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The growing demand for portable and wearable electronics, Internet of Things microdevices, and wireless sensor
networks has led to the development of miniaturized energy storage devices, such as microsupercapacitors
(mSCs). With excellent electrical conductivity and high surface area in a layered structure, graphene materials
are ideal for mSCs, but current manufacturing methods still hinder their widespread integration. Here, we
propose a sustainable approach for the rapid and eco-friendly production of few-layer graphene flakes based on
the exfoliation of graphite in water by a combination of high-shear mixing and a high-pressure airless spray. An
all-carbon composite paste with high electrical conductivity and tunable viscosity was designed to fabricate
planar, interdigitated mSCs on polyethylene terephthalate (PET). The flexible, metal-free mSCs achieved a
Coulombic efficiency close to 100%, with areal and volumetric capacitances of 6.16 mF em 2 and 2.46 F cm’s,
respectively. The maximum energy density exceeds 200 pWh cm ™ with 91.5% capacitance retention after 10000
galvanostatic charge—discharge cycles. The mSCs retain the same performance when subjected to a wide
bending range and can be easily modularized to adjust the voltage and capacitance outputs. Finally, high-
performance coatings for electromagnetic interference shielding and wearable strain sensors are also fabri-
cated to demonstrate the multipurpose applicability of the graphene-based paste.

1. Introduction

Graphene-based nanomaterials have been the subject of extensive
academic and industrial research [1], motivated by graphene’s proper-
ties (e.g., chemical stability, high surface area, high strength, flexibility,
biocompatibility, superior thermal and electrical conductivity) [2-6].
This has spurred the realization of several technologies, including flex-
ible electronics [7,8], sensors [9], supercapacitors [10-12], displays
[13], biomedical systems [14] and next-generation solar cells [15-17].
Significant efforts aim to produce graphene materials with high yields
and large, scalable volumes [18]. Liquid-phase exfoliation (LPE) allows
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the production of mono- or few-layer graphene (FLG) dispersions at a
reasonable cost [19] by using a vast array of techniques: ultrasonication,
high-shear (HS) mixing [20], wet-ball milling [21], microfluidization
[22], homogenization [23], and wet-jet milling [24]. Taken individu-
ally, techniques such as ultrasonication and shear mixing remain unat-
tractive for scaling up toward industrial production since they both have
low yields and require long processing times and multiple cycles (up to
30 h and 60 h, respectively, to produce 1 g of exfoliated graphene flakes)
[25,26]. The selection of suitable solvents is also crucial for efficiently
exfoliating bulk graphite and stabilizing graphene dispersions against
reagglomeration and sedimentation over time [27-29]. On the one
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hand, N-methyl-2-pyrrolidone (NMP) [30] and N,N-dimethylformamide
(DMF) [31] (y ~ 40mJ e m~2) have long been regarded as top-choice
solvents owing to their favorable Hansen solubility parameters and
ability to match the surface tension of graphene [32]. However, their
acute human and environmental toxicity, combined with their high
boiling points, not only limits the use of plastic substrates (requiring low
treatment temperatures) but also hampers the agglomeration-free sep-
aration of exfoliated graphene sheets [15-17]. On the other hand, sol-
vents such as water and ethanol, while tackling the latter issues thanks
to their low boiling points, can lead to lower yields and potential reag-
glomeration [32]. In this case, surfactants (e.g., sodium cholate) can be
added to achieve stable dispersion but at the cost of further post-
processing for elimination [15,33]. Environmentally friendly graphene
inks can be generated with solvents such as water and ethanol [34] or
Cyrene™ [35-38], offering a viable alternative for the sustainable
preparation of highly concentrated graphene dispersions. In most cases,
LPE-produced graphene needs to be further processed and mixed in
composites to comply with the requirements (in terms of concentration,
viscosity, etc.) of the specific application and the different deposition
techniques [29]. The selection of binders, additives, and/or other sol-
vents is crucial for tuning and optimizing composite formulations.
Binders (e.g., acrylics, alkyls, cellulose, and rubber resins) are usually
responsible for the interaction among filler particles (in this case, gra-
phene flakes) and their adhesion to the substrate [27]. Among the ad-
ditives, surfactants can improve wetting properties during deposition,
while defoamers can reduce the surface tension of water-based inks to
avoid bubble formation during mixing and deposition processes [39,40].

