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Abstract

The use of batteries, found in telephones, remote controls, and medical devices, is an
integral part of our daily lives. Unfortunately, the routine use of these electronic devices
has harmful effects on the environment, primarily due to the pollution generated by
heavy metals. This article traces the history of batteries, starting with the birth of the
voltaic battery in 1799, invented by Alessandro Volta. This discovery, based on the
principle of redox reactions between zinc and copper, was subsequently taken up and
improved on numerous times. In 1836, John Frederic Daniell designed a two-
compartment cell, stabilized by depolarizers and connected by a salt bridge. To meet
today's climate challenges, researchers continue to design batteries, but this time they
are biodegradable, edible, rechargeable, and therefore sustainable. In recent years,
we have seen the emergence of highly innovative concepts. Some scientists, for
example, are using cuttlefish ink to extract melanin. In a sodium-ion battery, this
molecule acts as a natural anode, enabling sodium ions to be stored and thus
contributing to the device's eco-friendliness. Other innovative research has also
emerged, using other natural ingredients such as quercetin and riboflavin. These
technological advances are of particular interest to the healthcare sector for the

development of implantable medical devices.

Keywords: implantable medical devices, edible batteries, sustainable, rechargeable,

natural ingredients.

1. Introduction
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At work or at home, we all use mice, watches, electronic toys, and remote controls. But
for these objects to work, they must contain an electric battery. This converts chemical
energy into electrical energy through a redox reaction. Objects fitted with these
batteries have one major weakness: the danger they pose to our ecosystem. In 2022,
244,000 tons of portable batteries were sold in the EU'. In the same year, 111,000
tons of used portable batteries were collected for recycling, but how many end up in
our rubbish bins and in our environment? Since 2006, the European directive
2006/66/EC on portable batteries and accumulators? has also sought to improve the
management of waste batteries and accumulators. The figures for 2022 show just how
difficult it is to collect this type of polluting waste.

The healthcare sector is also a major consumer of batteries, to ensure the optimal
functioning of a large number of medical devices such as wireless capsule
endoscope®#, implantable orthodontic system?®, implantable cardioverter-defibrillator®,
fully implantable and rechargeable artificial pancreas’, and vibrating ingestible

bioelectronic stimulator® (Table 1).

Year of publication

Medical device Battery Application
(reference)
exploration of Gl tract
2 silver oxide
capsule endoscope (detection, evaluation, 2000 (3)
batteries
surveillance)
) . integrated intra-oral
implantable orthodontic o ] .
1 lithium-ion battery  phototherapeutic device 2017 (5)
system )
(bone regeneration)
implantable cardioverter- 1 hybrid cathode defibrillation
. o 2022 (6)
defibrillator lithium battery
o S intraperitoneally release
artificial pancreas 1 lithium-ion battery ) ) 2023 (7)
of insulin
o ) 1 silver oxide luminal vibratory
vibrating stimulator ) ) 2023 (8)
battery stimulation
] 1 zinc-oxygen electrical stimulation
implantable battery 2023 (9)
battery
breathing and heart rate
2 silver oxide monitoring (sleep
vitals-monitoring pill 2023 (10)
batteries apnoea and detection of

opioid overdoses)
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implantable closed-loo
P P 1 lithium-ion battery opioid safety 2024 (11)
detection device

Table 1: Some examples of battery-powered devices used in medical devices.

It is therefore appropriate to first examine the basic principle of the battery, then
present new approaches using natural compounds, enabling the design of eco-friendly,

even edible batteries.

2. Birth of the voltaic cell and its improvement by John Frederic Daniell
In 1799, the ltalian physicist Alessandro Volta (1745-1827) created the first battery to
emit direct current, known as the voltaic battery. To do this, he successively stacked
pairs of zinc-copper discs (20 to 60 pieces per metal) separated by pieces of cloth
soaked in a dilute sulphuric acid solution (or brine - an aqueous solution of a salt such
as Na*Cl), which acted as the electrolyte (Figure 1). He also added a metal wire to
connect the two ends of this stack, which were zinc (negative pole) and copper
(positive pole). With the circuit connected and closed, an electric current was able to
flow'2. At the anode (negative pole), he observed an oxidation reaction in which Zn(s)
gave Zn?* according to equation 1:
Zn(s) » Zn?**(aq) + 2e~ (eq.1)

and at the cathode (positive pole), he observed a reduction reaction in which Cu?*(aq)
gave Cu(s) according to equation 2:

Cu?*(aq) + 2e~ - Cu(s) (eq.2)
Unfortunately, the water present can also react according to the following equation:

2H,0+ 2e™ —» H, +20H™ (eq.3)
The release of Hz limits the reduction reaction. The released Hz2 can also oxidise to
H20, a process known as electrode polarisation.

