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ARTICLE INFO ABSTRACT
Keywords: Structural batteries aim to advance to 'massless’ energy storage units. Here we report an
Structural batteries electrode-less coaxial battery with a cork-internal shell, CFRP(+)/cork/Cu/Nagz goBag 0osClO/Al

Electrode-less batteries
Cork dielectric
Ferroelectrics

Solid electrolytes

(—), where CFRP is carbon fiber reinforced polymer. The cell may, alternatively, solely have a
cork external shell cork/Cu(+)/Nag g9Bag 005ClO/Al(—). Cork is a cellular material with a nega-
tive COy footprint, light, elastic, impermeable to gases or liquids, and an excellent thermal
insulator. Cork was used tandemly with a CFRP shell, working as the positive current collector to
enhance the structural batteries’ properties while allowing a giant electrostatic performance in
conjunction with the Na™ solid-state ferroelectric injected between the Al negative collector and
the cork. Cork was shown a polar dielectric. This ‘minimalist’ cell may perform without copper
making the cells even more sustainable. Neither cells contain traditional electrodes, only one or
two current collectors. The cells perform from 0 to >50 °C. The maximum capacity of the cork/Cu
(+)/Nay g9Bag gosClO/Al(—) cells is ~110 mAh.cm 2 (outer shell) with <I> ~ 90 HA cm’z, <V>
~ 0.90 V, Viax =~ 1.1-1.3 V, Ijax =~ 108 pA cm’2, and a constant resistance discharging life (>40
days). The novel family of cells presented may also harvest waste heat and thermal energy at a
constant temperature as their potential and current increase with temperature. Conversely, rising
potentials boost the cells’ temperature, as expected from pyroelectrics, as shown herein.

1. Introduction

The design and development of new materials strive to meet the user’s needs, and materials have paced the evolution of technology
for years [1]. The development of renewable energy sources, such as wind, solar, and waves, has become imperative due to the limited
resource constraints of traditional fossil fuels [2]. Four main goals upturn when envisioning the perfect battery to become the
next-generation powerhouse: (1) it should have a high energy density and (2) store it safely, (3) use environmentally friendly materials
and methods, and (4) be widely available and inexpensive. The latter goals depend heavily on the electrolyte used [2,3]. To achieve

* Corresponding author. Engineering Physics Department, Engineering Faculty, University of Porto, R. Dr. Roberto Frias s/n, 4200-465 Porto,
Portugal.
E-mail address: mbraga@fe.up.pt (M.H. Braga).

https://doi.org/10.1016/j.heliyon.2023.e15063

Received 4 March 2023; Received in revised form 21 March 2023; Accepted 27 March 2023

Available online 8 April 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:mbraga@fe.up.pt
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e15063
https://doi.org/10.1016/j.heliyon.2023.e15063
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e15063&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e15063
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Valente et al. Heliyon 9 (2023) e15063

those objectives, research has turned to all-solid-state batteries, potentially safer than those using a liquid with flammable solvents in
the electrolyte formula. Likewise, they have proven to allow for a high energy density by permitting electrode pairs with a higher
capacity [4]. Although electrolytes such LigPSsCl, in Li-S cells, are highly expensive and hygroscopic and can only be handled in the
glovebox as they may release HyS, they only enable cells’ capacities of ~8 mAh.cm ™2 (first cycle, I = 44 pA cm™~2) for plateau potential
of 1.3 V [5] or even less a capacity of ~1.3 mAh.cm 2 (cutoff 0.5 V) [6], calling for innovative solutions.

The inorganic solid-state electrolytes of the Az oxMxClO (A = Li, Na, K, and M = Mg, ..., Ba) family may turn into powders and form
composites with polymers such as Polyvinyl acetate PVAc, facilitating their placement on the battery cell suitable for flexible battery
design. A fundamental characteristic of using these electrolytes in batteries is that they display an obvious conductivity advantage
compared to other solid electrolytes. These electrolytes do not require an additional containment or separator, possess better thermal/
chemical stabilities, and have higher mechanical strength [7,8]. They also exhibit a huge dielectric constant (1 07-10%) over a wide
temperature range. This is critical for their application in multifunction systems, specifically in systems working under extreme
conditions, such as expected for structural batteries [7].