Nanoscale electroactive composites, such as supercapacitors, which
have emerged as efficient materials due to their fast charge—discharge
rates, long life, and simple structure, are in high demand for use in
energy-storage devices [41]. Supercapacitors rely on fast and reversible
adsorption/desorption of ions to store charges at electrode/electrolyte
interfaces, thus attaining a very high power density (>10 000 W kg™!)
[42-48]. As such, they find applications in electronics [49], regenerative
braking systems for electric vehicles [50] and biomedical devices [51],
among others. Microsupercapacitors (mSCs) [52,53] are smaller and
lighter devices [54,55] that are particularly suited for portable and
wearable electronics [56-58] and can attain even higher power densities
[52]. As key components, electrode materials should offer large elec-
trochemically active surfaces and hierarchical porosity for ion diffusion
and accumulation. Porous carbons, such as activated carbon, have been
widely tested due to their low weight, high conductivity, and specific
surface area [10]. However, they can entail high production costs,
corrosion of equipment, and production-caused emission of toxic gases
[59]. Graphene materials have been integrated into supercapacitor
electrodes, contributing to high device performance (mostly by
improving the electrochemical response, ensuring stability at high
temperatures, and resisting the fading of performance typical of stan-
dard materials, such as metallic compounds) [60,61]. Concentrated
graphene inks in NMP [12] and DMF [62] were printed to realize mSCs
with high areal capacitance, and advancements in the LPE process
contributed to upscaling the production of graphene-based mSCs [24,63,
64]. To improve the electrochemical performance of these preliminary
devices, different graphene-based composites have been proposed as
advanced electrode materials [43,65,66]. Graphene sheets are prone to
restack because of random aggregation during electrode fabrication,
thus reducing the availability of ion-transport channels. Other
carbon-based materials, such as carbon nanotubes (CNTs), have since
been mixed with graphene sheets to serve as spacers and avoid the
restacking issue while also promoting electrical percolation. Reduced
graphene oxide/CNT composites were proposed as highly packed
self-standing binder-free films suitable as electrodes for aqueous
supercapacitors [66]. Nonetheless, CNTs are still expensive and difficult
to produce in large quantities. In comparison, carbon black can be
produced in large quantities and can offer high electrochemical per-
formance as for mSC electrode material [67]. Highly conductive
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composites are required for several other applications, including elec-
tromagnetic interference (EMI) shielding and strain sensing. EMI
shielding coatings act as barriers to screening devices from unwanted
signals or electromagnetic noise generated by nearby electronics and
limit distortion, crosstalk, or interference [68]. In addition to exhibiting
high electrical conductivity, strong absorption, and minimal reflection
of incoming electromagnetic waves [69], an ideal coating should be
homogenous and uniform in thickness, with strong adhesion to the
substrate. Metallic coatings usually exhibit excellent shielding perfor-
mance, but they may generate secondary EM pollution via reflection.
Moreover, metals are expensive, heavy and susceptible to corrosion, and
their manufacturing requires high energy consumption and results in a
large carbon footprint [70]. Conductive polymers are a potential
low-cost alternative, but their conductivity is rather unsatisfactory, and
their stability in harsh environments is limited [71]. Monolayer gra-
phene is an ideal EMI shielding coating with the obvious limitation of a
one-atom thickness [72]. Graphene-based materials and composites can
be deposited in thicker coatings and attain high shielding effectiveness
[73]. Wearable sensors are a class of lightweight and flexible devices
that can be utilized for physical activity and health monitoring, among
the many applications [74-77]. Textile sensors in particular have been
designed in a variety of configurations [78-81] and are particularly
suited for human motion detection [81]. In a textile strain sensor, the
main challenge is the integration of conductive elements within the
textile fibers, where the conductive elements should retain structural
integrity and vary the electrical resistance gradually with strain and
tension. Graphene materials and composites have shown promising re-
sults for developing textile-integrated wearable strain sensing elements,
namely, for human motion detection and blood pulse measurements
[82-84]. Several textile-integrated graphene-based strain gauges have
shown variable gauge factors depending on the production and transfer
methods used [85].

In this work, we propose a versatile and sustainable nanocarbon-
based composite paste by a sustainable, scalable and inexpensive strat-
egy. Few-layer graphene flake dispersions are prepared in water by
combining HS mixing and HP atomization. The combination of these
two techniques reduces the processing time while maximizing the pro-
duced volume (1 L/h, with a final concentration of 1.4 mg/mL) and is
environmentally friendly. The dispersions remain stable, without sedi-
mentation, for more than 6 months. The graphene flakes are mixed in a
composite using only sustainable components, such as carbon black,
gum Arabic (a natural binder), and Cyrene. By adjusting the graphene
loading and rheological properties, we obtained a highly conductive
paste that can be deposited by simple solution processing techniques,
such as bar coating and screen printing. The paste was used in the
fabrication of flexible mSC electrodes. To demonstrate the wide range of
applicability of the paste, further proof-of-concept EMI shielding coat-
ings and strain sensors were fabricated and tested.

2. Experimental
2.1. Materials

High-quality natural graphite (332461) (600-900 um flake size),
sodium deoxycholate (302954), dihydrolevoglucosenone (Cyrene, pu-
rity > 98.5%, 807796) and gum arabic (9000015) were obtained from
Sigma—Aldrich. The dispersing additive DISPERBYK-2012, the anti-
foaming agent BYK-022 and the percolation enhancer BYK-ES80 were
supplied by BYK (a member of ALTANA). Carbon black (VXC Max 22)
was obtained from CABOT. All the materials were used for the experi-
ments without any further purification.

2.2. Preparation of FLG flake dispersions

Large-scale graphene production was achieved via LPE in water. This
process combines two LPE methods: HS mixing and HP airless sprayer
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exfoliation. Natural graphite powder at a 40 mg/mL concentration was
added to 1250 mL of DI water supplemented with 1 mg/mL of SDC and
0.5 v% of DISPERBYK-2012 and BYK-022. The prepared mixture was
stirred for 30 min to promote proper intercalation and wetting, thus
obtaining a homogeneous dispersion. Then, the dispersion was further
sheared with an HS mixer (Silverson L5M, standard mixing with an axial
flow head) at 6000 rpm for 2 h using an ice bath to dissipate excess heat
generated during mixing. This step allows natural graphite to experience
fragmentation (from an initial average lateral size of 600-800 pm to
100-200 um) and mild exfoliation (due to the short exfoliation time).
This process was repeated four times to reach a total volume of 5L,
which was necessary for the following steps. Then, the resultant mixture
was subjected to exfoliation through an airless sprayer (Magnum by
Graco, truly airless A20 plus). In brief, following the shear mixing step,
the mixture was sprayed into a container through an airless sprayer gun
with a nozzle with a diameter of ~ 270 microns under high pressure
(2000 psi) (a single spraying route is referred to as a cycle). A total of 5
cycles were used for the whole process. The exfoliation occurs due to the
shear stress generated at the nozzle’s edges. [86]. Finally, the resultant
black dispersion was centrifuged at 5000 rpm for 30 min to remove
thick and unexfoliated flakes, and the supernatant containing the FLG
flakes was collected. Thermogravimetric analysis was used to estimate
the concentration of the FLG flakes in the dispersion, which was found to
be 1.4 mg/mL. The entire procedure for realizing the dispersion is
schematically shown in Fig. 1a. Since the graphene flake dispersion was
produced in water with the aid of surfactants, we proceeded to exchange
the solvent from water to ethanol to wash the sample and remove any
residues of the surfactants. To this end, after centrifugation, 20 mL of the
dispersion was vacuum filtered through a PTFE membrane (47 mm
diameter, 220 nm pore size), after which the exfoliated flakes were
collected. The membrane was ultrasonicated in 30 mL of ethanol
(15 min, room temperature) to redisperse the flakes. The obtained
dispersion (with a concentration of 0.8 mg/mL) was used to characterize
the flakes before preparing the composite paste, as explained in the
following sections.

