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(57) Abstract: The present disclosure relates to the development layered electrochemical solid devices, in particular to the develop -
ment of a new device; a supercapacitor and or a battery solid carbon- sulfur Na-ion glassy electrolyte based device with autonomous
dual functionality comprising a safe, environmentally friendly and inexpensive device. The present subject-matter relates to a layered
electrochemical solid device comprising a positive electrode current collector, a positive electrode, a glass electrolyte, a negative
electrode and a negative electrode current collector wherein the positive electrode current collector comprises aluminum,; the positive
electrode comprises sulfur, glass electrolyte and carbon; the electrolyte composition comprises a compound of formula Nasz. M-
HalO or Nas- ;.M HalO wherein: M is selected from the group consisting of boron, aluminum, magnesium, calcium, strontium, bari -
um; Hal is selected from the group consisting of fluoride, chloride, bromide, iodide or mixtures thereof; X is the number of moles of
M and 0 < x < 0.01; the negative electrode comprises a carbonaceous material; the negative electrode current collector comprises
copper. The present subject-matter relates to a layered electrochemical solid device comprising the above described layers with in-
verted roles.
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DESCRIPTION

AN ELECTROCHEMICAL SOLID CARBON-SULFUR NA-ION BASED DEVICE AND USES THEREOF

Technical field

[0001] The present disclosure relates to the development and improvement of sodium-ion
electrochemical devices, in particular to the development of a new device; a supercapacitor and a
supercapacitor and battery solid carbon-sulfur Na-ion based device with autonomous dual
functionality which is charged from the Na-rich glassy electrolyte solid electrolyte glass comprising
a safe, environmentally friendly and inexpensive device. The present dual mode of operation, both
a high energy battery mode and power capacity supercapacitor mode along with a burst discharge
of less or equal to 1 second. In the supercapacitor mode of a device, it can store more energy than
any other known capacitor and in the battery mode several of the present devices stored more

energy for a longer period than most Na-ion batteries.

Background Art

[0002] Since the advent of energy storage, humankind has been seeking a combined high power,
high energy storage solution in a single device. Considerable efforts have been expended on the
development of high-performance energy-storage devices such as Lithium-ion capacitors (LICs),
Lithium-ion batteries (LIBs) and, lately, Sodium-ion batteries (NIBs). High performance energy
storage devices such as supercapacitors and batteries rely on different fundamental working
principles - bulk versus surface - electron conduction and/or ion diffusion corresponding to
electrochemical versus electrostatic energy storage (1). Electric double-layer capacitors (EDLCs),
which store energy through accumulation of ions on the electrodes’ interface, have low energy
storage capacity but very high power density. However, in hybrid capacitors (1-5) like LICs, despite
their recent advancement, the imbalance in kinetics between the two electrodes still remains a
major drawback. Here it is presented an energy storage cell with two energy storage modes which
can operate as a supercapacitor or a supercapacitor and sodium battery (6-8);

[0003] This device will impact a very broad spectrum of applications especially in the

transportation, grid stationary, and aerospace.
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[0004] Ford Motor pioneered the molten salt Na-S battery in Ford’s “Ecostar” 1971, to power

early-model electric cars (9). Lately, developments with NASICON membrane allowed operation at
90 °C with all components remaining solid (10). Because of its high energy density, the Na-S battery
has been proposed for space applications (11,12). Sodium-sulfur cells can be made space-qualified;
in fact a test Na-S r cell was flown on the Space Shuttle. The Na-S flight experiment demonstrated
a battery with a specific energy of 150 Wh/kg (3 x Ni-MH battery energy density), operating at 350
°C. It was launched on the STS-87 mission in November 1997, and demonstrated 10 days of
experiment operation in orbit (13). As highlighted above, molten salt Na-S batteries can be
deployed to support the electric grid. In 2010, Presidio, Texas built the world's largest sodium-
sulfur battery, which can provide 4 MW of power for up to eight hours when the city's lone line to
the Texas power grid goes down (14). Under some market conditions, Na-S batteries provide value
via energy arbitrage (charging battery when electricity is abundant/cheap, and discharging into
the grid when electricity is more valuable) and voltage regulation (15). Na-S batteries are a possible
energy storage technology to support renewable energy generation, specifically wind farms and
solar generation plants. In the case of a wind farm, the battery would store energy during times of
high wind but low power demand. This stored energy could then be discharged from the batteries
during peak load periods. In addition to this power shifting, it is likely that Na-S batteries could be
used throughout the day to assist in stabilizing the power output of the wind farm during wind
fluctuations. These types of batteries present an option for energy storage in locations where
other storage options are not feasible. For example, pumped-storage hydroelectricity facilities
require significant space and water resources, while compressed air energy storage (CAES)
requires some type of geologic feature such as a salt cave (16).