The ionic movement, leading to polarization, is co-responsible for energy storage in the ferroelectric solid-state cell [8,9]. In typical
conditions, the electrolyte should be an electrical insulator to avoid leakage of electrons through the battery’s inner cell, propitiating
spurious reactions such as those leading to forming a solid electrolyte interphase layer, SEI. Here the Na™ ferroelectric electrolyte
remains a bulk insulator, but the surface electrical conductivity is coadjutant and essential to the unusual behavior of these coaxial
structural batteries. A significant step toward developing Na'-based batteries is enhancing the ionic conductivity in the electrolyte
since it propitiates higher polarization and faster and more efficient plating on electrodes-collectors. The no flammability and
improved durability broaden their high-performance applications [2,10]. Sodium-ion-based ferroelectric Nay g9Bag gosClO electrolytes
[4,9,11] have proven essential in the structural cells illustrated in Fig. 1(a—d).

Conversely to the ferroelectric A3.2xMClO electrolytes, which are hygroscopic, cork is hydrophobic [12-15]. Cork is also imper-
meable, thermally insulating, and a fire retardant material, which makes it ideal as a protective battery shell. Another crucial fact is
that cork is one of the most sustainable materials as it has a negative carbon footprint; cork can absorb —73 tons of CO; per ton of oak
tree-extracted cork [16]. All these reasons validate the cork usage as a shell and structural material in batteries. Still, herein we present
a new role for cork that, to the best of our knowledge, was never demonstrated before. However, cork was suggested to be used as a
sensor, or an antenna, e.g., RFID sensors [14,17,18].

We present cork as a dielectric, enabling colossal electrostatic phenomenon through >4.2 mm thick tandem dielectric-conductor-
ferroelectric, Fig. 1(a—c), or dielectric-ferroelectric, Fig. 1d. Another functional feature of cork, reported by Mano et al. [19], is its glass
transition at 18 °C with low activation enthalpy and entropy and showing a compensation behavior, demonstrating a high degree of
cooperativity attributed to a glass-transition-like relaxation process. The existence of a dipolar discharge in the cork with these features

a Thermoplastic

Na* ferroelectric
Cork electrolyte composite

Aluminum

Copper

Fig. 1. Illustrates the three possible configurations for the Na™* ferroelectric electrolyte-based coaxial structural batteries using an internal cork shell
(A1, A2) that may function as a dielectric; a shows all the external and inner constituents of the cell; b CFRP/cork/Cu(+)/Naz g9Bag.0o5sClO/Al(—)
standard electrode-less coaxial cell; ¢ CFRP(+)/cork/Cu/Nas g9Bag.0osClO/Al(—) coaxial cell with the CFRP as the positive collector enabled by the
surface chemical potential of Cu higher than the CFRP and the Najg9Bag 0osClO ferroelectric and topologic character; and d CFRP(+)/cork/
Nag 99Bag 00sClO composite/Al(—) coaxial cell with CFRP as the positive collector and the topologic conduction of electrons in the Naj g9Bag 0osC1O
electrolyte enabling lighting an LED between the Al negative electrode and the CFRP positive electrode through the dielectric cork; cork and
Nag g99Bag.00sClO electrolyte are two extremely thick dielectrics in series (cork = 1.2 mm and Nay g9Bag.0osClO ~ 3 mm thick) that connect with the
negative and positive collectors electrostatically.
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is similar to poly(n-hexyl isocyanate) rigid chain rod-like polymer and is determinant for its role in the present application [19].

In today’s electric transport modes and consumer goods, batteries comprise a large part of the system’s weight without fulfilling
any structural and load-bearing function. Several studies have recently explored extending batteries’ functionalities to incorporate
more than one primary function [3,20,21]. An excellent opportunity to overcome this problem is offered using multifunctional systems
and materials, especially structural power composites [22-24]. The total system mass and volume can then be reduced, improving the
system’s overall efficiency [25,26].

Herein we report efficient electrode-less coaxial structural batteries with a ferroelectric Nay g9Bag gosClO electrolyte with protective
cork shells and with cork-Naj g9Bag 0psClO tandem dielectric enabling the presence of a single electrode-collector while avoiding the
use of copper or other less abundant materials. The cork was reinforced with a carbon fiber-reinforced plastic (CFRP) shell to enhance
the coaxial beam-like structural properties while allowing a giant electrostatic performance. The positive current collector is a
bifunctional material such as copper Cu(+) or, enabled by the cork, just CFRP(+), associating to being a positive collector, enhanced
mechanical properties.

