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Self-supported hyperlithiated porous flexible 3D host anode for lithium metal secondary

batteries

[001] The present invention is directed at a self-supported, porous, 3D, flexible host anode
with lithiophilic constituents with dendritic morphology for lithium-metal secondary
batteries, a method of preparing the same, and a secondary battery comprising the same,

according to the independent patent claims.

[002] There is a world-wide demand for high energy density energy storage devices, not only
for mobile but also stationary storage application. In-particular, the electromobility sector
has increased the demand for mobile high energy density storage devices that can provide
a 1000 km range of battery electric vehicle on a single charge. In addition, fast charging
capable energy storage devices are highly sought after, where charging time of less than 30

minutes is desired in order to reach from 10% to 100% state of charge.

[003] For mobile energy storage, lithium-ion batteries are the favourable choice due to their
high cycle life and high voltage, depending on the anode and cathode potential. Within the
state of art lithium-ion technology, intercalation-based graphite negative electrodes
(anodes) are used, which not only offer a low theoretical specific capacity of 372 mAh/g

but also a limited charging rate capability.

[004] The low charging rate is due to the slow diffusion of lithium ions (Li*) upon charging,
i.e. intercalation into the host anode graphite structure. In addition, a high polarization
gradient developed within the electrolyte during charging not only restricts Li* accessibility
but also induces dendrite formation in such a graphite-based negative electrode due to the
anode potential being driven below 0V, i.e. the lithium plating potential. This implies that
lithium plating becomes more favourable than Li* intercalation within such a host anode

graphite structure.

[005] In order to reach the goal of high.energy density batteries, the ideal scenario would be

to use lithium metal as anode and couple it with a high voltage cathode, for example
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negative electrode not only offers an order of magnitude higher

as compared to graphite but also the lowest redox potential

drogen electrode (SHE). Additionally, lithium metal offers

m3. In comparison, the state-of-the-art

1iNiPOs. Li metal as the
specific capacity (3860 mAh/g)
of -3.04 V versus a standard hy

lowest density of all alkali metals, i.e. 0.534 glc

graphite anode has a working potential of 0.1 V versus the metal Jithium anode and the

density of 2.26 g/omd.

[006] Hence, as the negative electrode, metal lithium anode emerges a8 the holy grail anode.

[007] However, as 2 negative electrode, lithium metal suffers from several drawbacks like

dendrite growth, non-uniform lithium p
ing charging and dead lithium formation, etc, which limits its

Jating and stripping, mOossy lithium formation,

infinite volume changes dur
application within the commercially available cells despite its obvious advantages.

[008] Nevertheless, lithium as an anode is still the favourable candidate due its ability in

enabling high energy dens
address the aforementioned drawbacks of a lithium metal anode.

ity batteries. So far different approaches have been tried to

[009] For example, Patent EP 3 852 171 Al discloses a protective coating on 2 lithium metal

anode which allows the current density to reach 1 mA/om? with the areal capacity of 1
mAh/em?. However, the said current density is significantly lower to allow for even 1C

charge of state-of-the-art cathode, where an areal capacity of 3.5 mAh/cm? or higher is used.

[0010] Similarly, patentno 1S-9722275-B2 discloses nano structuring of a lithium metal anode
with oxide particles to form a protective layer on the Jithium metal anode, which implies an
additional layer of non-active material, hence leading to lower gravimetric energy densities
of the resulting secondary battery. In addition, such an oxide layer can also react with the
lithium during charging, leading to the formation of an interface layer (solid electrolyte

interface (SEI)), which can be intrinsically resistant fo lithium-ion transport, hence

increasing the overall cell resistance.

