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A Coplanar Edible Rechargeable Battery with Enhanced

Capacity

Valerio Galli, Valerio F. Annese, Giulia Coco, Pietro Cataldi, Vincenzo Scribano,

Ilvan K. llic, Athanassia Athanassiou, and Mario Caironi*

Edible rechargeable batteries represent a novel opportunity for energy storage,

which currently involves the use of toxic materials. Being entirely made of
food-derived materials and additives, such batteries open the way to
electronic systems characterized by unprecedented features. Their
sustainability and safety can be crucial for replacing traditional batteries in
low-power applications, like agrifood and medicine, reducing environmental
impact and health hazards. Yet, limitations in capacity and architecture, and
concerns about stability at elevated temperature, humidity, and prolonged
storage time, severely limit their current application potential. Here, a new
coplanar architecture of a riboflavin-quercetin edible battery with increased

capacity, reaching 20 pAh, and operational stability of two weeks is presented.

The battery is tested in diverse environmental conditions to assess its
possible implementation in different scenarios, showing stable performance
between 0 and 37 °C. As a proof-of-concept application, the coplanar

architecture is exploited to develop a 3-cell battery with a voltage of ~2 V and
demonstrate the possibility of powering a commercial Internet of Things (loT)

module. The new design and data herein presented represent significant
steps toward widening the opportunities offered by edible batteries and their

1. Introduction

Nowadays, batteries are ubiquitous in
our society and significantly affect our
lives. From electric vehicles to portable
electronic devices, the development and
spread of rechargeable batteries have
changed and improved our quality of
life. They are also one of the key as-
pects of the green energy revolution, al-
lowing the storage of energy produced
through renewable sources. Considering
only lithium-ion batteries, the global de-
mand has reached 700 GWh in 2022
and is expected to reach 4.7 TWh in
2030.1'1 However, both non-rechargeable
and rechargeable batteries represent a
serious environmental threat along the
whole lifecycle. The battery industry
employs hazardous and toxic materials
and highly environmentally impacting
processes from manufacturing to dis-

implementation in low-power electronics.
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posal. In particular, the battery end-of-
life is often neglected, and standard-
ized recycling processes are still com-
plex, which may lead to landfill dis-
posal or incineration.?) These disposal
routes might contaminate soil, air, and
water, severely threatening wildlife and
humans. Once dispersed in the environment, batteries can re-
lease different toxic chemical compounds like gasses (HF, HCI,
vapor of organic solvents), liquids (organic electrolytes, ionic lig-
uids), and heavy metals (Cr, Co, Cu, Pb, Ni, Mn, Hg) that might
contaminate groundwater, spreading the pollutants far from the
landfill site.[23] Furthermore, these released compounds may poi-
son wildlife and humans, with lethal consequences after long
exposure.! 2]

These safety and pollution concerns are particularly relevant
in healthcare and environmental monitoring applications. Large-
scale data collection through low-power, portable, disposable, and
low-cost electronics would improve human life and support na-
ture preservation. Nonetheless, such innovation can be sustained
only by enabling the use of distributed and pervasive electron-
ics without contributing to electronic waste accumulation and
related environmental pollution. Hence, the quest for more sus-
tainable and environmentally friendly energy sources.

The development of biodegradable batteries!*! can offer a par-
tial solution, although environmental pollution and safety risks
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are not completely eliminated since some critical aspects related
to biodegradability are not always considered. Indeed, the redox-
active materials exploited in biodegradable batteries are organic
molecules and metal oxides, which are often toxic if ingested
by animals or humans.[*) Moreover, biodegradable polymers
can be fragmented and, in a similar way to conventional poly-
mers, produce microplastics and nanoplastics, especially in the
aqueous environment.['*11) Besides being a threat to living or-
ganisms, microplastics can also be a vector for chemical pollu-
tants and microorganisms, due to their size and chemistry.[1*11]
These are significant limits to the implementation of biodegrad-
able batteries in healthcare, especially for ingestible systems, and
in agrifood applications. In healthcare, ingestible non-edible elec-
tronics is becoming attractive for replacing invasive diagnostics
techniques like endoscopy and colonoscopy. Yet, hospitalization
is still required due to the retention risk and possible toxic chem-
ical leaks.'>13] In the agrifood sector, the deployment of sen-
sors in agricultural fields will significantly improve local param-
eter monitoring and data acquisition, optimizing the manage-
ment strategy and the use of agrochemicals.'*17] However, the
spread of a large number of battery-powered sensors in agricul-
tural fields can lead to environmental pollution and wildlife poi-
soning if batteries are dispersed or damaged.

