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Edible electronics will enable systems that can be safely ingested and degraded in the human body after
completing their function, such as sensing physiological parameters or biological markers in the gastrointestinal
tract, without risk of retention or need of recollection. The same systems are potentially suitable for directly
tagging food, monitoring its quality, and developing edible soft actuators control and sensing abilities. Designing
appropriate edible power sources is critical to turn such a vision into real opportunities. We propose electrically
conductive edible composites based on ethylcellulose and activated carbon as enabling materials for energy
harvesting and storage. Free-standing, phase-separated bi-layered films, insulating at the top and with low
electrical resistivity (~10 Q cm) at the bottom, were produced with a scalable single-step process. Food additives
can tune the mechanical and triboelectrical properties of the proposed edible films. We demonstrated their
successful operation as electropositive elements in organic triboelectric nanogenerators (TENGs) and as elec-
trodes in fully edible supercapacitors (SC). The TENGs showed ~60 V peak voltage (root mean square power
density ~2.5 pW cm 2 at 5 Hz), while the SC achieved an energy density of 3.36 mW h g, capacity of ~ 9 mAh
g~ 1 and stability for more than 1000 charge-discharge cycles. These results show that the combination of ethyl
cellulose and activated carbon, and the control over their mixture, allow on-demand edible devices for energy
generation and storage, serving future edible and green electronics scenarios.

available batteries. This causes inconvenience both for patients, who
may need a second operation to remove them, and for the environment,
which is burdened with non-recyclable waste. [8] Often, such electronic

1. Introduction

The advancement in electronics is generating a variety of miniatur-

ized and integrated circuits that are changing our lives in the form of
robots and smart devices, with notable examples in medical diagnostics
and treatments. Novel sensors and actuators, cardiac and gastric pace-
makers, ingestible and edible pills are advancing medicine. [1-6] Such
progress results in a continued need for high-performing, biocompatible
and environmental friendly power supplies. However, efficient energy
generation and storage still remain challenging for the sustainable
operation of portable and implantable electronics. [7].

The power source of most of these devices relies on currently

waste comprises toxic and dangerous metals such as Li, Hg, Pb, Ni, and
Cd and can lead to serious environmental issues when not properly
disposed of. [9].

Therefore, there is an urgent need to develop environmentally-
friendly, low-cost, lightweight, biocompatible, and efficient energy
generation and storage solutions. Recently, nanogenerators, new-
generation batteries, capacitors, and fuel cells were proposed as effec-
tive solutions to the above-described problems. However, most of these
devices are fabricated using fossil-derived long-lasting polymers, thus
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contributing to micro-nano plastic pollution lethal to aquatic life. [10]
Biobased and biodegradable materials are alternatives to oil-derived
synthetic polymers, as they are sourced from living organisms and/or
decomposed at the end of their lives by the action of living bacteria and
fungi into eco-friendly residuals (water, carbon dioxide, and biomass).
[11,12] In addition to this, edible functional materials are rising interest
for future edible electronics, an emerging field that aims to develop
devices safe for ingestion, which can be degraded within the body.
[13-16] Edible devices could find applications in healthcare in humans
and animals, and smart labels for food monitoring. [1,13,17] Once
completed their function edible devices could act as nourishment for
humans in emergencies while reducing the ecological footprint [18,19].
Such advances can at the same time spark the development of edible soft
actuators, i.e. edible robots. [18,20].

Alongside energy generation from large-scale green sources (e.g. sun,
wind), [21,22] energy-harvesting devices, such as piezoelectric nano-
generators (PENGs) and triboelectric nanogenerators (TENGs) are
becoming crucial for powering miniaturized robots and medical devices.
In particular, TENGs can provide a sustainable solution for harvesting
the almost ubiquitous mechanical energy. [23,24] TENGs exploit the
charge transfer, taking place upon friction, between an electropositive
and an electronegative triboelectric material. TENGs have already
demonstrated their capability in converting biomechanical energy such
as heartbeat and respiratory motion. [25,26] On the other side, super-
capacitors (SCs) are widely exploited energy storage components in
medical devices [27-29] thanks to their low-cost, adjustable small size,
and flexibility. [30].