Stacking the layers [zinc + electrolyte + copper] in series produces a higher
electrical voltage (measured in volts, denoted V), proportional to the number of layers,
and therefore releases more electrical energy. For example, a stack of around twenty
layers generates a voltage of around 20 V on a voltmeter, and an electric current of
around twenty mA on an amperemeter (mA for milliampere, one of the seven base
units of the international system of units)'3.

A number of limitations became apparent, such as its lack of watertightness and

the fairly rapid corrosion of the discs. Nevertheless, the main limitation of this device
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was the reaction between the water and the electrons produced by the oxidation of
Zn(s). In the end, the Volta battery did not provide a very stable voltage with this
polarisation of the electrodes. Nevertheless, in 1813, Napoleon | ordered the
manufacture of a Volta battery with around 600 discs. The success of Volta’s invention
was international and led to a cascade of discoveries, such as the connection between
electricity and magnetism by Hans Christian @rsted (1820)'4, the interpretation of the
phenomenon of magnetism by the theory of André-Marie Ampére’s molecular currents
(1821)"5, and Michael Faraday’s discovery of induction (1831)'S.

n(s) «e—/—= %20
NaCl-H.0 &« > _
Cu(s) >
individual
element
voltaic pile

Figure 1: Principle of a voltaic column (Created with BioRender.com).

Other scientists then set about perfecting this first device. In 1836, the British
chemist and meteorologist J.F. Daniell (1790-1845) created a battery based on a
slightly different mechanism, inspired by the operating principle demonstrated by
Antoine-César Becquerel (1788-1878). He used depolarisers such as manganese
dioxide MnO2 to block polarisation of the electrodes'”. In summary, the Daniell cell'®
(Figure 2) consists of 2 separate compartments, called half-cells, each containing an
oxidant-reductor pair:

e The Zn/ZnSO4 pair, which will be the negative pole, is known as the anode,

e The Cu/CuSOs4 pair, which will be the positive pole, is known as the cathode.
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The two poles are then connected by a metal wire to ensure the flow of electrons. An
electrolyte bridge (for example a salt bridge containing potassium nitrate, KNO3) is
added to close the circuit and thus ensure the electrical neutrality of the solutions in
the two half-cells. This electrolyte bridge can also be a porous wall permeable to ions.
Two chemical reactions are observed, one at the anode (oxidation reaction) with Zn(s)
according to equation 1 and one at the cathode (reduction reaction) with Cu?*(aq)
according to equation 2. The overall equation for this redox reaction is given by
equation 4 as follows:
Zn(s) + Cu?*(aq) » Zn?**(aq) + Cu(s) (eq.4).

The displacement of electrons creates an electric current, the intensity of which is
measured by an amperemeter. The circulation of nitrate ions (NO3s") and potassium
ions (K*) will ensure the electrical neutrality of the system. We can also refer to the
reaction quotient (Qr), which is used to assess the battery wear and tear. Last but not
least, the Daniell cell is not rechargeable because of the limited reversibility of the
reactions, but the voltage is very stable. Among other things, this system enabled the

development of the telegraph.

electrode @ @ electrode

porous pot

v

l«———  copper vessel

zinc rod
<+——— copper sulfate solution

dilute sulfuric acid >

Figure 2: Principle of a Daniell cell (Created with BioRender.com).

Between 1799 and 2025, cells and batteries were gradually modernised, becoming
more powerful, longer-lasting, and more miniaturized, but always respecting Volta's
initial principle (a cathode, an anode and electrolytes), greatly improved by J.F. Daniell
and other inventors. For example, in 1859, Gaston Planté (1834-1889) designed the
first lead/acid accumulator, considered to be the first rechargeable electric battery'®.
As a result, the range of metals used has also broadened, including cadmium, lead,

zinc, manganese, nickel, silver, mercury, and lithium2°. Then who has not thrown a
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battery into nature? Heavy metal pollution has become a scourge for our ecosystem!

Who has not dreamed of designing an eco-friendly battery?

3. Design a sodium-ion cell from Sepia officinalis ink

A study published in the Proceedings of the National Academy of Sciences of the
United States of America (Proc. Natl. Acad. Sci. U.S.A.) in 2013 demonstrated the
benefits of using melanin and manganese oxide electrodes to design a sodium-ion
battery?!. Melanin is a pigment found in our eyes, hair, and skin, but also in our brains
(Figure 3). In this study, they are going to extract it from cuttlefish ink (Sepia officinalis)
and use it as a natural anode. With just 300 mg of eumelanin (one of the constituents
of melanin), it is possible to manufacture an anode of the eumelanin type charged with
Na* ions, combined with a manganese oxide (MnO2) cathode. The result is an eco-
compatible battery made from compounds naturally present in the human body. This
battery has the following characteristics: initial potential of 1 V with a maximum specific
capacity of 16 mA h g'.