In these application scenarios, edible materials become partic-
ularly interesting for developing completely safe electronics.['8-21]
Several materials and devices have been demonstrated in
recent years, like resistors,??] transistors,[?*?* sensors, 2]
actuators,12>3932] and power sources,!**-38] as well as communica-
tion strategies.[*”) Such demonstrations are the starting point to
create a safe-to-ingest technology that can replace standard elec-
tronics in both healthcare and agrifood scenarios: edible systems
can replace ingestible electronics for gastrointestinal (GI) tract
monitoring, eliminating any retention risk; edible smart tags can
be directly applied to food for monitoring and avoiding spoilage
or counterfeiting.!®)

Iic et al.l*% recently developed the first edible rechargeable
battery, entirely composed of food materials, which exploits a re-
dox reaction between two molecules commonly found in food,
riboflavin and quercetin. This battery has an operating voltage
of ~0.65 V and a capacity of ~10 uAh, sustaining a current of
48 pA for 12 min.l**l Besides its use in edible electronics, it has
the potential to replace traditional batteries in low-power applica-
tions, as recently shown through a preliminary interconnection
with passive sensors for environmental monitoring.**?) How-
ever, the capacity of this prototype is limited, the electrode archi-
tecture is not optimized for interconnection with other compo-
nents, and its stability in time and different environmental con-
ditions, relevant for future application scenarios, has not been
assessed yet.

Here we propose a coplanar edible rechargeable battery with a
twofold capacity increase with respect to the first literature report
and proven operational stability in different environmental con-
ditions. The new coplanar electrode configuration, which does
not limit battery performance, favors the interconnection with
other electronic components and multiple battery connections.
The improved battery performance, reaching a capacity of ~20
pAh, was achieved by adopting a higher electrode mass loading,
without overcoming the acceptable daily intake (ADI) values of
the edible materials used. The edible battery retains its capacity
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over two weeks of storage at room temperature, whereas freez-
ing hampers battery self-discharge. Powering of a commercial
Bluetooth-based Internet of Things (IoT) module is achieved with
two 3-cell batteries, providing a proof-of-concept demonstration
of future environmental monitoring applications. Our results in-
dicate a feasible path along the development of edible batteries
as critical components in sustainable IoT nodes as well as power
supplies in future edible electronic systems for pharmaceutical
and food monitoring applications.

2. Results and Discussion

To realize the edible rechargeable battery, we made use of food-
grade materials only, that can be eaten in large amounts without
any safety risk.[**] The redox chemistry of the battery corresponds
to the one recently reported by Ilic et al.*¥l and is based on two
small redox-active molecules, riboflavin and quercetin, used for
the anode and the cathode, respectively. Riboflavin (RF), or vi-
tamin B,, is a natural redox cofactor and is used as a food col-
oring agent (E 101) and vitamin supplement. Quercetin (Q) is a
flavonoid found in vegetables and seeds, sold also as a dietary
supplement. Due to their poor electrical conductivity, the two
redox-active molecules were mixed with activated carbon (AC, E
153), a safe-to-eat electronic conductor, to allow electron trans-
port. These composites were used to prepare the redox-active
inks, using ethyl cellulose (EC, E 462) dissolved in ethanol as
the binder. The inks were then deposited onto edible current col-
lectors to form the electrodes. The current collectors were fab-
ricated by laminating edible gold (E 175) leaves onto EC films.
However, the gold-EC films have just one conductive side due to
their fabrication process and this aspect complicated the inter-
connection of the first example of an edible battery!*’! with elec-
tronic components. To overcome such limitation, we adopted an
electrode coplanar configuration, as illustrated in the scheme of
Figure 1a, improving multiple battery connections (series and
parallel) and compatibility with other components.[?3242] The
battery was completed by placing Nori, soaked in a 1 M aque-
ous solution of NaHSO, (E 514ii), used as the electrolyte, on top
of the electrodes, and encapsulating the device with beeswax (E
901). A photograph of the fabricated coplanar battery is shown in
Figure 1c. All the materials used to fabricate the battery are ap-
proved as edible by the European Food Safety Authority (EFSA)
and their quantities per single device do not exceed the ADI val-
ues (Table 1).