In the last few years, the increased interest in TENGs and edible
devices has led to exploring the triboelectric property of edible mate-
rials. [31-33] Food additives have been used to improve the triboelec-
tric properties [34] of materials or in some cases, food (e.g., sandwich
bread) has been used as a device component in TENGs [7]. Nevertheless,
there are only a few examples of edible TENGs. [32,35,36] These gen-
erators commonly employ edible metals that are safely ingestible only in
small amounts, require multiple production steps, and are not stable in a
water-based environment. On the other side, just two edible SCs were
previously reported. [29,37] Both works report activated carbon as the
active material and gold as the current collector. Regarding the binder
needed for the activated carbon electrodes, while Wang et al. used egg
whites, Gao et al. used a mix of gelatin and sugar. Nevertheless, both
binders are suboptimal, as 2/3 of the electrode mass were egg whites,
and around 40% was the gelatin-sugar mixture. This amount is signifi-
cantly larger than the binder content in state-of-the-art SCs (< 10%),
reducing the electrodes conductivity and limiting the performance of the
device. [38].

In this study, we propose electrically conductive edible composites of
ethyl cellulose (EC) and activated carbon (AC) and we demonstrate their
use in energy harvesting and storage devices, such as TENGs and SCs. EC
is a biobased and biodegradable polysaccharide, derivative of cellulose,
with ethylated repeating glucose units. It can be used as adhesive, filler,
or binder and it easily forms films. [39,40] It is one of the few edible
non-water-soluble polymers, classified as food additive E462 by the
European Food Safety Authority (EFSA), with an acceptable daily intake
of 660-900 mg/kg body weight per day. [41] Cellulose and its de-
rivatives are commonly used in pharmaceutics and the food industry.
[42-45] AC is an edible electronic conductor, classified as E153 by EFSA
with an acceptable daily intake of 67-800 mg/ kg body weight per day.
[13,46] AC is stable in the gastrointestinal tract and is neither absorbed
nor metabolized but it is just excreted in the feces [47], its microporous
structure is widely exploited as an adsorbent for environmental pollut-
ants or chemicals in poisoning and overdoses. [46] Moreover, thanks to
its slightly smoky taste and dark coloring it is used as additive in food (e.
g. bread, pizza, pasta, and ice cream).

Compared with the state-of-the-art, here simple one-pot synthesis
processes are proposed for the manufacturing of edible TENGs and SCs.
Indeed, the fabrication of most of the TENGs and SCs require long
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multistep processes, often involving the use of toxic solvents and vac-
uum tools (e.g. metal evaporator). Here we present an organic edible
TENG integrating an AC/EC bi-layered film obtained from a single-step
solution casting. The bottom layer is rich of AC and is electrically
conductive (resistivity, p ~ 10 Qecm), while the top layer is made of
pure EC and has an insulating character. Moreover, different food ad-
ditives have been added to modulate the mechanical and triboelectric
properties of the device. TENGs showed a peak voltage, short circuit
current, and instant peak power of 60 V, ~2 pA, and ~ 7 chm’2 (RMS
power 2.5 pW cm 2 at 5 Hz), respectively. The same AC and EC were
exploited, by means of a slightly modified fabrication process, to
formulate an electrode allowing to realize fully edible SCs, achieving an
energy density of 3.36 mW h g1, a capacity of ~9 mAh g~! with a
charging-discharging rate of 0.1 A g_l. No significant loss in perfor-
mance was observed upon 1000 cycles.

Overall, the proposed edible composites show low electrical re-
sistivity, and mechanical flexibility. They enabled the development of
energy harvesters and storage devices with appreciable figures of merits,
thus showing concrete progress for future edible electronic systems, and
sustainable technologies.

2. Results and discussion

Starting from edible materials, we targeted the realization of novel
TENGs and SCs offering strategies for the development of fully edible
energy harvesting and storage devices. In particular, we paid attention
to the sustainability and non-toxicity of the preparation process, aiming
at a scalable solution-based approach adopting only water and ethanol.
The AC/EC composite films were fabricated by dispersing the AC in a
solution of EC in ethanol. The AC/EC dispersion was then cast in a petri
dish and the ethanol solvent was let dry, as described in Fig. 1la (see
materials and methods for details). To improve the film flexibility, and
reduce the film brittleness, we tested different edible additives,
including food additives (citric acid - E330, and myristic acid — E570),
and sunflower oil.