[0005] Sodium-ion batteries (NIBs) have been gaining increasing attention thanks to the natural
abundance and low toxicity of sodium resources (6-8). Furthermore, sodium is located just below
lithium in the s block. Therefore, similar chemical approaches including a synthetic strategy,
intercalation/alloying/conversion chemistry, and characterization methods utilized in electrode
materials for LIBs could be applied to develop electrode materials for NIBs. Despite potential
disadvantages, including larger size (0.98-1.02 A) of Na cations (approximately, 20-25% larger than
Li cations, 0.76-0.78 A) and higher redox potential (-2.71 V vs. SHE) of Na/Na* compared to Li
analogues (-3.04 V vs. SHE) of Li/Li* (17), the different interactions between the guest Na-cations
and the host crystal structures can influence the kinetics as well as thermodynamic properties of
NIBs, and this may provide an avenue for a breakthrough technology to surpass LIBs (18). As an

effort to find alternatives to graphite in NIBs, Doeff et al. demonstrated the reversible de/insertion
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of Na ions into disordered carbons for an anode in NIBs (19). Most of the sodium ions are
electrochemically inserted into nanoporous voids of hard carbon (HC), which is built by disordered
graphene stacking — the so-called ‘house of cards’ type model. Two independent research groups
lead by Dahn (20) and Tirado (21) demonstrated that the initial specific capacity of hard carbon in
NIBs is ca. 300 mAh/g close to that of graphite in LIBs. Most of the reversible capacity is related to
sodium storage inside nanocavities. However, this hard carbon electrode exhibited significant loss
of capacity within 10 cycles with poor rate performance.

[0006] In the simplest configuration an EDLC consists of two electrodes immersed into a liquid
electrolyte and separated by a membrane. Upon application of a voltage difference to the
electrodes, the ions of the opposite charge of the electrolyte accumulate on the electrodes’
interface in a quantity proportional to the applied voltage, forming a double layer capacitor (2).
The charge storage mechanism in a typical EDLC is not Faradaic, which means that during the
charge and discharge of this type of device, no charge transfer takes place across the
electrolyte/electrode interface and the energy storage is of an electrostatic nature. In LICs,
electrodes’ carbonaceous materials may additionally exhibit chemical interactions with selected
electrolytes, which involve fast and often reversible charge-transfer reactions between the carbon
surface and the electrolyte ions; such processes are Faradaic. At a constant temperature and
voltage, the ionic density on the carbon electrode surface is controlled by a balance between the
changes in entropy and enthalpy of the system (3). The sodium ion capacitors, NICs, were not
studied in detail; it is expected that some of their properties can be inferred from LICs properties.
The maximum voltage in an EDLC is generally determined by the electrochemical stability window
of the selected electrolyte. Impurities and functional groups on carbon, however, may catalyze
electrolyte decomposition, narrowing the operating voltage window.

[0007] Batteries on the other hand are composed by electrochemical cells. Each cell consists of
positive and negative electrode separated by an electrolyte. Once the electrodes are connected
externally, there are chemical reactions that occur at both electrodes, liberating electrons and

enabling the current to be tapped by the user (22).

[0008] These facts are disclosed in order to illustrate the technical problem addressed by the

present disclosure.
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General Description

[0009] The present disclosure relates to the development and improvement of sodium-ion
electrochemical devices, in particular to the development of a new device, a supercapacitor and
battery solid carbon-sulfur Na-ion based device with autonomous dual functionality which is
uniquely charged from the Na-rich glassy electrolyte solid electrolyte glass comprising a safe,
environmentally friendly and inexpensive device. In the supercapacitor mode of a device, it can
store more energy than any other known capacitor and in the battery mode several of devices

stored more energy for a longer period than most Na-ion batteries.

[0010] In an embodiment, the present disclosure relates to a supercapacitor and battery solid
carbon-sulfur Na-ion based device with autonomous dual functionality and charged from the Na-
rich glassy electrolyte.

[0011] In some cases, the collectors can have a predominant role. They can function as electrodes
being the copper + carbon black the positive electrode and the sulfur + glass electrolyte + carbon
in aluminum the negative electrode. This configuration makes the device works reversely to what
was described for charge and discharge.

[0012] A supercapacitor and battery solid carbon-sulfur Na-ion based device with autonomous
dual functionality which is uniquely charged from the Na-rich glassy electrolyte is now disclosed.
Unlike the molten salt battery, Na-S, constructed from liquid sodium and sulfur, which operates at
temperatures of 300 to 350 °C and generates highly corrosive sodium polysulfides, and therefore
primarily suited to large-scale non-mobile applications such as grid energy storage; the devices
now disclosed are environmentally friendly and inexpensive and so not present any of the previous
cited risks of molten Na-S batteries. They operate at room temperature and do not exhibit any
polysulfides ‘shuttle’ problems associated with this chemistry, and therefore these devices have a
prolonged cycle life. They present a dual mode of operation, both a high energy battery mode and
a power capacity supercapacitor mode along with a burst discharge of one (1) second.

[0013] In the supercapacitor mode of a device, it can store more energy than any other known
capacitor and in the battery mode, the devices now disclosed stored more energy for a longer
period than most Na-ion batteries. The devices now disclosed are safe and therefore will have
numerous advantages in a multitude of markets such as mobile applications and grid energy
storage.