[0011] In addition several research articles mention the possibility of using a conductive host

with lithiophilic coating to enable lithium metal batteries but fail to succeed in reaching
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current densities comparable to 1C charge corresponding to the state of the art transition
metal based cathodes with a respectable cycle life (Chen, X.-R., Li, B.-Q., Zhao, C.-X,,
Zhang, R., Zhang, Q., Synergetic Coupling of Lithiophilic Sites and Conductive Scaffolds
for Dendrite-Free Lithium Metal Anodes. Small Methods 2019, 1900177,
https://doi.org/10.1073/pnas.1518188113).

[0012] Hence, it is clear that despite significant advances, there still does not exist a specific
solution for implementing lithium metal as an anode within secondary energy storage
devices. For example, the protective coating implemented on the lithium metal does not
provide a long cycling stability or the possibility of fast charging. In addition, although
different host structures have been described, like carbon fibres or carbon nanotubes, these
are not capable of a long-term stability or high charging rates. Furthermore, most of these
solutions have a current limit of 1 mA/cm?. In addition, such hosts still require a current

collector foil, adding to the weight of dead material within the battery.

[0013] A lithium metal anode possesses a high theoretical volumetric capacity of 2061
mAh/cm3, but this corresponds to a fully dense state of lithium metal foil. Upon cycling,
lithium starts to form a mossy structure, where it generates voids and imperfections in the
lithjum metal foil. Ultimately, it lowers the volumetric capacity. In addition, it is quite
common to use at least 100% excess of lithium within the batteries. For state-of-the-art
cells, lithium can be seen as a “consumable”, just as the electrolyte, due to its side reactions.
The N/P ratio defines the energy density and cycle life until complete lithium depletion
and/or electrolyte dry-out of the cell takes place. The theoretical volumetric capacity of
lithium is 2061 mAh/cm3, but available only for the first discharge cycle. To extend the
cycle life, an additional 100% excess of Li is needed, to compensate for the side reactions.
The reachable volumetric capacity would then be around 1030 mAh/cm3. But this
volumetric capacity will be further reduced by the irreversible volumetric
fluctuation/defragmentation of lithium, i.e. mossy structure and dead lithium formation.
Taking this into consideration, this reduces the volumetric capacity of the lithium metal
anode close to the LiCs graphite one 747 mAh/cm?, which would imply that the current
lithium metal technology has no advantage over the state-of-the-art cells.
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[0014] It is, therefore, the object of the present invention to provide a host lithum metal anode
for use in secondary batteries that alleviates the drawbacks as mentioned above and that is

easy and economically to manufacture and implement.

[0015] This object is solved by a self-supported, porous, 3D, flexible host anode, a method for
preparing the self-supported, porous, 3D, flexible, host anode, and a secondary battery using
the self-supported, porous, 3D, flexible host anode, with the elements as contained in the
independent claims, while preferred embodiments are described by the elements of the

dependent claims.

[0016] What is provided is a self-supported porous 3D flexible host anode for lithium metal
secondary batteries, having an open and accessible porosity of at least 70%, and a thickness
ranging between 10um and 100 pm, comprising a non-woven, woven or ordered
arrangement of fibres with a diameter ranging between 200 nm and 40 um, and comprising
a primary lithiophilic constituent material exhibiting dendritic morphology along with small
amounts of at least two additional lithiophilic materials, wherein the concentration of such
additional lithiophilic material is less than 5 atomic weight %, and wherein electrochemical
lithiation leads to the formation of intermetallic alloy/alloys leading to a hyper lithiation
state, i.e. exceeding the theoretical lithiation capacity of the existing intermetallic phase

leading to the coexistence of two phases, ie. intermetallic alloy and lithjum metal.

[0017] Preferably, the primary dendritic constituent material comprises noble metal grown via
areplacement or displacement reaction of less noble metal underneath. More preferably the
noble material is silver (Ag), and with the small amounts of secondary lithiophilic

constituents comprising palladium (Pd), tin (Sn) and/or magnesium (Mg) .

[0018] Even more preferred, the silver (Ag) is provided as a constituent layer comprising
dendrites to increase the redox active surface area of the porous host anode for the

nucleation and alloying reaction with lithium.