2.3. Composite paste preparation

Starting from the FLG dispersion in water, a rotary evaporation
process (50 °C and 80 mbar) was used to remove the water. The resulting
powder was treated several times with acetone to remove residues from
the surfactants/additives and was finally heated at 60 °C (for 2 h in an
oven) to remove the acetone. The FLG flake powder was used to prepare
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a composite paste. 7 wt% of FLG powder and 2 wt% of carbon black
were mixed and added to 1 wt% of gum arabic dissolved in 89.5 wt% of
Cyrene. Then, 0.5 wt% BYK ES-80 was added. The composite was stirred
overnight (600 rpm, room temperature).

2.4. Materials characterization

2.4.1. Raman spectroscopy

50 pL of the graphene dispersion in ethanol were drop cast onto glass
substrates (1 x 1 cm?) and dried at 60 °C for 10 min. Measurements
were performed with an ALPHA300 R Confocal Raman Microscope
(WITec) using 532 nm laser light for excitation at room temperature.
The laser beam was focused on the sample with 50x and 100x lenses
(Zeiss). Single acquisitions were performed using a 600 g/mm grating
and a Ppaser below 2 mW to minimize localized heating and damage to
the sample.

2.4.2. Scanning electron microscopy (SEM)

50 L of the graphene dispersion in ethanol were drop cast on a Si
substrate (1 x 1 em?) and dried at 60 °C for 10 min. Images were ac-
quired using an FEI Quanta 650 FEG with a cold field emission electron
source using acceleration voltages between 5 kV and 10 kV at a 10 mm
working distance in a high vacuum.

2.4.3. Transmission electron microscopy (TEM)

20 pL of the graphene dispersion in ethanol were drop-cast on Cu
grids (200 mesh, covered with lacey carbon) and allowed to dry at 80 °C
for 30 min. The structure of the graphene flakes was investigated using a
JEOL 2100 system operated at 200 kV.

2.4.4. X-ray photoelectron spectroscopy (XPS)

50 uL of the graphene dispersion in ethanol were drop-cast on Si
substrates (1 x 1 cmz) and dried at 40 °C for 30 min (then stored in a
desiccator). XPS spectra were acquired with an ESCALAB 250 XI
(Thermo Fisher Scientific, Source: Al K, 1486.6 eV, 650 pm spot size,
Pass energy: 40 eV with hemispherical analyzer) system with an analysis
chamber maintained in ultrahigh vacuum (UHV ~ 5 x 10710 mbar)
conditions. A dual beam consisting of Ar+ ions (0.5 KeV) and electrons
(0.5 KeV) was used to clean the surface of the graphene flakes over a four

mm? area during the measurements.

2.4.5. Atomic Force Microscopy (AFM)
50 uL of the graphene dispersions in ethanol were drop-cast on Si

Fragm’entation/thinning

500 ml

Exfoliation

Fig. 1. Preparation of large volumes of homogeneous FLG flake dispersions for graphene-based applications. (a) Schematic depiction of the FLG preparation process
combining HS and HP exfoliation. (b) The colloidal graphene dispersion in water is homogeneous, as confirmed by the Tyndall effect (inset).
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substrates (1 x 1 ¢cm?) and dried at RT. Afterwards, the samples were
heated on a hot plate at 100 °C for 2 h. AFM was utilized to measure the
size and thickness of the graphene flakes. The samples were character-
ized on a Bruker Dimension ICON instrument in tapping mode, using Al-
coated Si tips (with resonant frequency of 300 kHz).

2.4.6. Thermogravimetric analysis (TGA)

TGA was used to determine the solid content in the paste. 50 mg of
the paste was collected in a crucible and analyzed with a Model TGA 1
(Mettler Toledo) in Ar and air atmospheres (flow rate of 25 mL/min). An
initial 10 min purge was run at 30 °C under the selected atmosphere
(flow rate of 50 mL/min) at a heating rate of 10 °C/min. The data were
analyzed, and the mass loss and degradation temperature were calcu-
lated using Origin software.

2.4.7. Rheology

The rheological properties of the paste were assessed via rotational
shear tests using an Anton Paar MCR302 rheometer equipped with a
50 mm plate-plate geometry. Measurements were carried out in shear-
controlled mode at 25 °C. The temperature was carefully controlled
using two different Peltier cells (one dedicated cell for each plate). The
shear rate varied between 0.1 and 100 s-1, acquiring 1 point every 10 s
(for 50 data points). Measurements were repeated in triplicate.

2.4.8. Device fabrication

EMI shielding coatings, mSCs, and strain sensors were fabricated
with the composite paste using the mask-assisted blade coating method.
Customized masks were fabricated by laser cutting (Widlaser LS1390
Plus, 10% laser power, 10 mm/min scanning speed). Both the mSC and
EMI samples were fabricated on a flexible PET substrate (75 um), while
the strain sensors were fabricated on a textile. mSC: For the mSC elec-
trodes, the mask was transferred to a 75 pm thick flexible polyethylene
terephthalate (PET) substrate. The paste was poured on the mask,
squeezed using a glass rod, and dried under ambient conditions. The
mask was removed, and the mSC electrodes were dried at 80 °C over-
night. The final structure of mSCs consists of 10 fingers 1 mm wide that
form an interdigitated configuration with a 600 pm spacing between the
fingers. The device’s active area and mass loading were 1.6 cm? and
4.4 mg, respectively. A drop of gel electrolyte (100 mg/mL PVA in water
and 20% H,SO4) was cast on top of the active area of the mSC plate and
allowed to dry at room temperature, thus obtaining a device ready for
performance evaluation. The stack assembly was achieved by connect-
ing single cells with Ag conductive paint (SPI supplies). EMI shielding
coatings: A mask with a 7x7 cm? square pattern was used to blade-coat
the paste on the PET substrate. This step was repeated several times to
increase the coating thickness until the desired thickness was reached
(as measured by a digital micrometer). Strain sensors: A customized
mask was used to blade-coat the paste on the textile substrate, defining a
closed conductive pattern (with an “H” shape of 13 x 9 mm, a total
length of 50 mm and a width of 0.5 mm). Ni paste was used to connect
the ends of the graphene sensor to the electrical wires.

2.5. Device characterization

2.5.1. Electrical conductivity measurements

The surface conductivity of the coatings was measured at room
temperature using a custom-made spring-loaded 4-point probe con-
nected to a source meter (Keithley 2400) operating at a constant DC of
0.2 mA and a compliance bias of 2.1 V. The surface conductivity was
calculated from an average of 15 individual measurements in the central
region of each sample.