The ferroelectric electrolyte Nay g9Bag gosClO with a dielectric constant €, ~ 108 (40 °C) in series with the cork &, ~ 1.6 (40 °C)
accounts for almost nothing for the dielectric constant of the full cell when the circuit is closed with the CFRP(+) as the positive
collector and the aluminum Al(—) as the negative. However, the topologic conduction in the ferroelectric electrolyte is paramount for
establishing a CFRP(+)/cork/Nag g9Bag 00sClO/Al(—) efficient cell. The electrolyte can harvest and store electrical energy within
electrodeless cells and self-cycle its output potential and temperature. Harvesting can occur at a constant temperature, making these
cells promising as industrial waste thermal and heat collectors and applicable in vehicles, housing, and microgrids. We show a
maximum capacity of the electrolyte of 510 mAh.gf‘e}me]ectric_elecmlyte at 42-44 °C (sand-bath) for a cutoff potential of 0.4 V, corre-
sponding to 76% of the theoretical capacity of 674 mAh.gf;}melecmc_electmlyte and an average output current of ~2 mA (>357 pA cm ).

In a ferroelectric electrolyte, it is not expected that more than the free ions in Na*Cl~(Naj.g9Bag.0os0) (35 wt%) will plate on the
collectors as the polarization attributed to (—O — Na—),, must compensate for the difference in Fermi levels of the electrode collectors.
Although the polarization of (—O — Na—), will also contribute to the potential difference; it is expected that the positive feedback from
the electrical topologic conduction in the ferroelectric also contributes to the coaxial cells’ capacity. The cells show open circuit
voltages of 1.2254 V for CFRP/cork/Cu(+)/Nag g99Bag 00sClO/Al(-), 1.2457 V for CFRP (+)/cork/Nay g9Bag 0osClO/Al(-), and
1.2474 V for CFRP(+)/cork/Cu/Nag g9Bag 0o5ClO/Al(—) and light LEDs. The surface chemical potential of the cork was determined to
be 0.18 V (SHE) or —4.62 eV (E = 0 eV, electrons at rest in vacuum), reaffirming its polar dielectric and a more positive character than
copper.

2. Results and discussion

The materials and cells were prepared as described in Supplementary Information SI Materials and Methods [27-40]. As shown
hereafter, the cork’s cell structure is prone to polarize in rod chains, as discussed previously. Cork is a great natural material for
moisture and extreme temperature protection, with cells with five and six facets [27], as observed in Fig. 2(a and b). However, as
introduced herein, this structure may become multifunctional in energy harvesting and storage devices. It is shown that not only may
the cork perform as a thermal and moister insulator but also function as a dielectric, polarized by the current in the Cu
electrode-collector but also as a tandem dielectric-ferroelectric, enabled by the surface (topologic) current in the Nag 99Bag 0o5ClO
ferroelectric-electrolyte (Fig. 1d).

The cork shows a surface chemical potential that is very stable, approximately 0.18 V (SHE), —4.62 eV (E = 0 eV, electrons at rest in
vacuum), and more positive than the copper tape Fig. 3(a—d). The surface chemical potential is much flatter than the surface’s topology
(Fig. 3a), which may vary ~400 pm in depth along a length of 3 mm. Impurities may also be observed in the cork by SKP in Fig. 3(b and
c), which may facilitate the polarization of the cork. The internal resistance at the interface Cu/cork does not seem significant, with a
smooth variation of the surface chemical potential not indicative of quantum square potential barriers or wells observed in oxides and
electrolytes [28].

SU70 15.0kV 19.9mm x300 SE(M)

Fig. 2. SEM micrographs of natural cork sputter-coated with Au/Pd; a Magnification x 300. b Magnification x 1000. Secondary electrons with
15.0 keV.
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Fig. 3. Topography and surface chemical potential characterization of two copper/cork heterojunctions; a to c capacitive tracking measurement
CTM and scanning kelvin probe SKP [40] showing the topography and surface chemical potentials of the Cu-tape and cork of the same hetero-
junction; The cork shows an impurity charged positively; d surface chemical potential of another Cu-cork-Cu heterojunction showing similar values
for the potentials as b and c.

