area vdWGRfs. (A) Apparent temperature change under a 0-4 V transition
at the 10th second. (B) Emissivity regulation stability in 300 cycles with an applied voltage of —0.5 to 4 V. (C) The Integrated emissivity of
the vdWGRf-based thermal regulator at the 300th cycle in 2-15 pm. Thermal images of the vdWGRf-based thermal regulator at (D) 0 V and
(E) 4 V on a 45°C hotplate. (F) Blackbody radiation and radiation power emitted from the vdWGRf-based thermal regulator at 4 V.

(G) Thermal camouflage demonstration of the vdWGRf under sequential 0-4 V on a human body. Dimension: 30 cm width and 40 cm

length.

regulation at the 300th cycle was tested under —0.5 to
4 V, maintaining 0.4 emissivity regulation (Figure 4C). A
large area electrically responsive thermal camouflage sys-
tem with vdWGRf on a 45°C hot plate was demonstrated,
which could conceal perfectly under the thermal camera
because of the lower emissivity at 4 V than the background
(Figure 4D,E). It is because the regulated emissivity of
vdWGR( (value of 0.15) is lower than that of the back-
ground, and the thermal radiation emitted from the
vdWGR( at 4 V was only 10% of the black body thermal
radiation (Figure 4F). In addition, a camouflage demon-
stration on the human body at room temperature (~25°C)
was shown (Figure 4G). The vdWGRf-based thermal

regulator can obviously change the apparent temperature
of the human body from warm to cold, which is almost
consistent with the background temperature and can be
used to resist the detection of a thermal detector.

3 | CONCLUSION

To conclude, we proposed a new mechanical adhesion
strategy of van der Waals graphene thin films and applied
it to electro-optical regulation. By repeating the
adhesion-dragging-separation process, vdWGRfs can be
synthesized on various substrates such as PTFE, PDMS,
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and Nafion®. The vdWGRfs are flexible and highly elec-
trically conductive with a sheet resistance of 92.8 + 4.6
ohm sq', and the preparation is low-cost, binder- and
solution-free, large-area, room-temperature processable.
Further, the vdWGRf was assembled into an electro-
chemical thermal regulator, with vdWGR( as the thermal
regulating layer, PTFE as the separator, EMIMTFSI as
the electrolyte, and copper foil as the counter electrode.
The emissivity of the regulator was suppressed from 0.6 to
0.1 in an efficient working voltage of 0-4 V. The vdWGRf-
based thermal modulator can nearly decrease the apparent
temperature to that of the surrounding, acting as a perfect
thermal camouflage surface. In addition, it can reduce 90%
of radiative heat transfer, which can be used for thermal
management. To avoid the ions' retention under the charg-
ing and discharging process, the working voltage of the
thermal regulator was adjusted from —0.5 to 4 V, resulting
in excellent stability with 90% modulation retention in
300 cycles. The facile and scalable production strategy for
high-performance vdWGRf may facilitate the practical
application of graphene as flexible electrodes and thermal
regulators, such as personal thermal management, radia-
tive cooling, and thermal camouflage.

4 | EXPERIMENTAL SECTION

41 | Materials

Graphene nanosheets with 5-8 layers, 95% carbon content,
and 3-10 pm lateral diameter were purchased from China
Graphene Institute. Ionic liquid, EMIMTFSI, was pur-
chased from Tokyo Chemical Industry Co., Ltd. PTFE
porous film with 20 pm thickness, 45% porosity, and pores
with 100 nm diameter purchased from Asahi Kasei
Co. was used as the polymer substrate and to contain ionic
liquid. PDMS film 30 pm thickness was purchased from
Hangzhou Westru Technology Co. Ltd. A commercial
Nafion® film composited of sulfonated tetrafluoroethylene-
based fluoropolymer-copolymer from DuPont was also
used as the polymer substrate.

4.2 | Preparation of vdWGRfs

Firstly, graphene nanosheets adhered to a polymer car-
rier film by adhesion. In this research, NBR is utilized as
the polymer carrier film. After dragging the polymer car-
rier with a horizontal force, the graphene nanosheets
were transferred from the polymer carrier film and
adhered to the PTFE substrate. Then, the polymer carrier
film was separated with the PTFE substrate, and the
dragging-adhesion-separation process was repeated. By
repeating the process, graphene nanosheets adhered to

the PTFE substrate and onto the graphene nanosheet-
formed graphene film by vdW interaction. Finally, the
vdWGR( is obtained. PDMS and Nafion® were also used
as polymer substrates.