[0014] A supercapacitor and battery solid carbon-sulfur Na-ion based device with autonomous
dual functionality and charged from the Na-rich glassy electrolyte are now disclosed.
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[0015] This disclosure presents a solid state bulk energy storage device working autonomously,
simultaneously or independently as a supercapacitor and as a battery; although predominantly as
a supercapacitor. On charge, the supercapacitor is the last mode to be fully charged and on
discharge, the supercapacitor mode is the first to be discharged. The device is composed of a
copper bulk collector, a negative electrode of carbon black (C) which is mostly disordered graphite
(Fig. 1), a doped glassy electrolyte NasClO based, a positive electrode comprised of a mixture of:
sulfur (Sg), a glassy electrolyte, and carbon black, deposited on an aluminum bulk collector. If some
sulfur reacts with the electrolyte, during electrode preparation, it is most likely just at the surface
forming an amorphous phase that cannot be distinguished from the other amorphous phases
already present (glassy electrolyte and carbon black, Fig. 1). The surface dimensions of the cells’
electrodes are 2.5x2.5 cm? with a loading of 0.20-0.40 g/cm? of electrode materials and
electrolyte. The sulfur loading can be 0.018-0.040 g/cm?. Collectors have an extended
functionality; besides being an electronic transport media, they have a support and heat
dissipation functionality which is not intrinsic to the device. The cells have 0.15-0.35 g/cm? of
electrolyte as separator. The cell’s thickness is 0.15-0.35 cm. The electrodes, electrolyte and
collectors were accountable to the device’s weight.

[0016] A glassy-electrolyte of the same family, LisClO, was previously characterized (23).

[0017] The NasClO based glassy electrolyte’s high ionic conductivity enables the fabrication of solid
state energy devices with bulk (thick) layers of electrolyte, enabling existing battery coating
methods. The Na-rich transport characteristics of the electrolyte permit enhanced cell component
kinetics and increased life cycle. Moreover, the battery mode is charged/discharged from the
electrolyte and in the sulfurpased electrode the Na-ions do not cross the electrode’s surface allowing
for a new set of electrode combinations such as the carbon-sulfur pair presented herein. The open
circuit’s voltage at the time of cell fabrication, is lower than 0.1 V permitting for extremely safe
transportation and storage. Consequently, the device can be charged at the destination as battery
or/and supercapacitor.

[0018] The galvanostatic charge/discharge cycles for the carbon(C)/electrolyte/sulfurpased(S) -
device 1@a are shown in Fig. 2, at a charging current of 25 mA, 15 mA/gc and discharging at an
open circuit. The EDLCs within device 1@a begin to charge at AV =1.4 V and the EDLC mode is the
only mode charged in all the curvesin Fig. 2 and 3. This latter observation is reinforced by analyzing
the device’s discharge data; the device discharges to 0 V, not presenting any battery mode
discharge. It is highlighted the high capacity and energy density that can be reached with device 1
shown in Fig. 4. The super capacitance exhibited: 2,230 F; 1,320 F/gcei and 44,800 F/gcarbon(-) (in the
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negative electrode) is another characteristic of these devices that will allow numerous practical
applications.

[0019] In Fig. 5 and in the zoom in Fig. 6 the cell voltage reached is much higher and the device
starts charging at 7.6 V, although it drops to 6 V subsequently to increase to 10 V afterwards. From
6-10 V the voltage increase tends to linearity. It is believed that in these cycles there is a battery

mode charge/discharge corresponding to the overall stoichiometric electrochemical reaction

(%Sg + 2NaCg «— Na, S + 2C¢) corresponding to a Gibbs energy of AG ~ -376 kl/mol

discharge

(corresponding to a cell voltage of 1.95 V at 298 K) and a theoretical capacity of 372 mAh/gcarbon(-

governed by the carbon electrode (NaCq, «——— Na* + & + Cg). It can be observed in all the

discharge

discharges shown in Fig. 5 a hump after burst discharge that does not exceed 0.91 V. Although the

expected battery mode discharging voltage is 1.95 V at 298 K. The value of x in Na,Cg

«———xNa™* + xé + C4 corresponding to an overall reaction (gSB +2Na,Cg «———xNa, S +

discharge discharge

2Cs) and of the irreversibility percentage was previously described by (25).

[0020] Figure 7 shows charge/discharge cycles for device 2@a. In experiment a, after 20 cycles,
this device shows a very similar behavior to device 1@c, after 15 cycles. While the charging current
for device 1@c was 25 mA, 15mA/g, for device 2@a was 15 mA, 8mA/g. The discharge is essentially
different. Device 1@c shows a hump at 0.91 V, device 2@a shows a flat voltage after burst
discharge that is observed at 2.46 V and that decreases to 0.91 V during the first cycle of the
experiment. It is not very clear if there is a small hump at 0.91 V as in device 1@c, but the first part
of the discharge, after burst, seems to be due to the formation of the EDLCs, as will be
subsequently explained.

[0021] Figure 8 shows the current explanation for the physical and chemical processes in the
device during galvanostatic charge and discharge. In Fig. 8(1), at the carbon electrode and after
the electron conduction and their accumulation at the surface, an EDLC(a) is formed with the
separator electrolyte’s Na-ions accumulating at the interface. This process leaves Na-ions holes
(vacancies) on the opposite surface of the separator electrolyte (at the positive electrode
interface), which correspond to a negative net charge. At the sulfurpased electrode, 46 wt% of the
electrode is comprised of the sodium-rich electrolyte whose Na-ions accumulate at the surface.
These Na-ion vacancies within the separator electrolyte, constitute the EDLC(b) at the positive

electrode’s interface. At the electrode/collector interface another EDLC(c) forms from the Na-ion
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vacancies on the sulfurpased electrode and the positive ions at the Al collector. Figure 2 presents
charge curves that seem to be in agreement with the Fig. 8(1) charging process.