The casting process is accompanied by phase segregation of com-
ponents, generating films with opposite faces showing completely
different electrical properties: a conductive bottom layer rich in AC,
where EC acts as a binder, [48] and a top layer consisting of pure EC
(inset Fig. 1a).

The cross-section micromorphology of the films highlights the phase
separation, which becomes more evident in samples with an AC content
higher than 10% (fig. S1 in the Supporting Information, SI). With the
addition of more AC filler, the thickness of the bottom conductive layer
increases (fig. S1). SEM images of the bottom and top layer (Fig. 1b-c),
show that even the bottom, AC rich layer is partially coated by a thin
layer of EC. The top EC layer is instead uniform over its entire thickness
as demonstrated by the SEM cross-section. This generates a slight dif-
ference in the wettability between bottom and top layers (contact angle
reported in fig. S2) as the hydrophobicity of the AC layer increases the
contact angle (from 63 + 11° to 80 + 12°).

In the absence of AC and at 5% of AC, the film resistance is above the
instrument resolution limit (fig.S3). The percolation threshold, which
can be defined as the minimum filler concentration required to effec-
tively transport electronic charges among the conductive particles, [49,
50] has been extracted from the current-voltage curves. Ohmic
behavior, which demonstrates the filler interconnection, is almost
reached with 10% AC filler content, as shown in fig.S3 (resistance
variation is within 14% in the explored voltage range). The electrical
sheet resistance was calculated and has been reported against the AC
filler content in Fig. 1d. When the percolation threshold (10% AC) is
reached, the sheet resistance is ~ 250 kQ/sq. Upon increasing the filler
content to 60%, the resistance drops to ~1 kQ/sq. All the films with a
concentration of AC filler above 10% have a similar resistivity of
~10 Q cm (fig. S4). At 20% and above of AC filler, the percolation
network is saturated, and the further addition of the conductive filler
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Fig. 1. a) Edible positive triboelectric film manufacturing. Ethanol-AC-EC slurry is drop cast in a petri dish and left to evaporate, AC precipitates, and a layered
biphasic film is obtained, SEM cross-section image of 40% AC sample is reported in the inset (scale bar 35 um); b,c) SEM images of bottom and top layer, respectively
(scale bar 50 pm). EC edges on the bottom layer are highlighted; d) electrical resistance of the film as a function of the AC content. In the inset, the powering of a
white LED through the conductive film, with 3 V applied; e) electrical resistance of the film with 40% of AC with different food additives; f) tensile stress-strain
measurement of films with different additives; g) FTIR fingerprints of both layers of the films.
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only increases the thickness of the conductive layer (fig. S1, S4). The
obtained resistivity values are consistent with other reports that employ
AC (range of resistivity 0.5-1000 Q cm) [13,14]. The low resistance of
the films enables to power up a light-emitting diode (LED) connected
through the bottom layer of the film, as shown in the inset of Fig. 1d.

The addition of AC filler in the EC films not only provides electrical
conductivity to the bottom layer of the samples but also modifies the
film mechanical properties. Tensile strain properties are reported in fig.
S5. A decrease in the Young modulus and maximum strain with the
increase of the AC content is observed. Such behavior is due to a greater
concentration of micro defects in the EC film as the AC content increases,
promoting the breakup of the film under tension stress. [51,52].

Considering the data of sheet resistance, thickness, and mechanical
properties obtained with the different amounts of AC, the 40% formu-
lation has been chosen to further modulate the mechanical property by
adding different food or food additives (Fig. le, fig S5, Fig. 1 f, and fig.
S7). In particular, vegetable oil (sunflower oil), fatty acid (myristic acid)
and flavoring/ preservative food (citric acid) were added (SEM cross-
section image reported in fig. S6). The first two are EC plasticizers,
[53-55] while citric acid is a cellulose cross linker [56,57] and AC
modifier. [58,59] The ability to modify and tune the mechanical prop-
erties of the films by simply incorporating edible additives is interesting
for the production of materials with multiple functionalities and easily
adaptable to a specific application and surface [60,61].