One of the key factors mentioned previously is the high relative permittivity or dielectric constant of the Na*-based solid elec-
trolyte. When developing an energy storage system, permittivity is crucial since it measures the ability to polarize and, therefore, to
store electrical energy under the influence of an electric field.

If a ferroelectric with a huge dielectric constant is associated in series with yet another dielectric with a much smaller permittivity,
the dielectric constant of the system depends almost only on the smaller dielectric constant, as shown in SI, Egs. (1) to (4).

The cork’s dielectric constant was determined using a symmetric cell Cu/cork layer/Cu at 40 °C and performing EIS. One of the
correspondents’ Nyqvist plots is shown in SI, Fig. S2a, and the corresponding dielectric constants and ionic conductivities are shown in
Table 1.

As shown in Refs. [3,28,29], the dielectric constant or relative real permittivity remains huge when the electrochemical system
Cu/Nay g99Bag 00sClO/Al is placed inside a CFRP shell. By performing cyclic voltammetry CV, the value of the calculated permittivity is
demonstrated to be 3.1 x 10% at 40 °C, with dV/dt = 1 mV s~ 1. In comparison, the coaxial battery with the cork film shows a relative
real permittivity of 3.8 x 10% (S, Fig. S2b); the permittivity remains in values of the same order of magnitude, which means that it is
slightly positively affected by the addition of the cork film to the interior of the structure while functioning just as a shell.

Table 1
Technical information of the cork sheets. Details in SI.

Al (ETP050) A2 (ETP009) Cork [27,41-43]
Density (kg.m>) 448-512 320 -
Thermal conductivity (W.m~'.K™1) 0.062 - 0.040-0.045
Dielectric constant 1.6 (40 °C, this work) 1.3 (40 °C, this work) ~1.3 (~3 GHz) [17,18]
Dielectric strength (MV.m 1) 43+0.1 - -

33.0+1.1 234 +3.1 -

AT
Supported heating rate, i (°C.min™1)

Electrical conductivity S.m™ Y
Tonic conductivity (S.m™ 1)

9.6 x 1078 (40 °C, this work)

1.8 x 1071 (40 °C, this work)

2.9 x 107
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From the analysis of the results of EIS (SI, Tables S1-S3), obtained using Egs. (1) and (2), three main comparisons are established
between (1) the here designated Na'-all-solid-state coaxial standard structural battery [3]; (2) the coaxial cells with different CFRP
tandem cork layers, A1 and A2; and (3) the 4 mm cork thick shell (SI, Fig. S1).

Firstly, the coaxial batteries containing the Al cork layer performed considerably better than the ones with A2 since they exhibit
higher ionic conductivity values for all four temperatures, emphasizing lower temperatures such as 0 and 10 °C (SI, Tables S1 and S3).
This behavior is in agreement with the thermal insulator character of the cork. The difference between Al and A2 layers can be
explained by the fact that the Al cork film, a more closed structure, has higher density and, therefore, is less porous, which means that
it can insulate better than A2 with higher porosity and less density (SI, Table S1).

As mentioned, the standard Na*-based all-solid-state coaxial structural battery has an ionic conductivity of 0.028 mS cm ™! at RT
and 0.13 mS cm ™! at 40 °C. The different time/conditions for the experiment at 10 °C may account for a lower ionic conductivity than
obtained previously at 0 °C, being a measurement of the errors involved in these experiments. The values of 0.0025, 0.0069, 0.046, and
0.15 mS.cm ! obtained at 0, 10, RT, and 40 °C, respectively, show an enhancement of the ionic conductivity for the cell with the Al
cork layer when compared with the standard cell. Even for the cork layer where the improvement was not as good, A2, there is a
considerable enhancement in the ionic conductivity value at 10 °C. This result can be justified by different factors: (1) the performance
of the electrolyte is highly influenced by the absorption of moisture, and since cork works as a moisture insulator, there is no moisture
absorbed by the electrolyte after fabrication, therefore leading to faster ionic conduction, especially at lower temperatures; (2) the cork
protects the electrolyte at lower temperatures to the extent that it never allows the ferroelectric material to be at the temperature of the
surroundings (sand bath or freezer), keeping it warmer; (3) the cork has some elasticity can contribute to a better contact in the in-
terfaces electrode/electrolyte and therefore facilitate the conduction of ions, resulting in a lower resistance.

