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(57) Abstract: A method of improving a sodium-ion battery, the
method comprising: a) momentarily applying a first voltage to a
first electrode of the sodium-ion battery having a state of charge in
the range of 0-25%; and b) momentarily applying a second voltage
to a second electrode of the sodium-ionbattery. Animproved sodi-
um-ion battery comprising; a first electrode to which a first volt-
age has been momentarily applied when the sodium-ion battery
has a state of charge in a range of 0-25%; and a second electrode
to which a second voltage has been momentarily applied when the
sodium-ion battery has a state of charge in the range of 0-25%.
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METHOD OF IMPROVING A SODIUM-ION BATTERY AND AN IMPROVED
SODIUM-ION BATTERY

TECHNICAL FIELD
[0001] This invention relates to a method of improving a sodium-ion battery and an

improved sodium-ion battcry.

BACKGROUND

[0002] Fossil fuels are falling out of favour due to environmental problems associated
with their production and use. Consequently, the demand for electrically powered cars is
increasing. At the same time, the demand for other mobile devices that are powered with
electricity, such as smart phones, tablets and laptops, is also going up. In order to power
clectric cars and other mobile devices, portable sources of clectrical energy arce necded and it
is desirable that they should provide the electrical energy for as long as possible in between

charges.

[0003] Portable sources of electrical energy include lithium-ion batteries. While lithium-
ion batteries are already in common use, they present a known fire hazard and are also
environmentally damaging to produce. Sodium-ion batteries are being developed as a viable
alternative (o lithium-ion batteries that alleviate some, il not all, ol the problems associated
with lithium-ion batteries. However, currently available sodium-ion batteries are not yet able

{o achieve the energy densily of existing lithium-ion batteries [or batleries ol the same size.

[0004] It is thus desirable to improve one or more of the overall capability, capacity, and

lifc cycle of sodium-ion batterics in order for them to be able to meet today’s energy demands.

SUMMARY
[0005] The present application discloses the empirical discovery of a method for

improving a sodium-ion battery such that the energy capacity is significantly improved.

[0006] According to a first aspect, there is provided a method of improving a sodium-ion

battery, the method comprising:
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a) momentarily applying a first voltage to a first electrode of the sodium-ion battery having
a state of charge in a range of 0-25%; and

b) momentarily applying a second voltage to a second electrode of the sodium-ion battery.

[0007] The method may further comprise, after step b), repeating step a).

[0008] The method may further comprise, after repeating step a), repeating step b).

[0009] According to some embodiments, the sodium-ion battery has a state of charge of
0%. For such a sodium-ion battery, momentarily applying the first voltage in step b) may be
configured such that the sodium-ion battery remains uncharged after the first voltage has

been momentarily applied.

[0010] According to some embodiments, the sodium-ion battery has a state of charge of
(%. For such a sodium-ion batlery, momentarily applying the second vollage in step ¢) may
be configured such that the sodium-ion battery remains uncharged after the second voltage

has been momentarily applied.

[0011] The sodium-ion battery that has a state of charge of 0% may be a newly produced

sodium-ion battery belore it is [irst charged [or use.

[0012] According (o a second aspect, there is provided an improved sodium-ion ballery
comprising: a first electrode to which a first voltage has been momentarily applied when the
sodium-ion battery has a state of charge in a range of 0-25%; and a second electrode to
which a sccond voltage has been momentarily applicd when the sodium-ion battery has a

state of charge in a range of 0-25%.

[0013] In some embodiments, the the sodium-ion battery may have a state of charge of
(0% and remain uncharged after the first voltage had been momentarily applied.
[0014] In some embodiments, the sodium-ion battery may have a state of charge of 0%

and remain uncharged after the second voltage has been momentarily applied.
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[0015] The sodium-ion battery that has a state of charge of 0% may have been a newly

produced sodium-ion battery before it was first charged for use.

[0016] For both aspects, the first voltage and the second voltage may each have one of: a
DC rectangular wave form, a half sine wave form, and a combination of a DC rectangular

wavc form and a half sinc wave form.

[0017] The first electrode may be a negalive electrode of the sodium-ion battery when
the sodium-ion battery is charged for use and the second electrode may be a positive

electrode of the sodium-ion battery when the sodium-ion battery is charged for use.

[0018] The first voltage and the second voltage may each range from 0.5V to 300V.