As shown in Fig. le, the presence of additives does not affect the
sheet resistance of the films. In contrast, the stress-strain curves are
modified depending on the additive used (Fig. 1 f). In particular, the
addition of oil and myristic acid improves the plasticity of the films,
confirming the plasticizer effect of these materials. Myristic acid
exhibited the strongest plasticizing effect, with an increase of the
maximum sustained strain of ~105% and a reduction of the Young

a
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modulus by ~29% (fig. S7). Citric acid instead, has enhanced the stiff-
ness of the films, increasing the Young modulus by ~101%, but reducing
the maximum sustained stress and strain by ~10% and ~33%, respec-
tively (fig. S7). Fourier transform infrared spectroscopy (FTIR) spectra
were employed to obtain the chemical fingerprint of both layers of the
films (Fig. 1 g; fig.S8 reports the FTIR spectra of all the pristine chem-
icals). The AC fingerprint peaks are not present on the top layer of the
film, in agreement with the phase separation described above. Note-
worthy, by analyzing the correlation between the AC spectrum and the
bottom layer of the films, it was noticed that the addition of food ad-
ditives improves the AC phase segregation at the bottom layer (fig. S9).
Practical demonstrations of the different electrical properties of the films
opposite layers (insulating vs conducting) and of the ability of the films
to withstand bending and wrinkle stress were recorded on camera
(Videos 1-3 in the Supporting Information).

For applications in the gastrointestinal (GI) tract, stability in GI fluids
is the desired property. Thus, the edible films were immersed in simu-
lated gastric fluid (SGF), and simulated intestinal fluid (SIF), and their
weight was monitored for 72 h. Over such observation period, the films
substantially maintained their original weight (fig. S10) and their
asymmetry in the electrical properties of top and bottom layers, with a
negligible variation of sheet resistance of the bottom layer. Such sta-
bility in SGF and SIF is promising for applications in ingestible and
edible electronics. Indeed, cellulose is stable in the gastrointestinal tract
and digested only in the large intestine by the bacterial flora. [62,63].

The above presented organic edible films were integrated into a
demonstrative TENG to assess their suitability to work as the electro-
positive side of the harvesting device. In particular, the EC layer of the
film acts as the electropositive triboelectric material and the AC layer as
a carbon-based electrode. To realize the TENG, a reference negative
triboelectric layer was used (Teflon), interfaced with an aluminum
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electrode (Fig. 2a). TENGs with and active area of a 4 x 4 cm? were
operated in contact-separation mode under an applied force of 10 N,
motion frequency of 5Hz and air gap of 5 mm. The stability of the
TENGs was verified for 1000 cycles (fig. S11), moreover, the devices
were tested at different distances, forces, and frequencies to evaluate the
dependence from these parameters (fig. S12). The applied cycling me-
chanical input led to the generation of an AC voltage (probed with a
40 MQ resistance load) followed by an AC current flowing through the
external circuit. The comparison of the time dependent voltage,
measured for TENGs fabricated with the different additives, is reported
in Fig. 2b. Higher instant peak power output (Fig. 2c and Table 1) was
found for TENGs in which the edible film contains additives (citric acid,
myristic acid and oil, with 6.8, 6.6 pW/cm? and 6.4 pW/cm?, respec-
tively) with respect to the one without additives (4.8 pW/cm?). This
evidence shows that the additives not only impact the mechanical
properties of the films reducing their brittleness, but they also affect the
TENGs electrical performance. Such tuning of the performance is likely
related to the fine phase segregation between the AC and EC components
upon inclusion of an additive, as evidenced by FTIR data and relative
spectra correlation (fig. S9). Table 1 reports a comparison of our TENG
with other edible devices reported in the literature to date.