2.5.2. mSC electrochemical characterization

The electrochemical response of the symmetric cells was determined
by galvanostatic charge—discharge (GCD), cyclic voltammetry and
electrochemical impedance spectroscopy (EIS). EIS tests were executed
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with a 10 mV rms potential perturbation around the OCP, in the fre-
quency range from 100 kHz to 10 mHz, and with 10 points per decade
with a logarithmic distribution. The electrochemical stability of the cells
was assessed by GCD for 10000 cycles. All the electrochemical experi-
ments were executed inside a Faraday cage at room temperature using a
Gamry 1010E potentiostat.

2.5.3. Shielding effectiveness measurements

The most important criterion for measuring the shielding perfor-
mance of a material is the shielding effectiveness (SE), defined as the
logarithmic ratio of the transmitted power when a shield is present to the
power transmitted without the shield [87]. Experimentally, the reflected
and transmitted waves can be measured with a two-port VNA and rep-
resented by complex scattering parameters (S-parameters S11, S12, So1,
and Sgs). According to the calculation theory [88], the law of energy
conservation is considered when an incoming wave interacts with a
material. The incident power is split into reflected power (R = |S11|?),
absorbed power (A), and transmitted power (T= |Sz; |2), and the sum of
all the powers must be balanced (R+A+T=1).

The total SE (SEr), expressed in dB, can be calculated as the sum of
the reflection loss (SER), the absorption loss (SEa), and multiple reflec-
tion loss (SEy;), where generally the latter has a negligible contribution
when the loss via absorption is greater than 15 dB or when the material
thickness is greater than the skin depth [89]:

2 1
SEr = 10log,, (1?’) = 10log,, (T) SEg + SE4 + SEy 1
T

Where P; represents energy of the incident wave and Pt represents en-
ergy of the transmitted wave

1 1
SEr = 10log( —— |10log| ——— 2
" g<17R> g(l&ﬂ) @
1-R 1-|Sul?
SE, = 10log( ——— |10log| ———— 3
T [S21]

The EMI shielding of the planar samples was measured on a vector
network analyzer (VNA, R&S ZNB4) in the frequency range of 30 MHz —
3.2 GHz, adapting the procedure from ASTM D 4935. Before the mea-
surements, all the cables and connectors were tightened using a torque
wrench, and the equipment was calibrated using the ZN Z170 calibra-
tion kit.

2.5.4. Electromechanical characterization of the strain sensors

The stress—strain curves and destructive tests were performed on a
universal testing machine (AGX™.-V, Shimadzu Corporation) using a
linear speed of 0.6 mm/min. The long-term cycling test (uniaxial stress)
was performed using a Thorlabs stage (XR25/M) with a DC servo
actuator (Z825B) and the respective controller (KDC101). The electrical
resistance was measured during the mechanical tests with a digital
multimeter (Agilent 43410 A). For heartbeat acquisition, the sensor was
driven at 1 uA with a current source (Keithley 2400 Sourcemeter), and
the signal was acquired in the time domain with an oscilloscope
(T3DS01204, Teledyne LeCroy). The only signal processing used was a
low-pass filter with a cutoff frequency of 40 Hz.

3. Results and discussion

Large volumes of homogenous and stable dispersions of FLG flakes in
water were produced by combining HS and HP exfoliation, as described
in Section 2.2 and depicted in Fig. 1a. To overcome the long processing
time required by HS mixing, we combined this process with high-
pressure (HP, in the ~ 1.4-2.0x10” Pa range) airless spray exfoliation
in a two-step process [90]. In standalone HP exfoliation, bulk graphite is
usually soaked for several days (up to seven) to weaken the vdW
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interactions among the layers and facilitate exfoliation [86]. This
soaking step is time-consuming for industrial production but can be
avoided by the first step of HS mixing. Our method allowed the pro-
duction of stable graphene dispersions in water. Fig. 1b shows a
real-time photographic image of graphene dispersions in water. The
inset in Fig. 1b shows the Tyndall effect within the dispersion,
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confirming its colloidal nature.

Raman spectroscopy was used to study the thickness, lateral size,
defect density, and electronic doping properties of the FLG flakes. A
representative spectrum of the graphene flakes compared to that of the
original bulk graphite used for the exfoliation process is shown in
Fig. 2a. The D band in both spectra is centered at ~1352 cm .
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Fig. 2. Raman spectra representative of graphene flakes: (a) Raman spectroscopy analysis comparing the graphene flakes to bulk graphite revealing redshifted G and
2D bands and an increased Ip/Ig ratio, indicative of thinning to few-layer graphene. Distribution of b) Pos,p, ¢) FWHMo,p, d) the Ip/Ip ratio, e) the Ip/Ig ratio, f) Posg,

g) FWHMg, and h) Ip/Ig ratios as a function of the FWHMg.
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Average lateral size: ~1.7 um

.0 05 1.0 1.5 20 25 30 35 40
Lateral size of the flakes (um)

Fig. 3. Microscopic characterizations of the materials. (a) SEM image of the bulk natural graphite, demonstrating the mm-size of the graphite grains. (b) SEM image
of the FLG flakes, which have sharp and polygonal shapes and lateral sizes in the ym range. (c) Statistical analysis of the lateral size, which has a Gaussian dis-
tribution. (d) TEM image of individual FLG flakes. (¢) HRTEM image of the edge of the flakes showing a thickness within the few-layer range (i.e., below five layers).
(f) HRTEM image showing the regular lattice structure of the flakes (with the enlarged region in the inset). (g) AFM micrograph of the graphene flakes deposited on a