[0022] In Fig. 8(2), the Na-ions of the electrolyte at the carbon electrode initiate diffusion into the
electrode. The inbound ions within the carbon electrode will be reduced by the electrons and NaxCe
will be formed. The carbon electrode, which is composed of amorphous carbon, determines the
battery mode’s maximum capacity has referred previously. The charge of the battery mode is not
clear in the performed experiments since the EDLCs are always present during charge. However,
the discharge data, indicates that battery charge took place within the Li-devices (26).

[0023] In Fig. 8(3), it is presented an explanation for the device’s discharge process. The
electrolyte’s Na-ions in the positive electrode EDLC(c) will receive the electrons transported via
external circuit from the negative electrode which will reduce and react with sulfur, leaving
vacancies at the inner surface of the positive electrode. A EDLC(b) will be formed at the sulfurpased
electrode’s interface with the Na-ions in the separator electrolyte and the vacancies of the
electrode’s electrolyte. On the negative electrode’s side, oxidized carbon and/or the Na-ions that
eventually remained after battery discharge will form another EDLC(a) with the Na-ions vacancies
in the electrolyte (corresponding to a negative net charge). In Fig. 6, it is observed that once the
EDLCs have burst discharged at Voc, the battery mode will begin discharging. In Fig. 9 and 10, after
burst discharge, the battery mode starts its discharge at ~#3 V and the device reaches a steady rate
of 1.5V after 12 or 21 hours of discharge. This second and long discharge mode is defined as the
battery mode, it can include battery and additional EDLCs formations, as shown in Fig. 8(3).
[0024] In Fig. 10 conversely to what it could observe with Li-devices (26), there is no visible AV loss
at discharge corresponding to the internal resistance. The resistance in Na-devices is usually an
order of magnitude lower than in Li-devices (26).

[0025] The polarization inversion in Fig. 8(4) occurring during galvanostatic discharge at negative
current is observed in a charge/discharge experiment with device 1, presented in Fig. 11.

[0026] It is highlighted the performance of the EDLC mode in device 1@a. The supercapacitor
mode of these devices can store more energy than any other known capacitor. For simplicity, it is
consider the device to be in battery mode after the discharge burst although the EDLCs that charge
in this mode contribute considerably to its discharge time, as previously discussed.

[0027] The present disclosure relates to devices that are safe, environmentally friendly and
inexpensive. The present devices are both supercapacitors and batteries. The switching between
the two modes on charge and discharge is autonomous. The EDLCs important discharge takes place

in less thanorin 1 second. It is likely that other EDLCs are formed at discharge which proportionate
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a delay of the battery mode discharge. Moreover, it was observed that it is possible to charge the
devices during galvanostatic discharge. The present devices, working in battery mode, are uniquely
charged/discharged from the Na present in the electrolyte; in effect, the sulfur at the positive
electrode will only react with the Na-ions of the electrode’s electrolyte protecting the electrodes
interface and avoiding polysulfide shuttle. The Na-ions never cross this latter surface even during
battery mode discharge. No substantial variation of the device’s temperature was observed while
running experiments (a maximum of 0.5 °C at 9V). The devices performed more than 30 cycles and
sustained a shelf life of five months. It will be possible to tailor these devices by changing relative
compositions, and by optimizing each component of the device. The capacitor or battery mode
properties will depend on the previous parameters and therefore will be adapted in view of an
application.

[0028] The present device is a combined EDLCs and carbon-sulfur (C-S) battery cell with a
superionic sodium-rich doped NasClO based glassy electrolyte. In order to properly characterize
the cell, two identical devices for study under different testing conditions were fabricated. These
devices’ in their battery modes, are charged from the high sodium content in the solid electrolyte,
the only material initially containing sodium ions. Each storage device is sequentially charged as
an EDLC and battery and then finally as an EDLC. This order is reverted during discharge. It is an
autonomous switching dual functioning device, which can present a device voltage of 9-10 V (once
the supercapacitor is fully charged). In supercapacitor mode, one device has been measured as an
EDLC with a power density of 3,636 W/cm? (2.68x10° W/kgcen) for an energy density of 1.010
Wh/cm3 (746 Wh/kgcel), corresponding to a discharge time of approximately 1 s (burst C-rate =
3,168C for a discharge current of 2,788 A).

[0029] In an embodiment, the present disclosure relates to a supercapacitor and battery solid
carbon-sulfur Na-ion based device with autonomous dual functionality and charged from the Na-

rich glassy electrolyte.

[0030] The present disclosure relates to a layered electrochemical solid device comprising a
positive electrode current collector, a positive electrode, a glass electrolyte, a negative electrode
and a negative electrode current collector wherein

the positive electrode current collector comprises aluminium;

the positive electrode comprises sulfur, a glass electrolyte of formula Naz.»xMxHalO or Nas.

3xMxHalO and carbon;
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the glass electrolyte composition comprising a compound of formula Nas»xMxHalO or Nas.
3xMxHalO wherein:
M is selected from the group consisting of boron, aluminium, magnesium, calcium,
strontium, barium;
Hal is selected from the group consisting of fluoride, chloride, bromide, iodide or mixtures
thereof;
X'is the number of moles of M and 0 < x < 0.01;
the negative electrode comprises a carbonaceous material;

the negative electrode current collector comprises copper.