After demonstrating the possibility to adapt our edible composite
films in an energy harvesting device, we turned to assess their properties
in a relevant energy storage device, the supercapacitor. In particular, by
exploiting the AC/EC composite (90:10 wt ratio) for the electrodes, we
fabricated a fully edible SC (Fig. 3a). The AC, which is exploited for its
high surface area allowing an increase of capacitance, does not have
sufficient conductivity to support the transport of electrons. To over-
come this limitation we used as current collector edible gold leafs [65].
Edible gold leaf was transferred onto ~50 um thick pure EC film. Then,
the gold layer was coated with the AC/EC composite (fig. S13). The use
of food additives was not considered in this study, since it was verified
that no change in the electrical conductivity is obtained with their
addition (Fig. le). A nori algae separator was soaked in an aqueous
electrolyte solution (NapSO4 in water, 1 M) and was then sandwiched
between the two electrodes. The full structure was encapsulated in
beeswax to avoid solvent evaporation and to improve the SC stability
over time (detail on SC fabrication in materials and methods). The
developed SC cell showed close-to-ideal behavior in cyclic voltammetry
tests (Fig. 3b). Different scan rates have been explored ranging from 5
mVs~! to 100 mV s~! showing excellent rate capability and stability of
the fully edible SC. Furthermore, the electrochemical performance was
studied via galvanostatic current charge and discharge tests. Linear
voltage vs. time curves, showing almost perfect triangles, can be
observed in Fig. 3¢, indicating the formation of an electric double layer.
The capacity retention has been calculated for different current den-
sities: 0.1, 0.5, 2, and 10 A g~! for 5 cycles each (Fig. 3d). A complete
charge and discharge cycle could occur in less than 2's at 10 A g1, A
capacitance of 40, 34.4, 27.1, and 10.1 F g’1 has been calculated for a
current density of 0.1, 0.5, 2, and 10 A g’l, respectively. The maximum
capacity of ~9 mAh g! has been observed with a current density of
0.1 A g~!, which reduces with the increase in current densities. The
calculated energy density is 3.36 mW h g~! which is approximately one
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third of a commercial supercapacitor [66]. Switching back to the initial
current density value of 0.1 A g~1, the capacities reached the same
values obtained in the first 5 cycles (Fig. 3d), indicating that no damage
occurred at higher current densities [67]. The cyclic stability of the
edible SC was assessed via a repeated charging-discharging test for 1000
cycles at a constant current density of 0.5 A g~! (Fig. 3e). The device
showed excellent stability for all the cycles with preservation of the
original capacity. To further verify the stability of the edible SC,
micromorphology SEM images of the composite electrode were taken
before and after 1000 cycles (fig. S14), which demonstrated no apparent
change in the microstructure. Table 2 reports a comparison of our SC
with other edible devices reported in the literature to date.

The direct charging of the edible SC with an edible TENG cannot be
achieved straightforwardly due to the high current necessary to charge
the SC (up to 100 pA in DC), which would than require the development
of a dedicated power management circuit. However, we show in fig. S15
that it is possible to charge a capacitor with our edible TENG.

3. Conclusion

In this work we proposed electrically conductive edible composites
based on ethylcellulose, activated carbon and food additives. A simple
and scalable single-step process was adopted to prepare free-standing bi-
layered films that present an insulating top layer and a conductive
bottom layer with an electrical resistivity as low as ~10 Q cm. We
showed the possibility to tune their mechanical and electrical properties
by adding different amounts of food additives, including citric acid
(E330), myristic acid (E570), and sunflower oil.

We successfully demonstrated the use of these edible conductors as
electrodes in energy harvesting and storage devices, aiming at fulfilling
the need of power sources in future edible and sustainable electronic
systems. In particular, we adopted them to realize edible positive elec-
trodes in triboelectric nanogenerators, achieving a maximum power
output of ~2.5 pW/cm2 at 5 Hz. With a simple modification of the
formulation, we used the same composites as electrodes in a completely
edible supercapacitor, stable for more than 1000 charge/discharge cy-
cles, providing an energy density of 3.36 mW h g~! and a maximum
capacity of ~9 mAh g~ .

The presented results offer new opportunities in edible electronics,
expanding the library of edible conductors with composites that can be
modulated in their composition to serve specific needs. Their use as
electrodes in edible energy harvesting and storage devices with prom-
ising figures of merits, combined with simple and scalable fabrication
schemes, shows a concrete path to fulfill the energetic requirements of
envisioned edible systems, from edible smart pills, to food tags and
control units in edible actuators (e.g. TENGs and SC could work as a
signal generator or power supply for an oscillator to be applied for the
drug release monitoring via intrabody communication [1]).