The new electrode coplanar configuration was tested with a
starting composite mass loading of 1.5 mg cm™ to compare its
performance with the previously reported edible battery stacked
architecture, which had such composite mass loading.[**! The di-
rect comparison between the two architectures is crucial to eval-
uate whether the planar ionic transport between the electrodes,
over a cm range distance, introduced with the coplanar configu-
ration, could pose limits to the battery performance as obtained
with a vertical ionic transport, over a mm range distance.[*l The
battery capacity was evaluated through galvanostatic charging-
discharging measurements between 0.6 and 0.8 V at different
currents. This voltage window is related to the redox plateau,
i.e. the voltage range where the device properly works as a sec-
ondary battery.*"] The battery is not cycled at higher or lower volt-
ages to not damage it irreversibly. This is a common practice in
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Figure 1. Edible rechargeable coplanar battery. a) Coplanar battery design and edible materials used. b) Small redox-active molecules, riboflavin and
quercetin, in their natural discharged state. c) Dimension comparison with a CR2032 button cell.

commercial batteries to prevent their failure. The capacity values
of coplanar batteries (=10 pAh), calculated from the curves, were
consistent with those of stacked batteries obtained in previous
works!***1] (Figure S1, Supporting Information), confirming no
performance limitation owing to the new coplanar design and

Table 1. Edible rechargeable battery ingredients. The amount of each edible
material in one battery is compared to edibility data from EFSA (NOAEL:
no-observed-adverse-effect level).

E number One battery

contains

Ingredients Edibility per day  refs.

Quercetin Food ingredient 0.54 mg Consumption [43]
estimate:
25-50 mg
Average [44]

requirement:

Riboflavin E 101 0.54 mg

1.6 mg

432 mg Daily [45]
recommended

Activated carbon E 153

serving:
hundreds of
milligrams

No risk [46]
assessment

Gold E 175 1.4 mg

Ethyl cellulose E 462 36 mg Indicative total ~ [47]
exposure:
660-900 mg
per kg of body
weight
Sodium hydrogen E 514(ii) 35mg Laxative effect:  [48]
sulfate doses greater
than 300 mg
per kg of body
weight
N/A (food) -
N/A (food) -
NOAEL: 1.1g  [49]
per kg of body

Nori Food 25 mg
Water Food 290 mg
Beeswax E 901 15¢

weight
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the planar ionic transport. The possibility to refine the battery
design without capacity losses is a crucial aspect for interconnec-
tion with other components, optimizing connections depending
on the final application.

To improve the battery capacity, limited by the low conductiv-
ity of activated carbon and the lack of more performing edible
conductive fillers, the electrode mass loading was then increased
to 3 mg cm~2. The galvanostatic charging-discharging capacity
of the battery with doubled mass loading results correspondingly
doubled at each tested current, reaching a maximum value of ~20
pAh at 100 pA (Figure 2a). It is noteworthy that the increased ca-
pacity has been obtained without increasing the active area and
current collector dimensions, and without overcoming the mate-
rials ADI (Table 1). Moreover, the galvanostatic data demonstrate
good capacity retention in the range of 100-10 pA, allowing a
quick battery charging with a high current (100 pA) and a slower
discharging with lower currents (10 puA, Figure S2, Supporting
Information). Our edible batteries can supply a current of 100 pA
for 12 min, 50 pA for 20 min, and 10 pA for more than one hour,
as it can be observed from the discharging curves in Figure 2b.
Discharge times were also evaluated using commercial resistors,
to determine the battery behavior when connected to an external
resistive load. The curves in Figure 2c,d show a battery discharge
time of #20 min when connected to a 12 kQ load and >2 h when
connected to a 120 kQ load. Given these results, the new mass
loading was adopted in all the subsequent measurements.