Si substrate, showing an even and narrow distribution of sizes. (h) Magnified view of the 500x500 nm area highlighted in the yellow square in (g), showing the
details of the flake structure.
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Moreover, the G and 2D bands of the graphene flakes are redshifted with
respect to those of natural graphite (~1577 vs. ~1581 cm ™, ~2695 vs.
~2719 ¢cm™ 1) [91]. The Ip/Ig ratio in the graphene flakes increases
substantially (0.52 vs. 0.02), as does the Iop/Ip to a minor extent (0.57 vs
0.32). The redshift and symmetrical broadening of the 2D peak, along
with the increased intensity, confirm that the graphite has thinned down
to few- or multi-layer flakes [92]. The I, band broadening points to most
flakes with sub-um lateral sizes rather than a proliferation of defect sites.
On the other hand, the 2D band provides information about the number
of layers in the few-layer range [93-95]. We collected Raman spectra
from 60 individual flakes to conduct an accurate statistical analysis of
the main spectral features. From the distributions in the histograms of
Figs. 2b and 2c, Posyp is centered at ~2695 em™}, while its full width at
half maximum (FWHMjp) is centered at ~75 cm~ L. These two distri-
butions are remarkably narrow, indicating atomically thick flakes with
small variations within the batch [37]. The Isp/Ig and Ip/Ig ratios are
centered at ~0.75 and ~0.65, respectively (Fig. 2d and e). The Iyp/Ig
range is consistent with the thickness of mono- to few-layer graphene,
while the Ip/Ig values can be attributed to the sub-um size of the flakes
rather than the high density of structural defects, as typically observed
in LPE samples [38]. Posg is centered at ~1580 cm’l, while its FWHMg
is centered at ~24 cm™! (Figs. 2f and 2g), as also expected. Additional
information can be found by plotting the Ip/Ig ratio vs FWHMg, which is
also an indicator of the crystalline quality and defect density of graphene
crystals. Conventionally, defected samples would show a correlated in-
crease in both FWHMg and Ip/Ig ratio. The plot in Fig. 2h, instead,
shows no apparent correlation between the two indicators. This suggests
that the major contribution to the D mode stems from the irregular edges
of the flakes, rather than a high defect density within their basal planes,
as in the case of crystalline, sub-um flakes. Overall, the observed spectral
features confirm the efficiency of the exfoliation process in producing
FLG flakes with small sizes, narrow size distribution, and low defect
density [37,96].

Fig. 3a and b show SEM images of the natural graphite used for
exfoliation and the resulting FLG flakes deposited on a Si substrate,
respectively. The flakes appear exfoliated as expected, although they are
partially reaggregated on Si due to the deposition process (and drying)
[96]. We performed a statistical analysis of the lateral size of the flakes
by acquiring TEM images and measuring the sizes of 70 individual flakes
(Fig. 3c). The size histogram follows a Gaussian distribution centered at
1.7 ym. Such analysis might provide a slight overestimation due to the
agglomeration of flakes on the TEM grid, which complicates the exact
individuation of the flakes’ margins. In Fig. 3d, we show a representative
image with clearly identifiable flakes, which point at a lateral size in the
sub-um range. The image further confirms the atomic thickness of the
FLG flakes, which are completely transparent to the electron beam. A
careful examination of the edge of the flakes (obtained by tilting the
samples under an electron beam) confirmed the few-layer thickness of
the flakes (Fig. 3e). The HRTEM image in Fig. 3f highlights the
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crystalline structure of the flakes, with no observable defects. The AFM
micrographs in Fig. 3g and h confirm the main flake morphology
observed by TEM, with lateral size in the sub-um range and thickness up
to a few nm.

X-ray photoelectron spectroscopy (XPS) was performed to determine
the chemical composition of the exfoliated flakes. In Fig. 4a, the survey
spectrum of the bulk graphite used for the exfoliation process shows the
main C peak and a minor O peak, as expected. The spectrum of the FLG
flakes exfoliated in water shows analogous C and O peaks, as well as the
appearance of Na-related peaks due to residues of the sodium deoxy-
cholate (Ca4H39Na0Oj4) surfactant used to promote the exfoliation process
in water. After the solvent exchange process (where the flakes are
collected and redispersed in ethanol; see Section 2.2), the Na peaks
disappear, confirming the effective removal of any residue. This situa-
tion is confirmed by the detailed analysis of the FLG samples in Fig. 4b
and c. Both Cls spectra show main sp? and sp°> hybridized carbon
components (284.1 and 284.6 eV) and three components related to C-O-
C, C-0, and C—=0 oxides (at 285.3, 286.7, and 288.5 eV, respectively), as
typically expected in exfoliated flakes [97]. The spectrum of the sample
exfoliated in water (Fig. 4b) has a more intense sp> hybridized compo-
nent than the sp? hybridized component (51% vs 16% weight of the
deconvoluted Cls spectrum). Of the other three oxide-related compo-
nents, C-O-C is the most significant (26%), probably because sodium
deoxycholate residues partially cover the flake surface. In general, FLG
flakes prepared by airless-spray processes may present a high density of
superficial/edge defects, which could be saturated by oxygen-containing
functional groups (e.g., hydroxyl and epoxy groups, possibly provided by
the additive/surfactant molecules used). The situation changes after the
exchange of ethanol (Fig. 4c): here, the sp? hybridized component is the
most intense (50.7%), while the oxide-related components are sub-
stantially reduced.

An electrically conductive composite paste was formulated as
described in Experimental Section 2.3. A photograph of the prepared
paste is shown in Fig. 5a. By considering the weight of the components
used to make the formulation, we calculated the total solid content (i.e.,
percentage of graphene and carbon black) as ~ 9%. TGA of the paste was
performed in both air and Ny atmosphere, and the resultant weight loss
curves are plotted in Fig. 5b. Most of the mass loss (88.5% wt) occurs
between 80 °C and 230 °C. The latter temperature corresponds to the
boiling point of Cyrene, thus indicating that most of the loss in this range
can be attributed to the evolution of the solvent. Above 230 °C, the mass
loss under the N, atmosphere was negligible. The residue corresponds to
the solid content (FLG and carbon black) in the paste, in good agreement
with the weight ratios in the formula described in Section 2.3. The flow
properties of the paste were investigated by measuring the dependence
of the apparent dynamic viscosity on the applied shear rate at 25 °C.
Fig. 5¢ shows the obtained viscosity curve of the paste, highlighting an
explicit non-Newtonian behavior in the investigated shear rate range
(between 0.1 and 100 s™1). This behavior is strongly shear thinning, as

o e b ‘I ——"FGEOH c1
| ——FLGEtOH * Si substrate h - g
——FLG Water Cis L o Data P Cls
" —— Natural graphite O1s 7 ; ; r - sp2 5% 1
| I 4 g | g L 3 ° o i
- e 2 2t sp o, i,
3 1 % T [c-o<C °
g § | § [ 1co o e 1
E, r Nats Na KLL Auger h E E L : i
= L
c 1 ° T} ° 4
g At 'g ﬁ °°
= | J =t = L é i
| ] g g L g _
A Y, z =z - _
) ) ) ) L L s iy
1200 1000 800 600 400 200 292 290 288 286 284 282 280 292 290 288 286 284 282 280