[0019] The specific low concentration of secondary lithiophilic heteroatoms/substances on the
surface of the porous, 3D, flexible host along with the main lithiophilic dendritic

constituent layer is capable of forming sequential intermetallic transition compounds with

4
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lithium and/or between themselves, i.e. secondary or tertiary alloys with hyper lithiation,
i.e. exceeding the theoretical lithiation capacity of the existing intermetallic phase, which
enable fast diffusion of lithium within the electrochemically formed alloys initially,
followed by lithium plating on top of the formed intermetallic phase after the solubility limit

of the formed alloys at high areal capacities has been reached.

[0020] Initially, upon lithiation and subsequent hyper lithiation, the constituent heteroatoms
react with lithium to form intermetallic phases with lithium and/or between themselves to
form suitable nucleation centres for subsequent lithium deposition during lithium plating
with the synergistic, porous, 3D, design of the host enabling uniform dense plating and

stripping of lithium at high current densities and areal capacities.

[0021] The synergy between the lithiophilic dendritic morphology of silver (Ag) on the 3D host
enables high performance of the host described here. The dendritic silver (Ag) layer
enhances the interaction area between the plating lithium ions and lithiophilic
heteroatoms/substances, thus allowing enhanced active alloying sites along with the low
nucleation potential, whereas the 3D porous morphology of the host itself enables a uniform
electric field over the host, hence helping with the interaction with the incoming or plating
lithium ions, thus, helping in eliminating the so called “lighting Rod effect”, and wherein
the coating elements have the capability of forming intermetallic alloys with lithium/sodium

and/or between themselves within the potential window range of 1.5 Vand -0.5 V Vs Li/Li*.

[0022] The current invention paves way for a high C-rate capable, balanced N/P capacity ratio
(with a lithium excess of less than 50%) and a fast charging/discharging lithium metal ano de
secondary battery with enhanced safety due to alleviation of dendrite issues typically

observed within secondary lithium metal anode batteries.

[0023] The underlying fibres of the self-supported porous 3D flexible host anode may consist
of metallized polymeric fibre, which is stable with organic liquid electrolytes, polymer
electrolytes, gel polymer electrolyte or ceramic electrolytes and lithium salts typically used
in secondary lithium-metal or lithium-ion batteries, such as polyacrylonitrile (PAN),
polypropene (PP), polytetrafluoroethylene (PTFE), polyether ether ketone (PEEK) or
polyethersulfone (PES).
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[0024] Also provided is a method for preparing a self-supported, porous, 3D, host anode for
Jithium metal secondary batteries, comprising the steps of providing polymeric fibres
having a diameter between 200nm and 40um and being stable with organic liquid
electrolytes, polymer electrolytes, gel polymer electrolyte or ceramic electrolytes and
lithium salts typically used in secondary lithium-metal or lithium-ion batteries, such as
polyacrylonitrile (PAN), polypropene (PP), polytetrafluoroethylene (PTFE), polyether
ether ketone (PEEK) or polyethersulfone (PES), forming a non-woven, woven or ordered
fabric from the polymeric fibres with a porosity of at least 70% and a thickness between 20
um and 100pm, metallizing the nonwoven fabric with a coating comprising copper (Cu) via
an electroless or electroplating process, followed by coating with small amounts of tin (Sn),
palladium (Pd), and/or magnesium (Mg) followed by primary lithiophilic dendritic coating
on the fibres by immersing the non-woven fabric in a solution of 0.1 M AgNO; for a defined
time, preferably 30 minutes, and forming a silver (Ag) dendritic layer on each fibre via a
replacement reaction leading to the etching of the copper (Cu) and plating of the silver (Ag)
layer, and electrochemically lithiating the non-woven fabric under high current density,

preferably between 5 mA/cm? and 6 mA/cm?.