Our previous experience with standard all-solid-state coaxial batteries shows that the coaxial cells containing a cork layer are more
stable than the standard coaxial cells since their properties remain constant for more time.

The architecture that competes with the coaxial cell with cork layer Al has just a thick cork shell (SI, Fig. S1). The latter shows
almost twice faster ionic conductivity than the one with cork layer Al and three and a half times faster than the standard CFRP coaxial
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Fig. 4. A Typical discharge of an all-solid-state Al cork coaxial structural battery connected to a 0.98 kQ external material resistor; After the
experiment in a, the cell was left to relax at open circuit and then in b made to charge at a constant current of +1 mA to 1.3 V followed by constant
voltage charge at 1.3 V; discharge at a constant current of —0.1, —0.08, and —0.05 mA for 24 h; temperature oscillation is also observed and shown
for charge and discharge at —0.1, and —0.05 mA; c cycle at constant current + 0.1 mA of an all-solid-state A2 cork layer coaxial structural battery;
the current does not show self-cycling, but the potential shows self-charge; d inset of ¢ showing self-cycling of potential and temperature; the
potential is not in phase with the temperature, it is advanced. The temperature pulsates at temperatures above the constant temperature of the sand
bath where the cell is immersed. Note: r, = 2 mm; r, = 5 mm; £ = 95 mm (SI, 1. Materials and Methods [27-40]).
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cell at 0 °C, reinforcing the initially hypothesized effect of cork at lower temperatures. Interestingly, at 40 °C, this cell is the one that
performs worse, which is also expectable, as the cork does not allow the thermal equilibrium with the sand bath where the cell was
submerged.

The highest values of ionic conductivity for the coaxial cell in general, 0.13 and 0.15 mS cm_l, were found, as expected, at 40 °C
because, as mentioned previously, the conduction of ions is highly beneficiated with an increase in temperature. Furthermore, it is
anticipated that cork, as an insulator, can also protect the electrolyte long-term, reducing its degradation and preserving battery
performance for extended periods.

The full discharge curve for the coaxial structural battery with an Al cork layer demonstrates a relevant self-charging behavior
previously observed for ferroelectric pouch cells and standard coaxial structural batteries [3]. The self-charge while the cell was set to
discharge connected to a 0.98 kQ material external resistor endured for more than 42 days and is shown in Fig. 4a. The capacity
achieved was 144 mAh.ge’léctmlyte and 86 mAh.cm 2 at 1.03 V.

After the latter process, the cell was left to relax at OCV and cycled at constant voltage and current. The cell was charged at a
constant current of +1 mA to 1.3 V; then at a constant potential for 45 min at 1.3 V. It was set to discharge, at a constant current of
—100, —80, and —50 pA, for 24 h (Fig. 4b).

The coaxial cell self-charges at a much higher current while set to discharge with an external material resistor due to the active and
nonlinear character of the ferroelectric coaxial batteries that conflict with an imposed constant current. It is demonstrated in Fig. 4b
that the plateau potential does not increase with decreasing the output current from —100 to —80 pA, as expected, and as observed
when the current varies to —50 pA (5th cycle shown in Fig. 4b). The coaxial battery is also able to discharge for 24 h at approximately
constant average potential (SI, Fig. S3b). Likewise, the self-oscillating feature with an 82-83 min period does not depend on the output
current. The cell is likely more susceptible to previous conditioning factors than to imposed output current.

The self-oscillations of the temperature behave qualitatively very similarly in all experiments shown herein.

Fig. 4(c—d) show a coaxial structural battery with A2 cork layer self-charging and self-cycling while set to cycle with a constant
current of £100 pA. The cell shows similar behavior to the Al cork cell, as both were placed in a sand bath at approximately 40 °C. The
A2 cork cell displays the self-oscillation of its temperature, measured with a thermocouple in contact with a paper sticker glued to the
CFRP external surface. This detail implies that it is not the shell potential that interferes with the thermocouple, as shown hereafter, but
the cell’s actual temperature. The temperature is not in phase with the potential difference; it is delayed leading to conclude that a
maximum in voltage conduces to a temperature rise with a subsequent maximum.

The CFRP surface did not show any potential difference when connected to the negative aluminum electrode, implying that the less
dense A2 cork layer, with much lower ionic conductivity and dielectric constant, does not allow the CFRP to perform as a positive
current collector.