Stability over time and at different temperature and humidity
values is often a limiting aspect in aqueous batteries, which are
subject to water evaporation and variations in electrolyte ionic
conductivity, leading to performance degradation over time.">"!
For this reason, the first stability assessment on edible batteries
was performed, testing them under different conditions. First,
batteries were cycled over three consecutive days, through 20
charging-discharging cycles per day, to study their operational
stability over time. Results in Figure 3a show stable capacity val-
ues over three days at room temperature and humidity (20 °C,
35% RH) and a coulombic efficiency that increases over time
and reaches 95% at the end of the test. We speculate that the
increase can be caused by a molecular rearrangement inside
the composites during battery cycling. A longer-term stability
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Figure 2. Coplanar battery testing. a) Galvanostatic charging-discharging capacities of three coplanar batteries at different currents, comparing the

1.5 mg cm~2 mass loading (red) with the 3 mg cm—2

one (blue). b) Corresponding charging—discharging curves from one of the batteries (3 mg cm

-2

mass loading). c) Average discharging curves and standard deviation calculated over three batteries when connected to 12 kQ and d) 120 kQ loads

-2

(3 mg cm™* mass loading).

test was done by cycling batteries over a month, performing a
charging-discharging cycle each day for the first week, and then
cycling the batteries on the 10", 14", 21, and 28" days. Dur-
ing such month, batteries were stored at room temperature and
humidity (20 °C, 35% RH). Capacity values reported in Figure 3b
show excellent operational stability over two weeks. In the third
and fourth weeks, a progressive capacity decrease can be ob-
served, probably associated with redox molecule degradation or
leakages.

The battery fabrication process, which is currently mainly
manual, leads to unavoidable defects and imperfections, which
can favor oxygen permeation and consequently limit battery per-
formance, affecting in particular its self-discharge. Battery self-
discharge was evaluated through open circuit (OC) measure-
ments and curves in Figure S3 (Supporting Information) show
an average self-discharge time of 24 h. The presence of oxygen
can be a cause; however, further investigations are required to
properly identify the self-discharge mechanism.°!! This limita-
tion can be easily overcome by storing charged batteries in a com-
mercial freezer at —21 °C. The battery OC voltages were continu-
ously measured with a sampling rate of 5 min while frozen and
data in Figure 3c show very good charge retention, with a max-
imum decrease of ~4% after 84 h. This simple storage method,
commonly used for drugs and food, allows the use of edible bat-
teries days after their fabrication and charging without any sig-
nificant charge loss.

Adv. Mater. Technol. 2024, 2400715 2400715 (4 of 9)