[0025] This chemical replacement reaction can be given as

AgNO; + Cu — Ag + CuNOss

[0026] The step of forming a primary lithiophilic coating preferably comprises forming of
silver (Ag) dendrites to increase the surface area of the porous host anode for the nucleation

and alloying reaction with lithium and/or with other lithiophilic constituents.

[0027] Preferably, the anode is exposed to an externally applied magnetic field for enhanced
stripping and plating of lithium at current densities greater than 70 mA/cm? and areal
capacities greater than 70 mAh/cm?, wherein the magnetic field is applied along the

direction of transport of charge carriers, i.e. parallel along the direction of the charge carrier.

[0028] What is also provided is a lithium metal secondary battery comprising a porous, 3D,

host anode as described, wherein the battery is hosted within a magnetic field for enhanced
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stripping and plating of lithium at current densities greater than 70 mA/cm? and areal
capacities greater than 70 mAh/cm?.

[0029] The invention described here allows for the possibility of implementing a flexible 3D
porous self-standing host for a lithium metal anode with fast charging capability. The host
along with the dendritic silver (Ag) and constituent lithiophilic heteroatoms enables
uniform and dense plating of lithium at high current density and high areal capacity without
observing any dendrite growth or cell short circuit. The host anode described here offers a
solution with the possibility to be incorporated with any cell design, i.e. coin cell, pouch
cells, prismatic cell and/or cylindrical cells. In addition, it is easily possible to obtain and
fabricate the porous, 3D host material along with its metallization and application of the
lithiophilic coating. The host anode described here also provides the possibility of removing
the usual copper current collector foil, which enhances the gravimetric and volumetric
energy density of the cell, wherein the 3D host itself acts as the current collector. In addition,
the fast-charging capability beyond the state of the art are well sought after and the host

described here inherently provides these capabilities along with an enhanced safety.

[0030] The current invention paves way for high C-rate capable, balanced N/P capacity ratio
(lithium excess less than 50%) and fast charging/discharging lithium/alkali metal anode
secondary batteries with enhanced safety due to alleviation of dendrite issue typically

observed within secondary lithium metal anode batteries.

[0031] Further elements, features and advantages can be taken from the following discussion

of test results with reference to the figures attached hereto, showing:

[0032] Figure la) ~ Morphology of the lithium plated into the self-supported porous 3D
flexible host anode at a current density and areal capacity of 71 mA/ cm! and 71 mAh/cm!,
respectively within an externally applied magnetic field of 10 mT.

[0033] Figure 1b)  Electrochemical lithium plating curves for the self-supported porous 3D
flexible host anode carried out at different current densities under a constant externally

applied magnetic field of 10 mT.
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[0034] Figure 1c) Stripping-plating curves for a symmetrical cell containing a self-
sypported porous 3D flexible host anode according to the present invention using a current
density and areal capacity of 5 mA/cm and 2.5 mAh/cm, respectively, without the externally
applied magnetic field.

[0035] Figure 1d) Stripping-plating curves for a symmetrical cell containing a self-
supported porous 3D flexible host anode according to the present invention using a current
density and areal capacity of 6 mA/cm and 6 mAh/cm, respectively, without the externally
applied magnetic field.

[0036] Figure le) Comparison of the lithium plating curves onto the copper current
collector, gold coated copper current collector and the self-supported porous 3D flexible
host anode according to the present invention carried out at the current density and areal
capacity of 20 mA/em and 20 mAh/cm, respectively, at a constant externally applied
magnetic field of 10 mT.

[0037] Figure 1£) Galvanostatic charge-discharge curves for a LFP cathode against the 3D

pre-lithiated, porous, 3D, self-supporting host anode according to the present invention.

[0038] To demonstrate the performance of the host anode described within this invention,
symmetrical cells, 1.e. cells assembled using two identical electrodes, one previously
charged and one discharged, with lithiated host anodes on both sides, were assembled and

tested with different current densities and areal capacities.