[0019] Current during application of each of the first voltage and the second voltage may
range [rom 0.1A (o 1,000A.

[0020] A duration of application of the first voltage and duration of application of the

second voltage may each range from 1/1000 seconds to 1/2 seconds.

BRIEF DESCRIPTION OF DRAWINGS

[0021] In order that the invention may be fully understood and readily put into practical

elfect there shall now be described by way of non-limitative example only exemplary

embodiments of the present invention, the description being with reference to the

accompanying illustrative drawings, in which:

FIG. 1 is a schematic illustration of an cxemplary cmbodiment of a sodium-ion battery during
discharge.

FIG. 2 a flowchart of an excmplary method of improving the sodium-ion battery of FIG. 1.

FIG. 3A is schematic illustrations of active particles or molecules on an electrode surface of
the sodium-ion battery before performing the method of FIG. 2.

F1G. 3B is schematic illustrations of active particles or molecules on an electrode surface of

the sodium-ion battery after performing the method of FIG. 2.
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FIG. 4 shows exemplary electric wave forms of various voltages that may be applied to
electrodes of the sodium-ion battery.
FIG. 5 is schematic illustration of an exemplary apparatus for performing the method of FIG.

2.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0022] Exemplary embodiments of a method 200 of improving a sodium-ion battery 110
and an improved sodium-ion battery 110 will be described below with reference to FIGS. 1
to 5. In the present application, the term “sodium-ion battery” includes graphene sodium-ion

batteries and other variations of sodium-ion batteries.

[0023] As shown in FIG. 1, an exemplary sodium-ion battery 110 comprises two
clectrodes 70 scparated by a volume (or “sea”) of an clectrolyte 30 that ionically conncects the
two clectrodes 70 with positive sodium ions 50. To avoid shorting, an ion-permeable
separator 40 may be provided in the volume ol the electrolyle 30 between the cathode 10 and
the anode 20 to prevent contact of the cathode 10 with the anode 20. Each electrode 70
comprises a current/electron collector 90. Each current collector 90 is connected to a terminal
18, 28 of the sodium-ion battery 110. The terminals 18, 28 are provided for connection with
an external circuit (not shown). The external circuit may include an external device that is to
be powered by the sodium-ion batlery 110, or may include an energy source to charge the
sodium-ion battery 110. When the sodium-ion battery 110 has been charged and is
subsequently being discharged during use to power a device, the negalive electrode 70 is
termed the cathode 10 and the positive electrode 70 is termed the anode 20. During fabrication
of the battery 110, one of the electrodes 70 may be treated with a sodium ion compound 62
in order to scrve as the cathode 10, whilc the other of the clectrodes 70 may be treated with

hard carbon 64 to serve as the anode 20.

[0024] Sodium ions 50 in the electrolyte 30 move between the two electrodes 70 during
charging and discharging of the battery 110. Direction of movement of the sodium ions 50
during discharging of the battery 10 is from the negative cathode 10 to the positive anode 20
as indicated by the arrow in FIG. 1. The direction of movement of the sodium ions 50 is

reversed during charging of the battery 110, i.e., from the anode 20 to the cathode 10.
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[0025] As shown in FIG. 2, in the method (200) to improve the energy capacity of
sodium-ion batteries, in a first step, a sodium-ion battery 110 that has a state of charge in a
range of 0% to 25% 1is provided (210). Notably, all sodium-ion batteries initially carry no
charge, i.e. a state of charge of 0%, during production and need to be charged before use.
Thus, the method 200 may be performed with newly produced sodium-ion batterics before
they are first charged for use. Alternatively, if a sodium-ion battery has already been charged,
it may be drained Lo zero charge or a low level of charge so as o provide a sodium-ion baltery
110 that carries a state of charge in the range of, for example, 0-25% (210) before subsequent
steps of the method (200) are performed. For a sodium-ion battery 110 that has an open circuit
voltage of 2.2V when fully charged, the battery may have an open circuit voltage of 0-0.55V
corresponding to the state of charge range of 0-25%. The method may be applied to sodium-
ion batterics having a statc of charge of other ranges, such as but not limited to, 0-20%, 0O-
15%, 0-10%, 0-5%, 0-2.5%, 0-1.25%, etc. The method may also be applied to sodium-ion

batteries having no charge, i.e. a state of charge ol 0%.