The possibility of employing the battery in different scenar-
ios, like GI tract monitoring or agrifood, was preliminary as-
sessed by testing the batteries in different environmental con-
ditions, varying temperature and RH. Galvanostatic charging—
discharging measurements were performed in an environmental
chamber, starting from room conditions (20 °C, 65% RH), and
then simulating storage conditions in a fridge (5 °C, 65% RH),
and human GI tract (37 °C, 90% RH). The batteries were also
cycled in low temperature-high RH (0 °C, 85% RH) and high
temperature-low RH (50 °C, 25% RH) conditions. The complete
time-temperature/RH testing plot is reported in Figure S4 (Sup-
porting Information). Batteries showed comparable and stable
capacity values in all the tested conditions, with a decrease in
performance at high temperatures (average capacity equal to 16.8
pAh at 20 °C, 13.2 pAh at 37 °C, and 10 pAh at 50 °C), and a re-
covery of their original capacity when cycled again at room condi-
tions (Figure 3d). These results suggest a maximum battery work-
ing temperature of 50 °C to avoid irreversible damage. Indeed,
higher temperatures would lead to beeswax melting (x~64 °C)[>?!
and could deteriorate the other edible materials used. This good
operational stability over time and in different environmental
conditions can be ascribed to the beeswax encapsulation, which
limits oxygen permeation inside the battery and avoids water-
electrolyte evaporation. Beeswax also offers good antimicrobial
properties, an important aspect for food contact applications.[>?!
The concentrated acidic electrolyte, which maintains good ionic
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Figure 3. Stability and environmental tests. a) Galvanostatic charging—discharging capacities of three coplanar batteries at 100 pA over three consecutive
days. The corresponding coulombic efficiency is also reported. b) Galvanostatic charging-discharging capacities at 100 pA over a month. Three batteries
were cycled in the first seven days and then on the 10th, 14t 275t and 28t days. c) Average charge retention and standard deviation calculated over
three edible batteries stored in a freezer at —21 °C. d) Galvanostatic discharging capacities at 100 pA of three batteries, acquired varying temperature
and RH in an environmental chamber. Temperature and RH tested values are reported in the plot. e) Biochemical Oxygen Demand (BOD3;) of the edible
battery and components. Microcrystalline cellulose and pristine beeswax are used as a reference. The anode and the cathode BOD3 are also reported.
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Figure 4. 10T module powered by 3-cell edible batteries. a) Smart Gadget SHT4x module powered by two 3-cell edible batteries connected in series
transmitting temperature and RH data in real-time via Bluetooth to a smartphone. b) 3-cell edible battery design. c) Data from a Smart Gadget SHT4x
module powered by two 3-cell edible batteries connected in series tested in an environmental chamber, changing temperature and RH over an hour.

conductivity below 4 °C, also plays an important role in stabiliz-
ing battery capacity at low temperatures. These effects are con-
firmed by electrochemical impedance spectroscopy (EIS) mea-
surements at 20 and 0 °C (Figure S5, Supporting Information).
The integration of sustainable and completely biodegradable
batteries in low-power sensing nodes may be beneficial to the
large-scale spread of environmental monitoring devices, avoid-
ing their recollection after use. For this reason, edible bat-
tery biodegradability was preliminarily evaluated in seawater,’]
where commonly used biodegradable polymers (polyhydroxybu-
tyrate, polycaprolactone, polylactic acid) show, on average, lower
degradation than in soil.>* The test followed the test method
ISO 23977-2:2020, which standardizes how to measure the bio-
chemical oxygen demand in seawater over 30 days (BOD,,),
corresponding to the amount of aerobic bacteria oxygen con-
sumption in the decomposition process (Figure 3e). Battery elec-
trodes, pristine as-received beeswax, and microcrystalline cellu-
lose used as a positive reference due to its established degrad-
ability in seawater,>>] were also tested. During the 30 days, the
battery electrodes did not show a detectable BOD,, signal due
to the low degradation rate of EC, the primary component of the
electrodes.*®! Pristine beeswax degraded over time, with a start in
the degradation after seven days, reaching ~1.5 mg O,/100 mg
BOD;,,. Degradation was also observed in batteries, previously
cut along the cross section to expose the electrodes to seawater.
Interestingly, their biodegradability was higher compared to the
pristine beeswax, reaching up to 6 mg O, consumed per same
amount of material, and the degradation process started only af-
ter four days. This behavior may be due to the presence of Nori,
which could have favored bacterial activity, and/or to the differ-
ence in beeswax crystallinity between the pristine one used as a
control and the one treated (i.e., melted and solidified) for en-
capsulation. Indeed, a fast cooling rate may induce a lower crys-
tallinity, resulting in quicker and higher biodegradation.['*->7>8]

Adv. Mater. Technol. 2024, 2400715 2400715 (6 of 9)