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 4. XPS spectra of the samples deposited on Si. (a) Survey spectra of natural graphite, exfoliated flakes (FLG water), and exfoliated flakes after solvent exchange
from water to ethanol (FLG EtOH). Deconvoluted Cls spectra of (b) FLG water and (c) FLG EtOH.
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Fig. 5. Characterization of the graphene conducting paste. (a) Real-time photograph of the formulated FLG-based paste with high viscosity. (b) TGA analysis of the
paste, showing weight loss attributed to solvent evolution and residue corresponding to FLG and carbon black content. (c) Viscosity curve highlighting the non-
Newtonian, shear-thinning behavior of the paste. (d) SEM image of the coating on a PET substrate, demonstrating a uniform continuous coating with no pin-
holes. The inset shows the cross-sectional image. (¢) Raman and (f) XPS analysis confirming the graphitic nature of the FLG-based coating.

demonstrated by the wide span in apparent viscosity, starting from ~
20 Paes for the low shear rate range down to 0.1 Paes for the highest
shear region. After the paste was stored at room temperature for six
months, no sedimentation of the solid content occurred. Importantly, for
these applications, over the same time span, the paste never dried,
probably due to the addition of the minimal amount of Cyrene, a high
boiling point solvent. A planar SEM image of the coating on the PET
substrate (as described in the device fabrication section) is shown in
Fig. 5d, and the corresponding cross-sectional image is shown in the
inset. A uniform continuous coating was observed with no pinholes. The
FLG flakes and carbon black particles are well connected within the gum
arabic matrix, thus favoring percolation. Raman and XPS data for the
coating are also given in Figs. 5e and 5f, respectively. XPS analysis of the
Cls region of the paste (Fig. 5f) revealed a main sp? peak and few sec-
ondary components related to sp°-coordinated carbons and small
amounts of oxide. With respect to the FLG flake spectrum, the main
difference is the significant reduction in the C-O component and the
concomitant increase in the sp3-related peak. The C-O-C component is
minimal in both samples and appears to be downshifted in the flake
spectrum (probably due to weak surface oxidation). These results show
no other elemental traces in the coating, confirming the carbon-based
nature of the composite [98-100].

3.1. Flexible microsupercapacitors

Graphene-based mSCs were fabricated as described in Section 2.3.
The device architecture consists of 10 fingers 1 mm wide, forming a
planar interdigitated configuration with a 600 pm spacing between the
fingers (Fig. 6a). The active area and mass loading of the device were
1.6 cm? and 4.4 mg, respectively. The electrochemical response of the
mSCs was evaluated through cyclic voltammetry and GCD tests in a
potential window between 0.0 and 0.8 V. The percentage contribution

of the charge storage on the inner and outer surfaces of the electrodes
was estimated according to the Trasatti method [101]. The areal
capacitance, Ca, was calculated from the discharge curves according to
the equation:

ity

WY

4

where i is the applied current, t; is the measured discharge time, A is the
total area of the electrodes in contact with the electrolyte, and AE is the
potential range during the discharge experiments. The energy and
power density were calculated through the following equations:

1
Ey = Eccellv2 (5)
p=ta 6)
tq

where Ej, is the areal energy density, Ce is the capacitance of the cell, V
is the potential window, and tq is the discharge time. The cyclic vol-
tammograms of the cells for different anodic limits at 50 mV s~! are
shown in Fig. 6b, and those at different scan rates are shown in Fig. 6c.
As expected for a carbon-based material, the voltammograms are almost
rectangular without redox peaks, indicating capacitive behavior. The
inner surface contributes 90.7% of the total charge. The GCD curves
obtained at different current loads (40, 70, 100, 150, 200, and 250 pA
cm™2) are shown in Fig. 6d. These curves exhibit a nearly triangular
shape with a low ohmic drop and a Coulombic efficiency close to 100%.
The cells presented areal and volumetric capacitances of 6.16 mF cm ™2
and 2.46 F cm >, respectively, at a current density of 40 pA cm 2
(Fig. 6€). The maximum energy density was 209 pWh cm > at a power
density of 6.25 mW cm 3, as shown by the Ragone plot depicted in
Fig. 6g. The developed supercapacitors performed well compared to
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previous work that followed a similar methodology. For instance,
screen-printed graphene-based supercapacitors delivered 1.324 mF
cm 2 at12.5 pA cm 2 [24] and 1.0 mF cm 2at5mVs ! [102]. Gra-
phene-based mSCs prepared through other methods, such as full inkjet
printing [103] or flash foam stamp-inspired techniques [104], previ-
ously exhibited areal capacitances of 0.7 and 4.02 mF cm ™2, respec-
tively, at 10 mV s~!. Vertical graphene-based supercapacitors grown by
chemical vapor deposition presented an areal capacitance of 1.06 mF
cm™2 at a discharge current density of 0.1 mA cm™2 [105]. The mSCs
exhibited good rate capability (Fig. 6e) and a coulombic efficiency near
100% (inset of Fig. 6f), which was determined by the charge—discharge
transient (tgischarge/tcharge). The device also showed an excellent capac-
itance retention of ~ 91.5% after 10000 GCD cycles under a current
pulse of 250 pA cm™2 (Fig. 6f). The stability test led to a slight increase in
the resistivity of the device, as shown in the impedance spectra (Fig. 6h).