[0039] The host anode consists of a 3D, porous, non-woven fabric with a specific concentration
and composition of a thin coating layer according to the invention, to form a lithiophilic
surface which, once implemented within a secondary lithium metal battery and in an
externally applied magnetic field, allows for lithium plating at high current density and areal
capacity, allowing for charging rates of more than 10C, wherein the battery C rating is the
measurement of current in which a battery is charged and discharged at. The capacity of a
battery is generally rated and labelled at the 1C Rate (1C current). This means a fully
charged battery with a capacity of 10Ah should be able to provide 10 Ampere for one hour.
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[0040] More specifically the porous, 3D, host anode consists of underlying polymeric fibres,
with the diameter of the fibres ranging from 200 nm to 40um, being 35um for the samples
here, and a fibre, such as PAN, PP, PTFE, PEEK or PES, which is stable with organic liquid
electrolytes, polymer electrolytes, gel polymer electrolyte or ceramic electrolytes and

lithium salts typically used in secondary lithium metal or lithium-ion batteries.

[0041] The fibres were then used to form a nonwoven fabric followed by its metallization. The
metallized coating comprises mainly copper (Cu) along with possible lithiophilic

heteroatoms tin (Sn), palladium (Pd), magnesium (Mg), and others.

[0042] In order to coat the material with a primary lithiophilic silver (Ag) coating, the 3D
porous host was immersed in a solution of 0.1 M AgNO; for exactly 30 minutes to form a
silver (Ag) layer on top of each fibre via a replacement reaction leading to the etching of
the copper (Cu) and plating of the silver (Ag) layer, comprising silver (Ag) dendrites that
are crucial for further increasing the surface area of the porous host for the nucleation and

alloying reaction with lithium, see Fig. 1b.

[0043] The porous 3D host was then electrochemically lithiated under high current density of
5 mA/om? and 6 mA/em?. For the eloctrochemical lithiation at the current density of 5
mA/om? we demonstrated a plating efficiency, i.e. areal capacity of 40 mAh/cm?. Using a
higher current density of 10 mA/cm? was found to be unfavourable, since this leads to a
short circuit. The results were obtained on the sample with the fibre diameter of 35um. This
can potentially further be improved by reducing the diameter of the fibre and optimizing
the density and arrangement of the fibres. The electrochemically Jithiated host was found

to show planar or 2D growth of lithium.

[0044] The experimental data shows that the symmetrical cells cycled at the current density of
5 mA/om? and 6 mA cm? and areal capacity of 2.5 mAb/ em? and 6/mAh cm?, can be cycled

for more than 1000 and 500 cycles, see Fig. 1¢ and d, respectively.

[0045] In comparison the symmetrical cells with lithium metal showed severe fading of cycling
and high stripping plating over potentials, hence, clearly demonstrating the superior

performance of the host described in this invention. In addition, the post-mortem analysis

9

LU103202

——————EEEEEEEEEEEEEENE




LU103202




31082.20548LU
THEION GMBH E&ngﬂhﬂ@J@g@ThOff LU103202

Intellectual Property Attomeys

of the host anode after 900 cycles clearly showed the 2D planar plating of the lithium, thus
indicating the long-term stability of the host anode described herein.

[0046] To further enhance the performance of the 3D, host described herein, symmetrical cells
with a lithium 3D porous host were assembled and placed within a 10 mT magnetic field.
It was observed that a significant improvement in the plating current density was observed

compared to the host anode plated without the magnetic field.

[0047] Without the magnetic field, the porous, 3D, host could only sustain 10 mA/cm? current
density for 20 mins, however within the magnetic field, plating can easily be extended to 1
hour. In addition, the superior performance within the magnetic field was clearly
demonstrated by plating the lithium into the host at a current density of 20, 50 and 70
mA/cm? and an areal capacity of 20, 50 and 70 mAh/cm?, respectively, see Fig. 1b.