[0031] In an embodiment, said layered device electrochemical solid device comprises a positive
electrode current collector, a positive electrode, a glass electrolyte, a negative electrode and a
negative electrode current collector in which the collectors may additionally be electrodes being

the copper the positive electrode and the aluminium the negative electrode.

[0032] In some cases, the collectors can have a predominant role. They can function as electrodes
being the copper + carbon black the positive electrode and the sulfur + glass electrolyte + carbon
in aluminum the negative electrode. This configuration makes the device works reversely to what
was described for charge and discharge. In conclusion, when the role of the collectors is
preponderant, they may overcome the role of the electrodes, reversing the functions of the

electrodes and leading to a device with inverted electrodes.

[0033] In an embodiment, the positive electrode of the above-mentioned layered electrochemical
device may comprise
3-80 % (w/w) of sulfur, in particular 30-50 % (w/w) of sulfur;
3-80 % (w/w) of the electrolyte composition described previously, in particular 30-50 %
(w/w) and
less than 20% (w/w) of a carbon, in particular less than 10% (w/w) of a carbon.
[0034] In an embodiment for better results, X may be 0.002, 0.005, 0.007 or 0.01.
[0035] In an embodiment for better results, Hal may be mixture of chloride and iodide, or chloride
and bromide, or fluoride and iodide.
[0036] In an embodiment Hal may be a mixture of chloride and iodide, in particular for better

results Hal may be 0.5 CI + 0.5 I.
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[0037] In an embodiment for better results, said electrodes may be suitable to be charged with
Na-ions from the electrolyte.

[0038] In an embodiment for better results, the carbonaceous material of the negative electrode
of the layered electrochemical device may be selected from the group consisting of carbon black,
graphite, graphene, carbon nanotubes, spongy carbon, carbon foam, carbon white, carbon
composite, carbon paper, carbon fibres, carbon film, printed carbon, and mixtures thereof.
[0039] In an embodiment for better results, the aluminium of the positive electrode current
collector of the layered electrochemical device may be selected from the following list: an
aluminium foam, aluminium film, aluminium foil, aluminium composite, aluminium wires,
aluminium surface, or mixtures thereof.

[0040] In an embodiment for better results, the copper of the negative electrode current collector
of the layered electrochemical device may be selected from the following list: a copper foam,
copper thin film, copper foil, copper composite, copper wires, copper surface, other engineered
form of copper, or mixtures thereof.

[0041] In an embodiment for better results, the positive electrode may further comprise an
alcohol, an organic solvent, a polymer, or mixtures thereof, preferably the alcohol may be ethanol,
methanol, or mixtures thereof; more preferably the alcohol may be absolute methanol, absolute
ethanol, or mixtures thereof.

[0042] In an embodiment for better results, the layered electrochemical device now disclosed may
further comprise a confinement, protection or wrapping immersement, said confinement,
protection or wrapping immersement may by a polymer or a resin. Preferably, said polymer may
be a water-proof polymer, or a water-resistant polymer, or a flexible polymer, or a rigid polymer,
or a non-flammable polymer; or said resin may be an epoxy resin.

[0043] The present disclosure also relates to a capacitor comprising the layered electrochemical
solid device now disclosed and described.

[0044] Furthermore, the present disclosure also relates to a battery comprising the layered
electrochemical solid device now described.

[0045] The present disclosure further relates to a dual mode battery comprising the layered
electrochemical solid device.

[0046] Another aspect of the present disclosure further relates to an electrical actuator comprising
the layered solid electrochemical device now described.

[0047] Another aspect of the present disclosure also relates to a sonar comprising the layered

electrochemical solid device now described.
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[0048] Another aspect of the present disclosure also relates to a transducer comprising the layered

electrochemical solid device now described.

[0049] Throughout the description and claims the word “comprise” and variations of the word,
are not intended to exclude other technical features, additives, components, or steps. Additional
objectives, advantages and features of the solution will become apparent to those skilled in the

art upon examination of the description or may be learned by practice of the solution.

Brief Description of the Drawings

[0050] The following figures provide preferred embodiments for illustrating the description and
should not be seen as limiting the scope of present disclosure.

[0051] Fig. 1: X-ray diffraction (XRD) patterns of the carbon black negative electrode showing
amorphous carbon and graphite.

[0052] Fig. 2: Galvanostatic charge/discharge characterization cycles for device 1 during
experiment a, which was performed after 10 galvanostatic charge/discharge cycles.

[0053] Fig. 3: Galvanostatic charge curve for device 1 during experiment a (the same of Fig. 1). This
curve is the third charging curve shown in Fig. 1. The goal is to highlight capacity and energy
density.

[0054] Fig. 4: Galvanostatic charge curve for device 1 during experiment a (the same of Fig. 1). This
curve is the third charging curve shown in Fig. 1. The goal is to highlight the device’s capacitance.

[0055] Fig. 5: Galvanostatic charge/discharge characterization cycles for device 1 during
experiment ¢, which was performed after 15 galvanostatic charge/discharge cycles (including
experiment a). In these experiments, for the same charging current of 25 mA, the voltage reaches
10 V. It can be observed a small hump after burst discharge that it is attributed to the battery mode
discharge.