4. Materials and methods

Materials: Ethyl cellulose - E 465 (48-49.5 w/w ethoxyl basis), citric
acid - E330, myristic acid — E570, and beeswax E901 were bought from

Table 1
Comparison of edible TENGs present in the literature. Where available, operational condition of the TENGs has been reported (frequency, force, resistance load).
Metric [32] [35] [36] [64] Our work
Reference ICP-Sputtering — Lithography =~ Mixing and drop casting on gold leaf  Silver leaf-coated laver  Elettrospinning- silver leaf =~ Mixing and drop casting
Material Organic and metal Organic and metal Organic and metal Organic and metal All organic
Area 2 em? 6.25 cm? 4 cm? 9 cm? 16 cm?
Open circuit 55V (1GQ) 50V (5 GQ) 23V(-) 3V(E) 60 V (40 MQ)
Short Circuit Current 0.6 pA 1pA 315nA 40 nA 1.9 pA
Instant Power 2.16 yW/cm? (1 Hz,-,-) 0.648 uW/cm? 0.002 pW/cm? 12 yW/cm? 6.8 uW/cm?
(-,8N,-) (--57) (2 Hz,-,-) (5 Hz, 10N, 5 mm)
RMS Power - - - - 2.5 yW/cm?

(5 Hz, 10 N, 5 mm)
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Table 2
Comparison of edible SCs present in the literature.
Metric [37] [29] Our work
Mass (1 electrode) 80 mg N/A 1.5mg
Size (1 electrode) 16 cm? 0.3 cm? 1 cm?
Binder Egg white Gelatin and Ethyl cellulose
sugar
Binder (%) 66.7 41.9 10
Electrolyte Gatorade Agar and 1 M Na,ySO4
monodosium
glutamate
Shape of Almost triangular Not triangular Triangular
galvanostatic
charging/
discharging
Capacitance 315F@0.1Ag 1 23.6 mF 40F
(divided by 2 as the @20mvVs! @0.1Ag!
authors test it from
—0.8 to 0.8 V)
Energy density - 10.86 pW h 3.36mWhg!
em ™2

Sigma Aldrich. Activated carbon for the bilayer conductive films used
for the TENGs was purchased by the same supplier (Supelco, puriss. P.a.,
powder, E 153). Activated carbon for the SCs ink was purchased from
Nature’s Way under the name Charcoal, Activated (LOT: 21043 A).
Sunflower Oil was bought in a supermarket. Edible gold leaf was bought
from Kinno (thickness <500 nm). These materials were used as received
without any further process needed.

TENGs films fabrication: EC was solubilized in ethanol (2% w/v)
together with AC particle (from 0 to 60 wt% with respect to EC) and
mixed overnight. 20 ml of solution was drop cast in 100 mm diameter
glass Petri dishes, and the ethanol was allowed to evaporate at 50 °C.
Such temperature has been chosen to avoid the coffee ring effect
otherwise present. Different edible additives have been added at a
concentration of 25% with respect to the EC (citric acid - E330, myristic
acid - E570, and sunflower oil) to the solution to evaluate their influence
on the mechanical and triboelectric properties. The dried films were cut
in squares of 4 x 4 cm? and integrated in the TENGs. The data acquired
on TENGs refer to films containing 40% AC, without any further
processing.

Supercapacitor film manufacture process: EC films were prepared by
solubilization in ethanol (2% w/v). One layer of the film was lightly
wetted with ethanol, and a gold leaf was transferred to it. After a few
hours of drying in air, the film was transferred in a vacuum chamber,
where it was kept overnight. The current collectors were cut into stripes
(0.5 mm wide) after drying. The stripes were coated with ethanol-based
ink containing ethyl EC (2% w/v) and AC (18% w/v) so that 10 pL of the
ink was deposited on 1 cm? of the stripe (2 cm from the edge). After
drying the ink for 1 h in air at room temperatures, a 1 M Na;SO4 aqueous
solution was added on top of the electrodes (20 pL each). The SC was
assembled by adding the nori seaweed as a separator (previously
immersed in the electrolyte) between the electrodes and sandwitched
between two blocks of beeswax. Melted beeswax was poured on the
edges of blocks to seal the device.