[0026] After the first step of providing a sodium-ion battery that has a state of charge in
the range of 0-25% (210), a first voltage is then momentarily applied to a first electrode 70 of
the sodium-ion battery 110 (220). When the first voltage is momentarily applied, the first
electrode 70 experiences an electric shock/pulse current that moves in one direction [rom the
first electrode 70 to the second electrode 70. This likely results in the sodium ions 50 in the
electrolyte 30 becoming more solidly or closely altached o the surface of the first electrode
70, as shown in FIG. 3B. This would increase contact surface between the sodium ions 50
and the first electrode 70, thereby allowing casier transfer of electrons between the first

clectrode 70 and the sodium ions 50.

[0027] Notably, after the first voltage has been applied to the first clectrode 70 (220), the
sodium-ion battery 110 remains uncharged or has a low state of charge of no more than a low
percentage, for example, no more than 25%, because of the extremely short duration of
application of the first voltage to the first electrode 70. For example, the duration of the

momentary application of the first voltage may range from 1/1000 seconds to 1/2 seconds. In
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an exemplary embodiment, the duration of momentary application of the first voltage may be

1/300 seconds.

[0028] In a next step, a second voltage is momentarily applied to the second electrode 70
of the sodium-ion battery 110 (240). As the sodium-ion battery 110 is still uncharged or has
a relatively low state of charge after application of the first voltage to the first electrode 70
(220), there is no need to drain the sodium-ion battery 110 before applying the second voltage.
When the second voltage is applied to the second electrode 70 (240), the second electrode 70
experiences an electric shock/pulse current that moves in one direction from the second
electrode 70 to the first electrode 70. This again likely results in the sodium ions 50 in the
electrolyte 30 becoming more solidly or closely attached to the surface of the second electrode
70. This would similarly increase a contact surface between the sodium ions 50 and the second
electrode 70, thereby allowing easier transfer of electrons between the second electrode 70

and thc sodium ions 50.

[0029] Similarly, the duration of the momentary application of the second vollage may
range from 1/1000 seconds to 1/2 seconds. In an exemplary embodiment, the duration of
momentary application of the second voltage may be 1/300 seconds. As a result of the short
duration of application of the sccond voltage to the sccond clectrode 70, the sodium-ion
battery 110 again remains uncharged or has a low state of charge of no more than a low
percentage, for example, no more than 25%, even after the second voltage has been applied

to the second electrode 70 (240).

[0030] As mentioned above, every sodium-ion battery 110 initially carries no charge
when it is first produced. Therefore, it has no electrical poles and does not have electrically
positive or ncgative clectrodes 70. However, when charged for use to power a device (not
shown), the sodium-ion battery 110 has a cathode 10 (negative clectrode) and an anode 20
(positive electrode). During production of the sodium-ion battery 110, the cathode 10 and
anode 20 are each made from appropriate materials so that even when the battery 110 is not
yet charged, physically and chemically it can already be discerned which electrode 70 will be
the cathode 10 and which electrode 70 will be the anode 20 during use of the battery 110.
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Typically, the cathode 10 in a sodium-ion battery 110 has a significantly larger surface area

than the anode 20.

[0031] In the method 200, preferably, the first electrode 70 to which the first voltage is
momentarily applied is the cathode 10 when the sodium-ion battery 110 is charged for use.
Accordingly, the sccond clectrode 70 to which the sccond voltage will be momentarily
applied is the anode 20. Application of the first voltage to the cathode 10 appears to be more
ellective than application of the first vollage (o the anode 20 because ol the significantly
larger surface area of the cathode 10 when compared to the anode 20. As aresult of the electric
shock/pulse current moving from the cathode 10 to the anode 20 during application of the
first voltage, it is envisaged that positive sodium ions 50 are attracted towards the larger
surfaced cathode 10 to become firmly attached to the surface of the cathode 10, thus
improving clectron transfer between the clectrolyte 30 and the cathode 10. At the same time,
it is envisaged that the surface of the anode 20 (which is often made of hard carbon) is being
cleaned as microscopic dirt surlace is carried by the sodium ions 50 [rom the surlace ol the
anode 20 into the sea of electrolyte 30, thereby reducing negative impact of microscopic dirt

on the anode 20.