Although the potential can be rectified to avoid the oscillating behavior, this behavior may have several applications, especially as a
sensor. It is worth analyzing and understanding as a manifestation of the nonlinear character of the Nag g9Bag 005ClO ferroelectric-
electrolyte [29], including its piezoelectric and pyroelectric properties. Moreover, temperature modulation due to the
ferroelectric-electrolyte has numerous innovative applications, such as resistive metal oxide (MOX) gas sensors, thermal diodes and
transistors, and memristors and oscillators for neuromorphic applications [30].

The only way the electrical potential difference in a battery cell increases while the cell is set to discharge is if the chemical po-
tential of the negative electrode increases or the chemical potential of the positive electrode decreases, or both (by reference to the
physical scale [31], where E = 0 eV for electrons at rest in vacuum). The rise in potential while sourcing a resistor is possible because
there is a positive feedback flow of electrons through the electrolyte’s surface. At the same time, the conduction of ions through the
bulk electrolyte in the opposite direction allows for the occurrence of “limitless" cycles, portrayed by the emergent event of
self-charging and self-cycling. This behavior has been systematically observed in several cells, confirming their self-charging
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Fig. 5. Typical discharge of an all-solid-state coaxial structural battery Cu(+)/Nas g9Bag 0osClO/Al(—) with an external thick cork shell (SI, Fig. S1)
connected to a 0.46 kQ external resistor. The cell shows self-charge and self-cycling, potentiated when the cell was set to discharge with a lower load
resistor to increase the output current (=2 mA).
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capabilities [3,9].

The period of self-oscillation in Fig. 4a (Al shell) is 98 min (SI, Fig. S3a), and in Fig. 4b (A2 shell) is 93 min.

In Fig. 5a, b, the initial OCV of 1.2 V dropped to 0.85 V when the cell was connected to the resistor, 460 Q. The coaxial battery cell
oscillated between 0.85 V and 0.83 V for ~24 h. After this oscillating phase, the cell shows an ascending trend reaching 1.05 V. From
this point, the cell displays an oscillating potential with a bigger voltage amplitude, between 0.70 V and 1.05 V with the extended
period of 2.24 h, for about 150 h, i.e., six days. After this phase, the cell oscillates between lower voltage values. In this case, the cell
oscillated between 0.63 V and 0.98 V. The cell’s capacity, including the thick-cork shell, is 60 mAh.cm™2.

It is noteworthy that the cork in the cork/Cu(+)/Naz g9Bag 0osClO/Al(—) cell is a 4 mm thick cork cylinder casing shell (SI, Fig. S1).
The thick cork cell shows approximately twice the current output than the Al cork layer cell in Fig. 4a and SI, S3, a similar maximum
potential of 1.1 V and a self-oscillation period 1.37 x its period of self-oscillating potential. Compared with another cylindrical cell, but
with A2 cork, in Fig. 4(c and d), it shows 1.44 x its period. As shown in SI, Eq. (3), the capacitance is proportional to the length of the
coaxial cell, and the resistance is proportional to the length’s inverse SI, Eq. (1); the ratio between cells’ lengths is 1.66. However, the
capacitance and resistance are a function of 1/In(%), and In(®), respectively. The {In(2)}, . .o st /{08 } a1 intermat shet
Both cells with Al and A2 cork have similar dimensions and differ only on the type of cork of the internal shell, while the radius of the
cell with an external thick cork shell in Fig. 5a, b is 6.7 mm and the length 158 mm; its self-oscillations period is ~ 134 min.

In summary, increasing the radius likely extends the self-oscillation period in the same proportion. Therefore, as expected, the self-
cycling phenomena are likely radial and impedance-dependent because the cell’s polarization mechanisms are coaxial. It is then shown
uniquely herein the inner radiuses of the ferroelectric permit controlling the self-cycling period.

Perhaps one of the most novel and exciting findings of the present study is the capacity of using a CFRP(+)/cork/Nag g9Bag 0o5ClO/
Al(—) cell where the Cu was also removed, Fig. 1d and 6(b, g). The CFRP accumulates the role of the external shell, mechanical
protective layer, and positive collector. The advantage of this latter cell is being inexpensive while efficient with no traditional oxides-

ratio is 1.32.