The stability, sustainability, and safety of the battery offer new
opportunities in low-power electronics, especially in healthcare,
since the operating voltage (~0.65 V) is perfectly safe for appli-
cations inside the human body. However, this voltage might rep-
resent a limit for the interconnection of the edible battery with
traditional electronics in agrifood applications. As such, to pro-
pose a proof-of-concept demonstration of future potential appli-
cations, a 3-cell battery was developed by connecting in series
three coplanar batteries by adjacent electrode overlap and inte-
grating them into a single beeswax case (Figure 4). In the 3-cell
battery, two single-cell batteries are placed adjacently on the same
plane with the electrodes facing upwards. A third single-cell bat-
tery is stacked on top, with the electrodes facing downwards to
facilitate the series connection. Overlapping electrodes were elec-
trically interconnected (Figure 4b; Figure S6, Supporting Infor-
mation). 3-cell battery dimensions (3.5 cm x 2.5 cm x 1 cm) are
just slightly larger than those of a single coplanar battery (Figure
S7a, Supporting Information). This battery has an operating volt-
age of 2V and retains the same capacity of a single cell, showing
a discharge time of 10 min with a current of 100 pA (Figure S7b,
Supporting Information).

We finally prove the compatibility of the edible batteries with
low-power traditional electronics by connecting two 3-cell batter-
ies in series to power a commercial IoT module (Sensirion Smart
Gadget SHT4x) that can monitor environmental temperature and
RH, and transmit real-time data via Bluetooth. The batteries were
able to supply an OC voltage higher than 4V, enough to switch on
the LCD screen and power the IoT module, acquiring tempera-
ture and RH data in real-time every two seconds (Figure 4a; Video
S1, Supporting Information). To simulate a real application, the
IoT module, powered by the edible batteries, was tested in an
environmental chamber. Temperature and RH were externally
controlled and monitored through the IoT module for an hour.
Real-time data were transmitted via Bluetooth to a smartphone

© 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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(Figure 4c), in perfect agreement with data from the environmen-
tal chamber sensors (Figure S8a, Supporting Information). The
maximum run time of the edible batteries was also tested, reach-
ing 90 min while powering the IoT module at room temperature
(Figure S8b, Supporting Information).

3. Conclusion

In this work, we presented a coplanar edible rechargeable battery
with enhanced capacity and operational stability in different envi-
ronmental conditions. The battery benefits from a new coplanar
electrode configuration, which, without limiting the battery per-
formance, allows easier multiple battery connections and better
interconnection with electronic components.

Through the optimization of the electrode mass loading, we
were able to increase the battery capacity up to ~20 pAh, without
increasing the electrode dimensions and without overcoming the
ADI of the edible materials used. Stability tests over time, at vari-
able temperature and humidity levels, showed promising results
for the use of our edible battery in place of traditional batteries
in low-power applications where accidental toxic chemical leak-
age and battery dispersion in the environment should be avoided.
The capacity remains stable for two weeks when batteries are
stored at room temperature and humidity. Environmental tests
showed that edible batteries can work in a temperature range be-
tween 0 and 37 °C with different RH values and can be easily
stored in a freezer, retaining more than 96% of their charge after
84 h. A first biodegradability assessment of edible batteries was
performed, reaching up to 6 mg O, consumed per 100 mg of ma-
terial within 30 days. The new architecture offers the possibility to
connect 3-battery cells in series and integrate them into a single
multi-cell battery with a voltage of ~2 V. A proof-of-concept appli-
cation in agrifood sensor networks, testing the possible replace-
ment of traditional batteries in low-power devices for sensing and
monitoring, was also demonstrated, powering a commercial loT
module with two 3-cell batteries connected in series. The low-
power module monitored environmental temperature and RH
for 90 min, transmitting real-time data via Bluetooth to a smart-
phone.

Besides applications in environmental monitoring, the edibil-
ity of our battery offers the possibility to integrate electronic sen-
sors directly on food, without any contamination risk deriving
from traditional batteries leakages. The complete edibility of our
battery is also an innovative solution for powering ingestible elec-
tronics, reducing the risk of toxic chemical leaks in case of break-
age inside the GI tract. Further capacity increase and miniaturiza-
tion of the edible battery, together with the development of fully
edible electronics, will open the way to completely new agrifood
and GI tract monitoring devices.