[0056] Fig. 6: Galvanostatic charge curve for device 1 during experiment ¢ (the same of Fig. 4). This
curve is the first charging curve shown in Fig. 4. The goal is to highlight the initial voltage, the initial
voltage drop to 6 V and the small hump after burst discharge that it is attributed to the battery
mode discharge even if it cannot clearly identify the battery mode charge.

[0057] Fig. 7: Galvanostatic charge/discharge characterization cycles for device 2 during
experiment a, which was performed after 20 galvanostatic charge/discharge cycles. In these

experiments, performed at a charging current of 15 mA, the voltage reaches approximately 10 V.
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It cannot be observed any hump after burst discharge eventually meaning that a new EDLC was
formed, not letting the battery mode discharge.

[0058] Fig. 8: Simplified schematic representation of the processes occurring during galvanostatic
charge/discharge of the present devices.

[0059] Fig. 9: Galvanostatic charge/discharge characterization cycles for device 2 during
experiment b, which was performed after 24 cycles (including those in Fig. 6). In these
experiments, performed at a charging current of 15 mA, the voltage reaches approximately 10 V.
A hump cannot be observed after burst discharge meaning that a new EDLC was formed, not
letting the battery mode discharge.

[0060] Fig. 10: Discharge burst characterization (I * 0 mA) for device 2 during experiment b, which
was performed after 24 galvanostatic charge/discharge cycles (including those in Fig. 6). It cannot
be observed a AV corresponding to the capacitor’s mode internal resistance. (A) Discharge of the
first cycle in Fig. 8. (B) Discharge of the second cycle in Fig. 8. (C) Discharge of the third cycle in Fig.
8.

[0061] Fig. 11 Initial galvanostatic charge/discharge cycles performed on device 1 (this experiment
was performed before a). Evidence of polarization inversion and of charge while “discharging”.
[0062] Fig. 12 Schematic representation of the equivalent circuit after open circuit’s discharge

correspondent to Fig. 7(3). Ro = 2Re + Ri.

Detailed description

[0063] The materials and methods are now disclosed.

[0064] In an embodiment, the synthesis of Nas_*0.005Bao.00sClO of was performed as follows: the
glassy electrolyte was prepared from the commercial precursors (Panreac > 99.9 % for analysis),
NaOH (Merck > 99 %) and Ba(OH),.8H,0 (Merck 98.5%) as described in [23,27]. After synthesis the
electrolyte was heated to 100-300 °C for one hour and then cooled down, avoiding contamination
with water from the air's moisture. A slurry was then prepared by grinding the electrolyte in
ethanol (Merck 99.9% absolute for analysis).

[0065] In an embodiment, the preparation of the electrodes was performed as follows: the
positive electrodes were prepared by adding sulfur, Ss, (Alfa Aesar Powder 99.9995% Puratronic)
to the above prepared electrolyte (before mixing it with ethanol) and to carbon black (TIMCAL
super C65) in a47:46:7 weight ratio. The carbon black’s XRD (Fig. 1) shows the presence of graphite

and amorphous carbon, probably denoting grains with an external crystalline layer and an
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amorphous inner phase [28]. This mixture was grinded in ethanol (Merck 99.9% absolute for
analysis). There were no prior perceptible reactions between the sulfur, the electrolyte and the
graphite as presented in the XRD but the electrolyte could have reacted partially and form an
amorphous phase that could not be distinguished from the amorphous electrolyte and carbon.
The slurry was deposited on an Aluminum (Al) collector foil (Alfa Aesar Foil 99.45% 0.025 mm thick)
with 2.50x2.50 cm? or 2.50%x3.45 cm? and let dry at approximately 50-150 °C for 30 min, in
particular corresponding to 40-80 mg/cm? of positive electrode. The electrolyte’s slurry was
deposited on the top of the positive electrode and let dry for approximately 50-150 °C for 30 min,
in particular corresponding to 100-300 mg/cm? of electrolyte. The negative electrode was
prepared by mixing carbon black from TIMCAL super C65 with ethanol (Merck 99.9% absolute for
analysis) in a 12:88 weight ratio. The resulting slurry was deposited on a copper (Cu) collector foil
(Alfa Aesar Foil 99.8% 0.025 mm thick) and let dry for about 10-20 min at 50-150 °C, in particular
corresponding to 8-14 mg/cm? of carbon. The device is then prepared by matching the two
collectors resulting in a layered device with Al collector/positive electrode/electrolyte/negative
electrode/Cu collector. The resulting active devices were 0.15-0.35 cm thick. The device was then
hermetically sealed in a moisture and oxygen free container. Collectors’ terminals were left with
external access.

[0066] In an embodiment, X-ray diffraction measurements were made. Samples of the positive
and negative electrodes and electrolyte were submitted to X-ray Diffraction (XRD) in a Panalytical
instrument, using CuKa radiation (A = 1.54 A) with 0.2° 28 steps and 0.5 s dwelling time, to
determine the amount of the product present in the sample.

[0067] In an embodiment, electrochemical measurements were made. Galvanostatic cycling,
cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) were performed using
a SP240 potentiostat (Bio-Logic, France). Galvanostatic cycling was performed at 0.2-1.8 mA/g and
between the potential limits of -10 V to 10 V versus Na/Na*and Na*/Na. The CV was performed
using scan rates that ranged from 1 mV/s to 500 mV/s. The EIS was performed at open circuit
voltage, with a sinus amplitude of 10 mV, and frequencies that ranged from 100 mHz to 5 MHz.
[0068] In an embodiment, open circuit voltages (at fabrication, with battery mode charged and
after discharge) were additionally measured with commercial multimeters.