[0032] In the method 200, as mentioned above, the electric shock/pulse current that is
experienced by the [irst and second electrodes 70 during application ol the [irst and second
voltages respectively moves in only one direction, like a direct current (DC) as shown in
FIGS. 4A and 4B. Thus, il an alternating current (AC) power source having a sine wave form
as shown in FIG. 4C is used to apply the first and/or second voltages, the AC must first be
rectified to a half-wave rectified AC voltage having a half sine wave form as shown in FIGS.
4D and 4E bcfore it is applicd to the clectrode 70. Alternatively, the AC voltage may be
rectified to a half rectangular wave form as shown in FIGS. 4G and 4F. If a DC power source
is uscd to apply the first and/or sccond voltages, the DC voltage is preferably modificd to
have a half rectangular wave form as shown in FIGS. 4F and 4G. The rectified AC and
modified DC can be combined for applying the electric shock/pulse current to the first and
second electrodes 70 as long as the pole in question is on the same side, as shown in FIGS.

4H and 41
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[0033] It should be noted that this application discloses an empirical discovery of a
method for improving a sodium-ion battery such that its energy capacity is significantly
improved. The above description provide only one possible explanation via Figs 3A and 3B
of how the energy capacity is likely improved. Other aspects of the sodium-ion battery may
also be improved. These include, but is not limited to, the initial coulombic efficiency, which
could be low in cxisting sodium-ion batterics owing to dcfects on the hard-carbon anodc and
presence of nanopores on the anode surface. The observed results of this new method indicate
that the method might also be able to overcome the defects and nanopores of the anode leading

to an improved initial coulombic efficiency.

[0034] To perform the method 200, an exemplary apparatus 300 for applying the first and
second voltages to the electrodes 70 of the sodium-ion battery 110 may comprise an AC/DC
switchable power supply 310 connected to a DC Converter and/or AC Inverter 320 as shown
in FIG. 5. The DC converter and/or AC Inverter 320 should be capable of adjusting the charge
time, the voltage applied, the current during vollage application, and the [orm or shape of the
voltage wave form that is applied to the electrode 70. During application of the first voltage
to the first electrode 70 (which for example is the cathode 10), the DC converter and/or AC
Inverter 320 is connected to both electrodes 70 such that the electric shock/pulse current
moves in one direction from the first electrode 70 (cathode 10) to the second electrode 70
(anode 20). Similarly, during application of the second vollage (o the second electrode 70
{which in the same example is the anode 20), the DC converter and/or AC Inverter 320 is
connecled Lo both electrodes 70 such that the electric shock/pulse current moves in one

direction from the second electrode 70 (anode 20) to the first electrode 70 (cathode 10).

[0035] If desired to obtain better results, the step of momentarily applying the first voltage
to the first electrode 70 (220) may be repeated after the second voltage has been applied to
the sccond clectrode 70. The step of momentarily applying the sccond voltage to the sccond
electrode 20 (240) may also be repeated after the first voltage has been applied for the second
time to the first electrode 70 to further improve results. If any electrical charge is observed by
measuring the sodium ion battery’s own voltage after the second voltage has been applied,
the sodium ion battery should be drained of charge before repeating the step of momentarily

applying the first voltage to the first electrode 70 (220) as mentioned above.
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[0036] In a test that was conducted, a sodium-ion battery 110 having a factory
specification charge storage capacity of 2,300 mAh was treated using the method 200
described above, wherein the first voltage of 70V was applied to the cathode 10 while the
battery 110 was yet uncharged, and the second voltage of 70V was applied to the anode 20
after application of the first voltage. Both the first and sccond voltages applicd were
rectangular DC as shown in FIG. 4A. The current during application of the first and second

vollages was estimalted o be 3A.

[0037] Before treatment using the method 200, after discharging the fully charged battery
110 to 2V at the rate of 1C, it was observed that the battery capacity was 2020 mAh. After
treatment, the improved sodium-ion battery was found to be able to store a charge of 2320

mAh, which is an improvement of 14.8%.

[0038] Notably, in the test that was conducted, although the exemplary first and second
voltages applied were 70V and 70V respeclively and the duration of their applicalion was
1/300 seconds, it will be appreciated that other voltages and other durations of voltage
application that have been determined to further improve performance of the sodium-ion
battcry may be uscd in the disclosed mcthod 200. For cxample, the first and sccond voltages
may range from 0.5V to 300V. Current (amperes) during application of the first and second

voltages may range from 0.1A to 1,000A.