4. Experimental Section

Riboflavin (>98%), ethyl cellulose (48.0-49.5% (w/w) ethoxyl basis),
sodium hydroxide, and cellulose were purchased from Sigma Aldrich.
Quercetin dihydrate (97%) and sodium bisulfate monohydrate (NaHSO,)
(=99.0%) were purchased from Acros Organics. Absolute ethanol was pur-
chased from Sigma Aldrich and Carlo Erba. Beeswax was purchased from
Bienenbiya. Activated carbon was purchased from Nature’s Way under the
name Charcoal, Activated (LOT: 21043A). 23 Karat gold leaves were pur-
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chased from Gold Chef — Giusto Manetti Battiloro S.p.A. Sushi Nori was
purchased from Alimenta Srl. 12 and 120 kQ resistors were purchased
from Tyco Electronics. Smart Gadget SHT4x Sensirion module was pur-
chased from RS Components S.r.l.

Activated Carbon-Small Molecule (RF/Q) Composites:  Small molecules
(RF or Q) (0.2 g) and activated carbon (0.8 g) were dispersed together in
a mixture of water (25 mL) and ethanol (25 mL). The dispersions were
stirred at room temperature for 20 h, and afterward, the solvent was re-
moved under reduced pressure at 60 °C. The formed composites were
vacuum-dried for 24 h.

Gold-Laminated Ethyl Cellulose Films:  Ethyl cellulose was dissolved in
ethanol with a concentration of 20 g L='. A 30 mL of solution was poured
into a Petri dish (9.5 cm in diameter) and oven-evaporated at 60 °C for
17 h. The formed ethyl cellulose films were removed from the Petri dish,
with the aid of water, with a razor. The ethyl cellulose film’s flat bottom
was dampened with ethanol and placed on an edible gold foil to laminate
gold onto it. The films with gold were dried in air for a few hours with a
weight placed on the top (e.g., a smaller Petri dish). Afterward, the films
were hot pressed at 5 MPa and 90 °C for 2 min. The current collectors were
prepared by cutting the film in stripes that were 5 mm wide.

Inks Preparation: The desired composite (90 mg) was dispersed in a
15 g L™ solution of ethyl cellulose in ethanol (0.67 mL). The inks were
stirred overnight before using them and they were not used for more than
3 days after preparation.

Edible Battery Fabrication: Anode and cathode electrodes were pre-
pared by coating through pipette drop-casting 1 cm? of the gold lami-
nated EC current collectors with RF ink (20 pL) and Q ink (20 uL), re-
spectively, and dried under nitrogen flux for 1 h. Beeswax was melted
at 100 °C and then poured into a silicon mold to prepare beeswax
blocks. The two electrodes were placed one next to the other, with a
gap smaller than 1 mm, onto a beeswax block and covered with Nori
previously soaked in the T m NaHSO, water electrolyte, to remove as
much as possible unwanted salts contained in commercial Nori. The elec-
trolyte was deoxygenated with nitrogen flux before using it. A second
beeswax block was placed on top to close the battery and the edges were
sealed using molten beeswax. All these fabrication steps were done un-
der nitrogen flux. The approximate dimensions of the edible battery were
3.5cm x2cmx 0.5 cm.

3-Cell Edible Battery Fabrication: Battery electrodes were fabricated
as previously described. Two single-cell batteries (electrodes and soaked
Nori) were placed adjacently on a beeswax block with the electrodes facing
upwards and isolated with smaller beeswax blocks. A third cell was placed
on top, with the electrode conductive side facing downwards, to connect
the tree cells in series (Figure 4b). Overlapping electrodes were electrically
connected with silver paint. A final beeswax block was used to encapsulate
the battery (Figure S6, Supporting Information). The approximate dimen-
sions of the 3-cell edible battery were 3.5 cm x 2.5 cm x T cm.

Battery Testing:  All measurements were performed using MultiPalm-
Sens4 potentiostat. The battery cathode was connected as the working
electrode, while the battery anode was the counter/reference electrode.
All the tests were simultaneously performed on three batteries.

Galvanostatic charging—discharging measurements were performed at
100, 50, 10, and again 100 pA and cycled for 3 cycles at each charging
rate. The charging—discharging curves in Figure 2b are the 1°t, 4t and 7th
cycles, respectively.