The mechanical flexibility of the cells was evaluated through cyclic
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voltammetry at 50 mV s~ under different bending degrees (0, 30, 45,
60, and 90°, corresponding to radii of 4, 2.7, 2 and 1.3 cm), as shown in
Fig. 7a. The bending of the electrodes did not decrease the performance
of the supercapacitor, as shown by the almost coincident voltammo-
grams. In contrast, the device capacitance slightly increased with
increasing bending angle (Fig. 7b). This is probably due to the formation
of defects that expose the active material, thus enhancing the area
accessible to the electrolyte. Additionally, the devices sustain the
deformation well, as no deadhesion or collector response is observed. To
demonstrate the possibility of modularizing these cells with adjustable
outputs (voltage and capacitance), a combination of two cells in series
(denoted as 2S1P) and in parallel (1S2P) and a stack with two rows of
two cells in parallel (2S2P) were characterized through cyclic voltam-
metry (CV) at 50 mV s7!, GCD at 0.1 mA cm 2, and EIS, as shown in
Figs. 7d, 7e and 7f, respectively. Combining two cells connected in
parallel (1S2P) led to an increase in the nominal capacitance of the
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device of ~ 87%. It promoted a decrease in impedance (Fig. 7f)
compared to that of a single cell. As expected, connecting two cells in
series (2S1P) promoted an increase in the potential window equal to the
sum of the individual cells. However, the nominal capacitance decreased
by 34%, and the overall impedance increased. The 2S2P stack presented
a 33% increase in capacitance and a doubling of the working window
compared to those of 1S1P. The coincident voltammograms and chro-
nopotentiograms for stacks with the same number of cells in series but
different numbers of rows in parallel (Figs. 7d and 7e) show that the
integration of several cells in different configurations does not signifi-
cantly affect the excellent performance evidenced by a single cell, which
demonstrates the ability of these electrodes to be modularized.

3.2. EMI shielding coatings

To realize efficient EM screening, our graphene paste was iteratively
deposited on PET to realize coatings (Fig. 8a) with increasing thickness,
as described in Experimental Section 2.5. The samples were mounted in
a brass waveguide assembly connected to a VNA setup for measuring the
S-parameters. In Fig. 8b, the average shielding effectiveness values are
plotted against the coating thickness (see Experimental section 2.6 for
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Table 1
Overview of the graphene-based coating thickness, sheet resistance, conduc-
tivity, and average SE.

Sample  Thickness Rsheet Osurface SErn SEan SEr
(pm) (Q/sq) (S/m) (dB) (dB) (dB)
A 11.6 + 3.5 127 + 680 + 21+ 6.0 + 8.1+
65 400 0.6 1.0 1.1
B 19.1+7.7 40 + 20 1320 + 3.6+ 9.5+ 131 +
840 0.8 1.6 2.0
C 33.2 +4.4 16.4 + 1840 + 7.4+ 126+ 199+
1.8 310 1.4 1.5 2.1
D 47.8 £ 9.0 7.1+ 2940 + 8.3+ 144+ 227+
2.0 1000 1.9 2.2 1.8

the definitions). These values are also presented in Table 1, along with
the sheet resistance and conductivity of the coatings.

By analyzing the plot and the table, it is apparent that the conduc-
tivity scales linearly with the coating thickness, as does the total SE.
However, the increase in total SE is primarily due to reflection loss (SEg),
which can be written as [106,107]:
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Fig. 8. Graphene-based EMI shielding coatings on PET substrates. (a) Photographic image of graphene-based paste coated on PET. (b) Average SE values due to
reflection (SEg, black plot), absorption (SE,, red plot), and total absorption (SEr, blue plot) of graphene-based coatings with different thicknesses. (c) The setup used
to measure the S-parameters of the produced samples. The sample is placed between two brass waveguides connected to a 50-Ohm attenuator and the VNA. (d) SEg,

SEa, and SEt vs frequency for sample D (300 MHz to 3.2 GHz frequency range).
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c
m) @
where o, y,, €, and f,u are the angular frequency, relative perme-
ability, vacuum permittivity, frequency, and absolute permeability,
respectively. The nonreflected waves go through the surface of the
shielding material and are then partially absorbed by dielectric, mag-
netic, and conduction losses and finally dissipated as heat. For a
nonmagnetic and conducting material, the absorption loss (SE4) can be
expressed as [106,107]:

SEr = 10log,, (#ﬂ%) = 39.5+10log,, <

t

SE, — 8.686 (5) — 8.686./7flc (8)
where t is the sample thickness and § is the skin depth, which are pro-
portional to the square root of the resistivity. According to our data, a
fourfold increase in coating thickness (from 11.6 to 47.8 pm) resulted in
a corresponding increase in the SER (from 2.1 to 8.3 dB) but a less sig-
nificant increase in the SEA (only by a factor of 2.4, from 6.0 to 14.4 dB).
As inferred from Eq. 7, the reflection loss (SER) correlates with the
impedance mismatch between the coating surface and free space
(defined as 377 Q). Conversely, Eq. 8 explains that absorption (SEA) is
primarily determined by the ’skin effect’, which refers to the fact that
electromagnetic wave absorption in conductive materials occurs pri-
marily at the surface layer. Any waves penetrating beyond this ’skin
depth’ are significantly weaker, meaning that a further increase in
coating thickness beyond this point does not substantially enhance ab-
sorption. Therefore, thicker coatings with higher conductivities can i)
increase the impedance mismatch, leading to greater reflection loss, and
ii) decrease the skin depth, meaning that the majority of the radiation
will be absorbed at the surface. The plots in Fig. 8d show the two
components contributing to the total SE for sample D (~48 pm). This 50-
pm-thick coating can block 99.46% of incoming radiation and achieve a
total SE higher than the recommended requirement for commercial
applications (20 dB). This performance could be further improved by
post processing the coating via compression or thermal treatment to
increase the conductivity, as previously reported. For example, gra-
phene laminates (~8 pm thick and with 4.3 x 10* S/m conductivity)
compressed on paper reached an SE of 32 dB (12-18 GHz range) [108],
while graphene films (3-8 pm thick and ~20 Q/sq) improved from 20 to
30 dB (1-18 GHz range) [68] after thermal annealing.