4.3 | Fabrication of vdWGRf-based
electrochemical device

The vdWGRf-based thermal regulator comprised a PTFE-
vdWGRf working electrode (3 cm*3 cm), 20 pL [EMIM]
TFSI ionic liquid electrolyte, and a 3 cm*3 cm copper con-
ductive tape counter electrode layer. The vdWGRf side was
connected to a positive voltage, and the copper conductive
tape was connected to a negative voltage.

44 | Characterizations

SEM images were taken by Tescan VEGA. Sheet resis-
tance was tested using a KDY-1 four-probe square resis-
tance tester with probes attached to the vdWGRfs at
10 random positions. Raman was performed under a
532 nm laser with Renishaw Micro-Raman Spectros-
copy System. XPS spectra were obtained using
ThermoFisher ESCALAB 250Xi. In situ XRD was
performed with Rigaku SmartLab 9 kW. The Electro-
chemical test, including CV, EIS, and GCD, was
performed by Versa STAT3 electrochemical worksta-
tion. The specific capacitance (Cs) for the graphene-
based soft actuator was calculated according to the fol-
lowing equation:

Cs= /ldV/vAV
m

where, m is the total mass of the active material (g,
graphene), AV is the potential window (V), v is the scan
rate (mV s™).

4.5 | Bending test

PTFE-based vdWGRfs with 1 cm width and 3 cm length
were used for the bending test. A homemade bending
machine and a Keithley 2400 source meter were used to
test the electrical resistance of a 1 cm length.

4.6 |
images

Electro-optical test and thermal

MIR reflection was performed under an FTIR (Spectrum
100, PerkinElmer) with an integrating sphere. The
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thermal images of vdWGRfs were taken by a FLIR C3-X
thermal camera with an emissivity setting of 0.95 and a
testing distance of 50 cm.

4.7 | Finite element analysis

The formation of vd WGRf was simulated by Finite Ele-
ment Analysis. The simulation of the debonding of the
interface between the polymer carrier and graphene
nanosheets and the mechanical response was
implemented in the commercial software ABAQUS
2017. Compared with the PTFE and the polymer carrier
domain, the thickness of the interface between the
graphene nanosheets and the polymer carrier was
small enough and could be ignored. The fracture pro-
cess area of the interfacial crack was defined using the
zero-thickness cohesive element. The stiffness of the
cohesive was specified as 1000 to ensure the rigid con-
nection of materials on both sides of the interface. The
damage initiation was captured by using the Maxs
damage criterion, and the damage evolution was
defined by using the energy criterion. The FEM is meshed
using the Eight-node brick element with reduced integra-
tion (C3D8R) elements with fine size. The elastic modulus
E and Poisson's ratio v were Eprpp = 0.28 GPa, vprpp = 0.4
for PTEE, Engr = 4 x 10°* GPa, vypr = 0.45 for NBR,
Egraphene = 1000 GPa, 0vgqpnene = 0.3 for graphene
nanosheet, Eppys = 6 X 10> GPa, vpppss = 0.42 for PDMS,
Enafion = 0.246 GPa, vng0n = 0.3 for Nafion, respectively.
The fracture energy of interfacial zones G-, = 100-
300mJm? for the interface between PTFE and
graphene nanosheet, Go, = 25-30m] m™> for the
interface between NBR and graphene nanosheet, 50-
60mIm> for the interface between PDMS and
graphene nanosheet, respectively. The boundary condi-
tion of the dragging was to constrain the freedom of
the bottom surface nodes of the PTFE substrate and
impose a displacement vector in the XY plane.

4.8 | Calculation of the integrated
emissivity and thermal radiation

Due to the opaque nature of the device, the integrated
emissivity (¢) of the device was calculated by weighting
(1—R(4)) by the formula:

/ " RA)B

Amin

j’lTl'an
/ B()d(A)
A

min

E=

where, 1 is the wavelength, B(1) is the blackbody radia-
tion for a particular wavelength and over the entire mea-
sured wavelength range according to the formula:

Ci12~°

Bd) = exp[C,/AT] -1

where, C; is the first radiation constant (3.7418 x
108Wpm*m™2), C, is the second radiation constant
(1.4388 x 10* um K), and T is the temperature.
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