[0069] In an embodiment, conductivity, resistance and permittivity calculations were made. The
ionic conductivity, resistance and permittivity of the crystalline and glassy electrolyte may be

measured using gold block electrodes and calculated using the equivalent circuits described in[23].
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[0070] In an embodiment, for the devices, the equivalent circuit in Fig. 12 should be a reasonable
model for three double layer capacitors (with capacitances C. — EDLC at the interface of carbon
electrode and Cs — EDLC at the interface of the sulfurpased electrode and Cscor - EDLC inner sulfurpased
electrode and aluminum collector) in parallel with their charge transfer resistance (R: Rs and Rsco;
respectively) and three additional resistances in serial (R = 2R.+R;) corresponding to the ohmic
drop at the electrodes and electrolyte.

[0071] In an embodiment, the Laplace transform was chosen for the study of the equivalent circuit

in Fig. 12, characterized by its transfer function. In this case the impedance, Z(s), of a dipole is the

LWV} AV(s)

TaIo) = ag With AV =V(®) —V(0) and Al =

transfer function for the current input Z(s) =

1(t) — 1(0). A galvanostatic charge corresponds to a Heaviside step function response which is 0

fort <0 and 1 for t > 0. The Laplace transform of a Heaviside step function current is given by

Al(s) = L{5I(t)} = % . The Zeg(s), for the circuit in Fig. 12, is:

R¢ Rg Rscol
Zeq = Ro + 4 4 —Rseo (3)
SRcCc+1 SRsCs+1 SRscoiCscott1

— —_ ﬂ R¢ Rs Rscol
Vis) = Zeql(s) s (Ro + SRcCc+1 + SRsCs+1 + sRSColcSwlﬂ) (4)

81 R R R —t
V() = L1 {?(RQ+ ¢ 4B 4 Rscol )} = 8IRq + SIR¢ <1—e RcCc>+

SRcCc+1 SRgCs+1 SRsco1Cscolt1
_ t _ t
61RS <1 —e RSCS) + 61Rsc01 <1 —e RSCOZCSCOZ> (5)

[0072] The equivalent impedance (3) is used to analyze the Cole-Cole diagram and determine the
Nyquist impedance resulting from EIS.

[0073] In this case, the resulting Cole-Cole diagrams would be two perfect semi-circles. However,
for real systems, sometimes this is not the case. A constant phase element (CPE), Q, is then used,
instead of the capacitance C. The resulting Cole-Cole diagram corresponds to a depressed semi-
circle in its upper-part. The analogy between Q and C is obtained using the following equation
which gives the capacitance value at the frequency corresponding to the apex of the Cole-Cole
diagram.

Crprc = Q(we)* ™! (6)

where w, = 1/(RC)~Y/¥ (at the top of the semi-circle). The pseudo-capacitance of each EDLC is
then computed.

[0074] In an embodiment, considering the association of capacitors without having into account

their charge transfer resistance it can calculate the equivalent capacitance. Since the capacitors
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are associated in serial, its equivalent capacitance is Coq = CcCsCso1/(CcCs + Colseor +
CsCsco)- If the capacitances are similar, then C,, ~ C/3. The capacitance of each EDLC can be
written:

£xXA
Ceprc = 4 (7)

where € is the permittivity at zero-frequency (e = €,&;, where &, is the zero-frequency relative
permittivity and & is the vacuum permittivity, £, = 8.854x10712 F/m. A is the plates’ surface area
and d the spacing between the plates of the capacitor (the Li-ion radius or 2xLi-ion radius,
depending on the EDLC).

[0075] In an embodiment, capacitance, internal resistance, energy, power and C-rate calculations

were made. The capacitance determined from the CV data is given by:

C_lfld_v (8)

vty
The energy determined from the CV data is given by:

1dv
v

E=AVJ (%)
where Cis the capacitance in Farad (F), / is the current in (A), v is the rate in (V/s), Vis the voltage
in (V), AV is the voltage window in (V), t is time in (s) and E is the energy in (J).

[0076] The capacitance determined from the galvanostatic charge/discharge data is given by:

C = Q X 3,600/AV,narge/aischarge (10)

where Cis the capacitance in (F), Q is the capacity in (Ah), / is the current in (A), Vis the voltage in
(V), and t is time in (s). Calculations of the gravimetric capacitance in (F/g) and (F/cm3) were also
performed.

[0077] In an embodiment, the internal resistance of the EDLCs and electrolyte were estimated
from the voltage drop (AV = /Ra40p) divided by the total variation in the applied current (/charge-

ldischarge) Using the following equation:

Ry = ———k (11)

Icharge_ldischarge
[0078] FOI’ example, |f Icharge = 24 mA and Idischarge = ‘24 mA, Icharge‘ldischarge = 2><24 mA

[0079] The energy of the device was calculated using the following equation:

E=[vdQ (12)

where E is the energy in (J), V is the voltage in (V) and Q is the capacity in (C). The energy can be

E
Volume

in which the Volume is

given in (Wh) if the capacity is given in (Ah). The energy density is
given in cm3.
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[0080] The energy of a device’s capacitor was additionally calculated using the following equation:

_1c(av)?
T 2 3,600

(13)

where E is the energy in (Wh or AVh), C is the capacitance in (F) and AV is the discharge

voltage range in (V). The energy density is in which the Volume is given in cm3.