SGF was prepared as described in the United States Pharmacopoeia
and consisted of a solution of 0.03 M NaCl adjusted at pH 1.2 with 1 M
solution of HCL.

SIF was prepared as described in the United States Pharmacopoeia
[68] and consisted of a solution of 0.05 M KH2PO4 adjusted at pH 6.8
with 0.2 molar solution of NaOH.

Degradation tests: Three different samples were immersed in the
simulated gastrointestinal fluids at 37 °C, and their weight change
monitored for 72 h.

FTIR: Infrared spectra of the films were collected through an atten-
uated total reflectance (ATR) accessory (Bruker-VERTEX 70 v FT-IR
Spectrometer).

SEM analysis: SEM measurements were performed using a Tescan
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MIRA3 operating at an acceleration voltage of 2 kV and recording the
secondary electron emission. The samples were prepared as here
described. After immersion at — 195.79 °C in liquid nitrogen, the sam-
ples were cut by tearing them with two tweezers to preserve the original
cross-section morphology and then pretreated by an ultra-thin
(~10 nm) gold sputtering deposition.

The electrical resistance of the edible conductive films was measured
by means of Semiconductor Parameter Analyzer Agilent B1500A. Silver
paste (RS pro) was painted, forming 5 mm wide contacts spaced by
5 mm. Sheet resistance was acquired with a four-point-probes configu-
ration. Resistivity was then calculated considering the described ge-
ometry and thickness of the samples.

Contact angle: Static water contact angles were measured on both
layers of the film by an optical contact angle device (DataPhysics). 10
microliters of deionized water were deposited on the samples.

Mechanical tests: To determine the mechanical feature of the films a
Zwick Roell was used, following the regulation ASTM D882. Samples
were stretched by applying a strain rate of 20 mm min L.

TENG characterization: The TENG electrical characterization was
performed with a home-built setup. The setup includes a linear motor
and load cell, an oscilloscope (Tektronix MSO5000), a voltage probe
40 MQ (Tektronix) for voltage measurements, a current amplifier (1211
DL Instruments) and a home-built resistance commutator for current
measurements. The device’s active area was 4 x 4 cm?. The TENGs were
operated in contact-release mode with an applied force of 10 N, opera-
tional frequency of 5 Hz and an airgap of 5 mm.

The instant peak power was extracted from the current peak
maximum measured at varying the resistance loads (P = Ryad TReak)-
The RMS power was calculated according to the formulaPrys =
1 fOT 2Ry 0qqdt, with T being the time interval of a full cycle at 5 Hz.

All data reported in the manuscript have been acquired after cycling
each device at least 1000 time, ensuring long time stability under
continuous mechanical stimuli. Output current measurement at varying
resistance loads has been acquired right after the 1000 initial condi-
tioning cycles and run for another 1000 cycles (i.e. the stability of the
devices is guaranteed at least for 2000 cycles).

Supercapacitor characterization: SCs were tested on MultiPalmSens4
potentiostat and galvanostat in 2-electrode setup. The measurements
were performed in triplicate and average with the standard error is
shown. Cyclic voltammetry was performed firstly by at 5 mV s~! for 10
cycles and then at 10, 20, 50, and 100 mV s7! for 3 cycles each. The
cyclic voltammogram of the last cycle is shown. 5 cycles of galvanostatic
charging-discharging was performed at 0.1, 0.5, 5.0, and 10 A g~ ! each
and then again at 0.1 A g~!. Charging-discharging curves of the last
cycle at each current density are shown. Long term cycling was per-
formed at 0.5 A g~ for 1000 cycles.

Capacitances were calculated as:

q
c=1
\%4

Where g the charge held, and V is the electric potential.

Energy density was calculated as:

1y
E;=-%
=72

where I; is current density, V is the voltage window, and t is discharging
time.

Eq4 of 3.36 Wh kg ™! has been calculated for discharging 0.1 A g~

Statistical Analysis: The error bar are presented as mean + standard
deviation calculated on a minimum of three independent samples using
the Excel or Origin software.
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