3.3. Textile strain sensors

A textile strain sensor was fabricated with the composite paste as
described in Experimental Section 2.5 (Fig. 9a) [109-113]. The strain
sensor was characterized for increasing tension and then returned to the
initial configuration to determine the tensile modulus (E), assess hys-
teresis in the mechanical and electrical responses, and measure the
gauge factor (GF). The assembly of the sensor on a universal testing
machine is shown in Fig. 9b. A stress—strain cycle (for 0% < & < 5%) is
depicted in Fig. 9c), where a linear fit was performed to the loading
portion of the curve to extract the tensile modulus (E = 201.03 £ 0.10
kPa). Despite the low linear speed used in the test (0.6 mm/min),
considerable hysteresis is observed. The mechanical hysteresis of the
sensor (Hyy) can be calculated from the stress—strain curve:

- Ge‘down‘ma_x

[

Omax — Omin

x 100 (C))
where }a&up — agvdown|max is the maximum difference in stress between
the loading and unloading parts of the cycle at the same strain ¢ and 6y
and o, are the maximum and minimum stress values, respectively. At ¢
= 2.65%, |Ceup — 65~d“W"|max = 3174 Pa. Considering the extreme values
Omax = 10944 Pa and opin = 184 Pa, the mechanical hysteresis peaks at
Hy = 29.5%. The variation in the electrical resistance of the sensor was
measured as a function of the strain (Fig. 9d) to assess the gauge factor,
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which is defined as

__AR/R; _AR/R,
T AL/Ly, e

GF 10

where AR is the resistance variation relative to the initial resistance (Ry)
and AL is the length variation relative to the initial gauge length (Lp).
The GF is low for ¢ < 0.5%, possibly due to considerable overlap and
sliding of the conductive nanocarbons within the sensing element.
Nevertheless, as the strain increases, the contact resistance starts
changing, resulting in an approximately constant GF = 134 + 10 for
0.5% < ¢ < 4%. The obtained GF is comparable to that of previously
reported graphene strain sensors [109,112] and MXene-based strain
sensors [89] but lower than that of graphene woven fabrics [111]. The
GF of the material depends on several parameters and could be increased
in the future by various approaches (e.g., thermal postprocessing,
micro/nanostructuring, surface engineering, functional doping, etc.)
[114]. The electrical hysteresis (Hg) of the sensor can be determined
from the measured resistance variations [110]:

{Rs.up — Re down ‘max

He(%) = = —— R
max -min

x 100 an

where |Ré,up ’R&down‘max is the maximum difference in the resistance
between the upward and the downward parts of the loading cycle (at the
same strain level €). Rpgx and Ry, are the maximum and minimum
electrical resistances measured along the complete hysteresis loop,
respectively. At ¢ = 3.47% and |Rg‘up —Rg_down\maxz 22.38 MQ and
considering Rpyg = 73.15MQ and Ry;; = 11.92 MQ, the electrical
hysteresis is Hg = 36.6%, which is only marginally greater than the
mechanical hysteresis due to the textile substrate. Therefore, the resis-
tance change exhibits a hysteretic behavior on the same order of
magnitude as the mechanical response. This proves that the nanocarbon
sensor transduces the mechanical state of the textile substrate with high
fidelity since the mechanical hysteresis is connected to the textile
property, while the resistance changes are entirely due to the conductive
element. The sensitivity of the strain sensor is high because of the high
signal-to-noise ratio required to convert mechanical stimuli into a
measurable and clear electrical signal. Furthermore, including a
stretchable binder in graphene ink will further improve the stretch-
ability of the sensor, thus allowing easy deployment in real-world en-
vironments [115]. The sensor repeatability was tested by performing
1000 strain cycles at a peak strain of 3%, corresponding to a 0.36 mm
extension of the textile (Fig. 9e). The linear actuator speed was set at
0.05 mm/s, resulting in a cycling period of ~16.5s. The sensor was
stable, and no drift was observed at this strain level. The sensor
repeatability can be assessed by the readout variability during the
cycling of the sensor [110]:

2RmaJc

max

x 100

min

12)

where Xgmax  is the variation in electrical resistance, measured at
maximum strain, for several cycles. Considering the full aging test, the
standard deviation of the resistance at ¢ = 3% iS Xgmax = 1.35><106,
Rpnax = 28.78 MQ and Ry, = 2.67 MQ. Thus, the sensor readout
repeatability is quite low, 6g ~ 5.2%, as desired. One of the sensors was
tested until failure for increasing strain levels, as shown in Fig. 9f. Ate =
8%, a sudden increase in resistance is observed, likely due to the first
cracks developing in the sensor. With increasing strain, sudden resis-
tance increases are observed due to further cracking of the sensing
element until the sensor becomes an open circuit at ¢ ~ 18.6%. The
textile substrate exhibited nonlinear stress—strain behavior, at least up
to ¢ = 50%, without failure. Finally, we assembled an easy wearable
sensor configuration to realize real pulse measurements on a wrist
(Fig. 9g). The sensor was driven by a current source, while an oscillo-
scope monitored the output voltage over time. A typical signal is
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depicted in Fig. 9h, where the heart rate is measured as 71 + 5 beats per
minute (bpm). Other applications of this textile-integrated strain sensor
might include monitoring other parameters related to physical activity
(such as the breathing rate) or medical devices for patient monitoring
[74-76].

4. Conclusions

In this work, we produced stable dispersions of few-layer graphene
flakes in water by high-shear mixing and high-pressure airless spray
exfoliation, reaching a production rate of 1 L/h (at a 1.4 mg/mL con-
centration). Our approach is sustainable and inexpensive and thus
potentially applicable to high-throughput industrial manufacturing.
Graphene flakes were used as primary materials in the development of a
nanocarbon-based, viscous, composite paste with high electrical con-
ductivity. The paste was designed to strongly adhere to plastic and
flexible substrates when deposited by solution processing techniques,
such as bar coating. Proof-of-concept microsupercapacitors fabricated
with graphene paste attained a Coulombic efficiency close to 100%, an
areal capacitance of 6.16 mF cm™2, a volumetric capacitance of
2.46 F cm ™3, and a maximum energy density of 209 pWh cm™>. The
devices also showed an excellent capacitance retention of 91.5% after
10000 GCD cycles. When subjected to bending tests, the micro-
supercapacitors retained their unaltered performance due to the high
percolation and mechanical flexibility of the graphene composite paste,
which remains easily accessible to the electrolyte. The micro-
supercapacitors were also assembled in series and parallel configura-
tions to demonstrate their adjustable voltage and capacitance outputs.
Electromagnetic interference shielding coatings and textile strain sen-
sors were also fabricated to further prove the multipurpose nature of the
composite paste. Coatings with <50 pm thickness reached a shielding
effectiveness of ~ 23 dB. The textile strain sensor exhibited a high gauge
factor and reliability. Overall, our results provide a pathway for mini-
mizing the environmental impact associated with the production of
widespread technologies such as microsupercapacitors, which often
require harmful chemicals and contain nonbiodegradable components.
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