Volume

[0081] The power density of the device was calculated from the formula given in equation:

P ==X 3,600 (14)

where P is the power density in (W/cm?), E is the volumetric energy density in (Wh/cm3) obtained
from equation (12) and At is the discharge time, in particular in seconds.

[0082] In an embodiment, Charge rate or discharge was expressed as a function of the

experimental capacity and calculated from the formula given in the following equation:

% charge/discharge rate = C(experimental capacity in Ah) /n(number of hours) (15)

[0083] For example, a device with a capacity of 100 mAh will be charged at a 0.024C rate, if the

current charge value is 2.4 mA which corresponds to 41.7 h (charging hours).

[0084] The disclosure should not be seen in any way restricted to the embodiments described and

a person with ordinary skill in the art will foresee many possibilities to modifications thereof.

[0085] The above described embodiments are combinable. The following claims further set out

particular embodiments of the disclosure.
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CLAIMS

1. Alayered electrochemical solid device comprising a positive electrode current collector,
a positive electrode, a glass electrolyte, a negative electrode and a negative electrode
current collector wherein

the positive electrode current collector comprises aluminium;
the positive electrode comprises sulfur, a glass electrolyte of formula Nas.»xMyHalO
or Nas-3xMxHalO and carbon;
the glass electrolyte composition comprising a compound of formula NazxMxHalO
or Nas.3xMxHalO wherein:
M is selected from the group consisting of boron, aluminium, magnesium, calcium,
strontium, barium;
Hal is selected from the group consisting of fluoride, chloride, bromide, iodide or
mixtures thereof; X is the number of moles of M and 0 < x <0.01;
the negative electrode comprises a carbonaceous material;

the negative electrode current collector comprises copper.

2. The layered electrochemical device according to any of the previous claim wherein
the positive electrode comprises 3-80 % (w/w) of sulfur, and 3-80 % (w/w) of the
electrolyte composition described in any one of the previous claims and less than

20% (w/w) of a carbon; in particular less than 10% (w/w).

3. The layered electrochemical device according to any of the previous claim wherein the
positive electrode comprises 30-50 % (w/w) of sulfur, and 30-50 % (w/w) of the
electrolyte composition described in any one of the previous claims and less than 20%

(w/w) of a carbon, in particular 10% of carbon.

4. The layered electrochemical device according to any of the previous claims wherein X

is 0.002, 0.005, 0.007 or 0.01.

5. Thelayered electrochemical device according to any of the previous claims wherein Hal

is a mixture of chloride and iodide, or chloride and bromide, or fluoride and iodide.
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6.

7.

8.

9.

The layered electrochemical device according to any of the previous claims wherein Hal

is Hal = 0.5C| + 0.51.

The layered electrochemical device according to any of the previous claims wherein the

electrodes are suitable to be charged with Na-ions from the electrolyte.

The layered electrochemical device according to the previous claims wherein the
carbonaceous material of the negative electrode is selected from the group consisting
of carbon black, graphite, graphene, carbon nanotubes, spongy carbon, carbon foam,
carbon white, carbon composite, carbon paper, carbon fibres, carbon film, printed

carbon, and mixtures thereof.

The layered electrochemical device according to any of the previous claims wherein the
aluminium of the positive electrode current collector is selected from: an aluminium
foam, aluminium film, aluminium foil, aluminium composite, aluminium wires,

aluminium surface, or mixtures thereof.

10. The layered electrochemical device according to any of the previous claims wherein the

copper of the negative electrode current collector is selected from: a copper foam,
copper thin film, copper foil, copper composite, copper wires, copper surface, or

mixtures thereof.

11. The layered electrochemical device according to any of the previous claims wherein the

positive electrode further comprises an alcohol, an organic solvent, a polymer, or

mixtures thereof.

12. The layered electrochemical device according to the previous claim wherein the alcohol

is ethanol, methanol, or mixtures thereof; preferably absolute methanol, absolute

ethanol, or mixtures thereof.

13. The layered electrochemical device according to any of the previous claims wherein

said device further comprises a confinement, protection or wrapping immersement.
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14.

15.

16.

17.

18.

19.

20.

21.

The layered electrochemical device according to the previous claim wherein the

confinement, protection or wrapping immersement is by a polymer or a resin.
The layered electrochemical device according to the previous claim wherein the resin
is an epoxy or the polymer is a water-proof polymer, or a water-resistant polymer, or a

flexible polymer, or a rigid polymer, or a non-flammable polymer.

A capacitor comprising the layered electrochemical solid device described in any one of

the previous claims.

A battery comprising the layered electrochemical solid device described in any one of

the previous claims.

A dual mode battery comprising the layered electrochemical solid device described in

any one of the previous claims.

An electrical actuator comprising the layered solid electrochemical device described in

any one of the previous claims.

A sonar comprising the layered electrochemical solid device described in any one of the

previous claims.

A transducer comprising the layered electrochemical solid device described in any one

of the previous claims.
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