Discharging curves were also acquired by connecting the batteries to
12 and 120 kQ resistors and measuring the battery voltage over time.

Stability and coulombic efficiency tests were performed at 100 pA, cy-
cling the batteries for 20 cycles per day for 3 consecutive days. Month-
stability test was performed at 100 pA, cycling the batteries for one cycle
for seven consecutive days and on the 10, 14t 215t and 28t days. Dur-
ing the test, batteries were stored at room temperature and RH (20 °C,
35%).

Self-discharge curves were acquired through OC measurements with a
sampling rate of 5 min over 24 h at room temperature after charging the
batteries at 100 pA. The same test was then repeated storing the batteries
in a Liebherr MedilLine freezer at —21 °C and measuring the OC voltage
over 84 h.
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Environmental stability tests were performed in a Memmert
HPP110ecoplus constant climate chamber, varying temperature, and RH.
Batteries were cycled at 100 pA for 2 cycles at each different environmental
condition. The test was performed over 3 consecutive days.

Battery capacities were calculated from galvanostatic charging—
discharging measurements as:

c=1x1t/3600 M

where ¢ is the battery capacity (uAh), I is the charging/discharging current
(uA), and tis the charging/discharging time (s). Capacities were calculated
in the voltage window between 0.6 and 0.8 V for single coplanar batteries
and between 1.8 and 2.4 V for 3-cell batteries. The first charging capacity
reported has always a significantly higher value since it is calculated from
0V (completely discharged battery).

Coulombic efficiencies (%) were calculated as the ratio between dis-
charging and charging capacities.

All the capacities were calculated from minimum triplicate measure-
ments (calculated in MS Excel), and the average value with maximum and
minimum values are shown.

Electrochemical impedance spectroscopy (EIS) of the battery elec-
trolyte was measured using Nori soaked in 1 M NaHSO, water elec-
trolyte and two gold-laminated EC electrodes, encapsulating everything
in beeswax. The impedance was measured by applying a sinusoidal stim-
ulus of 100 mV within a frequency range of 10 mHz-1 MHz. Data were
acquired at 20 and 0 °C in a Memmert HPP110ecoplus constant climate
chamber.

Smart Gadget SHT4x Sensirion module was powered by two 3-cell edi-
ble batteries connected in series. Temperature and RH data were acquired
in real time through Sensirion MyAmbience App, connected to the loT
module via Bluetooth connection.

Biochemical Oxygen Demand (BOD) Test Details: The BOD instrumen-
tation (OxiTop OC 100) was used to test the biodegradability of edible bat-
teries in marine environments. The test followed the standard 1SO 23977-
2:2020. Microcrystalline cellulose and pristine beeswax were used as a ref-
erence. The different samples were cut into various shapes, ~1cm? in size,
with a weight ranging from 30 to 300 mg, and inserted in 432 mL of sea-
water collected from Porto Antico, Genoa (ltaly). The tested samples were
the battery, with two cuts along the cross section to expose the electrodes
to seawater, the anode, and the cathode.

The experiment was conducted by adding the testing materials and sea-
water into autoclaved 510 mL amber glass bottles and subsequently sealed
with the OxiTop OC 100 measuring heads. A stirring magnet was added to
ensure constant movement inside the bottle. Sodium hydroxide was added
as a CO, scavenger to sequester carbon dioxide produced from biodegra-
dation. The oxygen consumption in the free volume was measured as a
function of decreased pressure. The raw oxygen consumption data (mg
0, L7T) were corrected by subtracting the blank values from reference
seawater oxygen consumption. The data were then divided by the specific
mass samples and normalized to 100 mg of material (mg O, per 100 mg
material). The data were plotted as the function of mg O, per 100 mg
of material in one L of seawater over time. LOWESS (Locally Weighted
Scatterplot Smoothing) was applied using the default Origin function to
smooth out the curves. Measurement was maximized over 30 days (360
measurements per sample). In Figure 3e, one dot per day is a representa-
tive trend of degradation. Degradation lines are derived from the smooth-
ing of the dots using the LOWESS function.
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