Fig. 6. All-solid-state coaxial cells open circuit voltage Voc and closed circuit behavior; a CFRP/cork/Cu(+)/Naz g9Bag 00sClO /Al(—); b CFRP
(+)/cork/Nay g9Bag 00sClO/Al(—); ¢ CFRP(+)/cork/Cu/Nay g9Bag 0osClO/Al(—); d copper with the cork/CFRP shell removed showing a clean
interface; e internal Al cork layer after removal showing a clean surface (no electrolyte); Two coaxial batteries connected in series have to sum a
potential higher than 1.8 V for the green LED and 1.5 V for the red LED to light the LEDs. The cell on the left is always connected through the
standard collectors Cu(+)//Al(—), CFRP/cork/Cu(+)/Nag.g9Bag 0osClO/Al(—); the cell on the right is connected: f CFRP/cork/Cu
(+)/Nag 99Bag 005Cl0/Al(—); g CFRP(+)/cork/Naz 99Bag 005sClO/Al(—), CFRP(+) connected at the middle down of the cell (away from the tabs); h
CFRP/cork/Cu(+)/Nas g9Bag 00sClO/Al(—); i CFRP(+)/cork/Cu/Nay g9Bag 00sClO/Al(—), CFRP(+) connected at the middle up of the cell; j CFRP
(+)/cork/Cu/Nay g9Bag 00sClO/Al(—), CFRP(+) connected at the middle down of the cell (away from the tabs). Note: the luminescence of the red
LED is, if not as intense in h, i, and j, very similar, leading to conclude that the Al cork layer forms a CFRP(+)/cork/Cu(—) capacitor or a CFRP
(+)/cork/Nay g9Bag 00sClO(—) capacitor enabled by the ferroelectric electrolyte that is part of the full cell CFRP(+)/cork/Cu/Nag g9Bag 00sClO/Al
(=) and CFRP(+)/cork/Nay 99Bag 0osClO/Al(-), respectively; where Cu and Nay g9Bag 00sClO electrolyte surfaces have a higher surface chemical
potential than the CFRP.
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based electrodes that may release oxygen or being constituted of nonsustainable and expensive elements (e.g., Cobalt) or even Lithium,
and, conversely, with materials that assume multiple roles.

The ferroelectric Nay g9Bag gpsClO provides the capacity and the topologic electronic conduction that enables the colossal elec-
trostatic behavior of the cell, having the thick cork (1.2 mm) with a double role as dielectric and moisture and low-temperature
protector for a better performance below RT.

In Fig. 6(a-c), it is demonstrated the cell CFRP(+)/cork/Cu/Nay g9Bag 0osClO/Al(—), Fig. 6(d and e) has an OCV 22 mV, Fig. 6¢, and
CFRP(+)/cork/Nag g9Bag 0osClO/Al(—) 20 mV, Fig. 6b, higher than the standard CFRP/cork/Cu(+)/Nay g9Bag gosClO/Al(—) cell,
Fig. 6a. Both can light an LED, Fig. 6(i and j) and Fig. 6g, respectively. Fig. 6(i and j) show that CFRP(+)/cork/Cu/Nag g9Bag 0osClO/Al
(—) cell’s luminescence is similar to Fig. 6h, our standard cork-layered cell where the collector is the (+) is attached to the Cu. Since the
OCV of the non-standard cells is equal or slightly higher, all the differences in luminescence are due to the current and, therefore, to the
coaxial cell’s internal impedance.

Only with multifunctional, safe, abundant, sustainable, and inexpensive materials is it appropriate to think of actual usage for
structural batteries.

3. Conclusion

Cork is introduced as a component to a multifunction system, a coaxial structural battery, to improve its performance as a protector
shell and a dielectric, enabling colossal electrostatic behavior, a new valence for the cork presented in this study. More in detail, this
natural material’s influence on the ionic conductivity of the full cell, its permittivity, and its ability to sustain self-charge was un-
derstood. It was determined the cork could function as a dielectric in a capacitor cell architecture or enable a sustainable one-electrode-
collector coaxial cell.

The present coaxial cell may pave the way for a solution for structural batteries to be used widely, as not only the current solution is
safe, inexpensive, and easy to fabricate and apply. It shows a negative carbon footprint, especially as waste heat and thermal energy
harvester, allows stacks in series and fabrication in various dimensions. The connection to the positive current collector placed on the
wall where the battery is inserted provides for easy replacement if necessary and enables usage during winter and in colder locations of
the Globe.
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