[0048] In addition, it was demonstrated that the host structure plays a crucial role regarding low
nucleation potential of lithium plating by comparing three samples, wherein a bare copper
£oil, a gold (Au) coated copper foil and a 3D, host anode according to the present invention
where plated with lithium at a current density of 20 mA/cm? within the magnetic field of
10 mT. It is important to mention that the magnetic field in all the studies was applied
parallel and in the direction of the lithium-ion transport. The magnetic field was generated
with a Helmholtz coil. The scanning electron microscope micrograph of the 3D porous host
plated within the 10 mT magnetic field and at the current density of 53 mA/cm? and 53
mA/cm? is shown in Fig. le.

10
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Claims

flexible host anode for Jithium metal secondary batteries,

1. Self-supported, porous, 3D,
le porosity of at least 70%, and a thickness ranging between

having an open and accessib

10pm and 100 pm, comprising a non-woven,

with a diameter ranging between 200nm and 40um, and comprising a primary

woven or ordered arrangement of fibres

lithiophilic constituent material exhibiting dendritic morphology along with small

amounts of at least two additional lithiophilic materials, wherein the concentration of

such additional lithiophilic material is less than 5 atomic weight % and wherein

electrochemical lithiation Jeads to the formation of intermetallic alloy/alloys leading to

a hyper lithiation state, i.e. exceeding the theoretical lithiation capacity of the existing

intermetallic phase, leading to the coexistence of two phases, i.e. intermetallic alloy and

lithium metal.

5. Self-supported, porous, 3D, flexible host anode according to claim 1, wherein the

primary dendritic constituent material comprises a noble metal grown via a replacement

or displacement reaction of less noble metal existing underneath.

3. Self-supported, porous, 3D, flexible host anode according to claim 2, wherein the noble

material is silver (Ag), and the small amounts of

comprise at least palladium (Pd), tin (Sn) and/or magnesium (Mg).

secondary lithiophilic constituents

4. Self-supported, porous, 3D, flexible host anode according to claim 1, 2 or 3, wherein

the fibres consist of metallized polymeric fibre, which are stable with organic liquid

electrolytes, polymer electrolytes, gel polymer electrolytes or ceramic electrolytes and

lithium salts typically used in secondary lithium-metal or lithium-ion batteries, wherein

the fibers can be composed of polyacrylonitrile (PAN), polypropene (PP),
polytetraﬂuoroethylene (PTFE), polyether ether ketone (PEEK) or polyethersulfone

(PES).

5. Self-supported, porous, 3D, flexible host anode according to any of the preceding

claims, wherein the silver (Ag) is provided as a Jayer comprising 1D, 2D, twinned and/or
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branched dendrites to increase the surface area of the porous host anode for the

nucleation, alloying reaction and subsequent plating of an alkali metal.

6. Method for preparing a self-supported, porous, 3D, flexible host anode for lithium metal

secondary batteries, comprising the steps of:

. providing polymeric fibres having a diameter between 200nm and 40pm and

being stable with organic liquid electrolytes, polymer electrolytes, gel polymer
electrolyte or ceramic electrolytes and Jithium salts typically used in secondary
lithium-metal or lithium-ion batteries, such as polyacrylonitrile (PAN),
polypropene (PP), polytetrafluoroethylene (PTFE), polyether ether ketone
(PEEK) or polyethersulfone (PES);

. forming a fabric comprising a non-woven, woven or ordered arrangement of the

polymeric fibres with a porosity of at least 70% and a thickness between 20pm
and 100pm;

. metallizing the fabric with a coating comprising copper (Cu) and a small

concentration of desired lithiophilic material such as tin (Sn), palladium (Pd);

and/or magnesium (Mg).

. forming a primary lithiophilic coating on the fibres by immersing the fabric in a

solution of 0.1 M AgNOs for a defined time and forming a silver (Ag) layer on
each fibre via a replacement reaction leading to the etching of the copper (Cu)
and plating/growing of a dendritic silver (Ag) layer on the seeding layer existing
underneath; and

electrochemically lithiating the fabric under high current density.