A more recent study presented in 2016 at the 252" ACS meeting?? also uses
melanin as an electrode in an aqueous sodium battery. The researchers are working
on a pill that could monitor gastric problems. In the event of the battery getting stuck in
the digestive tract, the materials we use are digestible and could disintegrate in a few
weeks. A big advantage over synthetic materials that would have to be surgically
extracted.

Thanks to its particular structure (tyrosine polymer), melanin is a fairly magical
biomaterial, capable of interacting with ions and metals, the basic elements of
batteries. Its properties make it a macromolecule that can act as both an anode and a

cathode, depending on the application.

H.C N
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Figure 3: Structures of eumelanin, quercetin and riboflavin.
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4. Design an edible rechargeable battery from everyday food

In 2023, researchers at the lIstituto Italiano di Tecnologia (IIT) designed the first fully
edible and rechargeable battery. Their study, published in the journal Advanced
Materials (Adv. Mater.), showed a battery made entirely from organic materials found
in everyday food?3. This electrochemical cell (Figure 4) is made up of a cathode
containing several elements, such as quercetin (Figure 3), a natural antioxidant found
in capers and buckwheat, which improved the stability of the cathode. For the anode,
the researchers used riboflavin (also called vitamin B2, Figure 3), found in mackerel or
almonds. Then, to promote ionic transfer between the electrodes, an aqueous solution
was added as the electrolyte (NaHSOasaq). Activated charcoal is also used to improve
the electrical conductivity of the device, and nori algae separate the two electrodes
while allowing ions to pass through. Finally, the battery is covered with a protective
layer of beeswax to protect the components from passing into the body and to maintain
the cohesion of the different layers. This battery is capable of operating at 0.65 V while
delivering a current of 48 mA for 12 minutes, and has a storage capacity of 7.2 mA h
g™. Although this performance is lower than that of commercial batteries, it offers a
major advantage in terms of biodegradability and in vivo safety. This makes the device
particularly suitable for medical applications. The battery has a rechargeability of 18 to

100 cycles, with variability depending on conditions of use.
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Figure 4: Multi-layer composition of a battery made from food-grade materials.

A) General view of the battery. B) Ingredients used for each layer (Created with BioRender.com).

A 100% biodegradable battery, known as BioPower cell, was developed using
organic materials and no critical metals (lithium, cobalt, nickel)?*. Once out of service,
it can be used as fertilizer, reducing waste by 50%, energy costs by 80% and CO,
emissions by 60%. Biopower cell won the Green Product Award 202524,

Singaporean startup Flint is developing a rechargeable paper battery made from
vegetable cellulose, a hydrogel electrolyte, and recyclable metals (zinc-manganese).
It has an energy density of 226 W h kg™, is flexible, safe (non-flammable), and 100%
biodegradable in six weeks?.

Thanks to the use of natural ingredients, a new era is opening up in the design of
miniature, rechargeable, eco-compatible, and edible batteries, which also avoid
poisoning by ingestion?®. The healthcare sector is very interested in this revolutionary
approach?’.

5. Conclusion
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From A. Volta to J.F. Daniell, via Wilhelm Josef Sinsteden (1803-1895), A.C.
Becquerel, William Hyde Wollaston (1766-1828), Charles Féry (1865-1935), Georges
Leclanché (1839-1882), G. Planté, and Nikola Tesla (1856-1943), many scientists and
manufacturers have been crucial in the whole chain of inventions that have led to the
production, storage, and use of electrical energy'’! In 2025, electrical energy remains
a key focus for researchers. Over the coming decades, the development of new
miniaturized, environmentally friendly, and edible batteries will enable us to reach a
new milestone in the diagnosis, and treatment of many diseases. As a result, other
promising work is currently being carried out, again using bio-sourced materials such
as gelatin?®, corn?®, and algal polymers?3°. The triboelectric effect can be an additional
option for designing a nanogenerator3!. Avoiding the use of (toxic) metals in battery
design is a particularly interesting goal for scientists and physicians3?33

The year 2025 also marks the 250" anniversary of the birth of A.-M. Ampére. This
French scientist, called the “Newton of electricity” by James Clerk Maxwell, is the father
of electrodynamics. His work was made possible by the development of batteries
(primarily that of Wollaston). To the long list of scientists (e.g., Georg Ohm, M. Faraday,
J.C. Maxwell, Joseph John Thomson, Wilmhelm Roentgen) who contributed to the
study of electricity, magnetism, and light, we can even add Albert Einstein, who worked
on Ampére's theory of molecular currents3*3%, The genuine version of the Einstein-de
Haas experiment apparatus has been found and is exhibited at the museum Ampére
(Poleymieux-au-Mont d’Or, France)3¢:3". This is the only experimental work carried out
by A. Einstein in 1915. Since 1799, batteries have become indispensable devices in
the lives of people on Earth, and improving Volta's device remains a major concern for

researchers today.
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