[0039] While there has been described in the foregoing description exemplary
embodiments of the present invention, it will be understood by those skilled in the technology
concerned that many variations in details of design, construction and/or opcration may be

made without departing from the present invention.
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CLAIMS

1. A method of improving a sodinm-ion battery, the method comprising:
a) momentarily applying a first voltage to a first electrode of a sodium-ion battery having a
state of charge in a range of 0-25%; and

b) momentarily applying a sccond voltage to a sccond clectrode of the sodium-ion battery.

2. The method of claim 1, wherein the [irst voltage and the second vollage each has one of:
a DC rectangular wave form, a half sine wave form, and a combination of a DC

rectangular wave form and a half sine wave form.

3. The method of claim 1 or claim 2, further comprising, after step b), repeating step a).

4. The method of claim 3, further comprising, after repeating step a), repeating step b).

5. The method of any one of claims 1 to 4, wherein the first electrode is a negative electrode
of the sodium-ion battery when the sodium-ion battery is charged for use and wherein the
second electrode is a positive electrode of the sodium-ion battery when the sodium-ion

battery is charged for use.

6. The method of any one of claims 1 to 5, wherein the sodium-ion battery has a state of
charge of 0% and momentarily applying the [irst voltage in step a) is configured such thalt
the sodium-ion battery remains uncharged after the first voltage has been momentarily

applied.

7. The method of any one of claims 1 to 6, wherein the sodium-ion battery has a state of
charge of 0% and momentarily applying the sccond voltage in step b) is configurcd such
that the sodium-ion battery remains uncharged after the second voltage has been

momentarily applied.

8. The method of any one of claims 1 to 7, wherein the first voltage and the second voltage

each ranges from 0.5V to 300V.



WO 2024/253575 PCT/SG2024/050163
11

9. The method of any one of claims 1 to 8, wherein current during application of each of the

first voltage and the second voltage ranges from 0.1A to 1,000A.

10. The method of any one of claims 1 to 9, wherein a duration of application of the first
voltage and duration of application of the sccond voltage cach ranges from 1/1000 scconds

to 1/2 seconds.

11. The method of any one of claims 1 to 10, wherein the sodium-ion battery that has a state

of charge of 0% is a newly produced sodium-ion battery before it is first charged for use.

12. An improved sodium-ion battery comprising:
a first clectrode to which a first voltage has been momentarily applicd when the sodium-
ion battery has a state of charge in a range of 0-25%; and
a second electrode (o which a second voltage has been momentarily applied when the

sodium-ion battery has a state of charge in a range of 0-25%.

13. The improved sodium-ion battery of claim 12, wherein the first voltage and the second
voltage each has one of: a DC rectangular wave form, a half sine wave form, and a

combination of a DC rectangular wave form and a hall sine wave.

14. The improved sodium-ion battery of claim 12 or claim 13, wherein the [irst electrode is a
negative electrode of the sodium-ion battery when the sodium-ion battery is charged for
usc and wherein the second electrode is a positive electrode of the sodium-ion battery when

the sodium-ion battery is charged for usc.

15. The improved sodium-ion battery of any onc of claims 12 to 14, wherein the sodium-ion
battery has a state of charge of 0% and remains uncharged after the first voltage had been

momentarily applied.
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16. The improved sodium-ion battery of any one of claims 12 to 15, wherein the sodium-ion
battery has a state of charge of 0% and remains uncharged after the second voltage has

been momentarily applied.

17. The improved sodium-ion battery of any one of claims 12 to 16, wherein the first voltage

and the sccond voltage cach ranges from 0.5V to 300V.

18. The improved sodium-ion battery of any one of claims 12 to 17, wherein current during

application of each of the first voltage and the second voltage ranges from 0.1A to 1,000A.

19. The improved sodium-ion battery of any one of claims 12 to 18, wherein a duration of
application of the first voltage and of the second voltage ranges from 1/1000 seconds to

1/2 scconds.

20. The improved sodium-ion battery ol any one ol claims 12 to 19, wherein the sodium-ion
battery that has a state of charge of 0% is a newly produced sodium-ion battery before it

was first charged for use.
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