7. Method for preparing a self-supported, porous, 3D, flexible host anode according to

claim 6, wherein the defined time for immersing the non-woven fabric in a solution of

0.1 M AgNO3 s 30 minutes.

8. Method for preparing a self-supported, porous, 3D, flexible host anode according to

claim 6 or 7, wherein the step of forming a primary lithiophilic coating comprises 1D,

2D, twinned and/or branched silver (Ag) dendrites to increase the surface area of the

porous host anode for the nucleation, alloying and plating reaction with alkali metal ion.

12
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9.

10.

11.

12.

Method for preparing a self-supported, porous, 3D, flexible host anode according to any
of claims 6 to 8, wherein high current density is between 5 mA/ em? and 6 mA/cm?.

Method for preparing a self-supported, porous, 3D, flexible host anode according to any
of claims 6 to 9, wherein the anode is exposed to an externally applied magnetic field
for enhanced stripping and plating of lithium at current densities greater than 70 mA/cm?
and areal capacities greater than 70 mAh/cm?, wherein the magnetic field is applied
along with the direction of transport of charge carriers, i.e. parallel along the direction

of the charge carrier.

Lithium metal secondary battery comprising a self-supported, porous, 3D, flexible host

anode according to any of claims 1 to 5 and/or 6 to 10.

Lithium metal secondary battery according to claim 11, wherein the battery is exposed
to an externally applied magnetic field for enhanced stripping and plating of lithium at
current densities greater than 70 mA/cm? and areal capacities greater than 70 mAh/cm?,
wherein the magnetic field is applied along with the direction of transport of charge

carriers, i.e. parallel along the direction of the charge carrier.

13
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Anspriiche

1. Selbsttragende, pordse, flexible 3D-Wirtsanode fiir Lithium-Metall-Sekundérbatterien
mit einer offenen und zuginglichen Porositit von mindestens 70 % und einer Dicke im Bereich
zwischen 10pum und 100um, die eine nicht gewebte, gewebte oder geordnete Anordnung von
Fasern mit einem Durchmesser im Bereich zwischen 200 nm und 40um umfasst, und umfassend
ein priméres lithiophiles Bestandteilsmaterial, das eine dendritische Morphologie aufweist,
zusammen mit geringen Mengen von mindestens zwei zusétzlichen lithiophilen Materialien,
wobei die Konzentration des zusitzlichen lithiophilen Materials weniger als 5
Atomgewichtsprozent betrigt und wobei die elektrochemische Lithiierung zur Bildung einer
intermetallischen Legierung/Legierungen fuihrt, die zu einem Hyperlithiierungszustand fiihrt,
d. h. Uberschreiten der theoretischen Lithierungskapazitit der vorhandenen intermetallischen
Phase, was zur Koexistenz von zwei Phasen, d. h. intermetallischer Legierung und

Lithiummetall, fihrt.

2. Selbsttragende, pordse, flexible 3D-Wirtsanode nach Anspruch 1, wobei der primére
dendritische Materialbestandteil ein Edelmetall umfasst, das mittels einer Ersatz- oder

Verdriangungsreaktion eines darunter vorhandenen unedleren Metalls gewachsen ist.

3. Selbsttragende, pordse, flexible 3D-Wirtsanode nach Anspruch 2, wobei das Edelmetall
Silber (Ag) ist und die geringen Mengen an sekundéren lithiophilen Bestandteilen mindestens

Palladium (Pd), Zinn (Sn) und/oder Magnesium (Mg) umfassen.

4. Selbsttragende, pordse, flexible 3D-Wirtsanode nach Anspruch 1, 2 oder 3, wobei die
Fasern aus metallisierten Polymerfasern bestehen, die mit organischen Fliissigelektrolyten,
Polymerelektrolyten, ~ Gelpolymerelekirolyten — oder keramischen  Elektrolyten und
Lithiumsalzen stabil sind, die typischerweise in sekundédren Lithium-Metall- oder Lithjum-
Tonen-Batterien verwendet werden, wobei die Fasern aus Polyacrylnitril (PAN), Polypropen
(PP), Polytetrafluorethylen (PTFE), Polyetheretherketon (PEEK) oder Polyethersulfon (PES)

bestehen konnen.

5. Selbsttragende, pordse, flexible 3D-Wirtsanode nach einem der vorhergehenden

Anspriiche, wobei das Silber (Ag) als eine Schicht bereitgestellt wird, die 1D-, 2D-, verdrillte




LU103202




31082.20548LU F
orfmann Tegeth
THEION GMBH Patent- & Rechisanwétlte g fo
Inlellectual Property Atfomeys

LU103202

und/oder verzweigte Dendriten umfasst, um die Oberflache der pordsen Wirtsanode fur die
Keimbildung, die Legierungsreaktion und die anschlieBende Beschichtung mit einem

Alkalimetall zu vergroBern.

6. Verfahren zur Herstellung einer selbsttragenden, pordsen, flexiblen 3D-Wirtsanode flir
Lithium-Metall-Sekundirbatterien, das die folgenden Schritte umfasst:

a. Bereitstellung von Polymerfasern mit einem Durchmesser zwischen 200nm und
40um, die mit organischen Fliissigelektrolyten, Polymerelektrolyten, Gel-
Polymerelektrolyten oder keramischen Elektrolyten und Lithiumsalzen, die
typischerweise in Lithium-Metall- oder Lithium-Ionen-Sekundérbatterien
verwendet werden, stabil sind, wie Polyacrylnitril (PAN), Polypropen (PP),
Polytetrafluorethylen (PTFE), Polyetheretherketon (PEEK) oder Polyethersulfon
(PES);

b. Bildung eines Vliesstoffs, der eine nicht gewebte, gewebte oder geordnete
Anordnung der Polymerfasern mit einer Porositdt von mindestens 70 % und einer
Dicke zwischen 20um und 100um umfasst;

c. Metallisieren des Vliesstoffs mit einer Beschichtung, die Kupfer (Cu) und eine
geringe Konzentration eines gewiinschten lithiophilen Materials wie Zinn (Sn),
Palladium (Pd) und/oder Magnesium (Mg) enthalt.

d. Bilden einer priméren lithiophilen Beschichtung auf den Fasern durch Eintauchen
des Gewebes in eine Losung von 0,1 M AgNOs fiir eine bestimmte Zeit und Bilden
einer Silber (Ag)-Schicht auf jeder Faser durch eine Ersatzreaktion, die zum Atzen
des Kupfers (Cu) und zum Ablagern/Wachsen einer dendritischen Silber (Ag)-
Schicht auf der darunter befindlichen Keimschicht fiihrt; und

e. elektrochemische Lithiierung des Gewebes unter hoher Stromdichte.

7. Verfahren zur Herstellung einer selbsttragenden, pordsen, flexiblen 3D-Wirtsanode nach
Anspruch 6, wobei die definierte Zeit fiir das Eintauchen des Vliesstoffs in eine Lsung von 0,1
M AgNOs 30 Minuten betrégt.

8. Verfahren zur Herstellung einer selbsttragenden, portsen, flexiblen 3D-Wirtsanode nach

Anspruch 6 oder 7, wobei der Schritt der Bildung einer priméren lithiophilen Beschichtung 1D-
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, 2D-, verdrillte und/oder verzweigte Silber(Ag)-Dendriten umfasst, um die Oberfliche der
pordsen Wirtsanode fur die Keimbildung, Legierungs- und Plattierungsreaktion mit

Alkalimetallionen zu vergrofern.

9. Verfahren zur Herstellung einer selbsttragenden, pordsen, flexiblen 3D-Wirtsanode nach

einem der Anspriiche 6 bis 8, wobei die hohe Stromdichte swischen 5 mA/em? und 6 mA/ cm?
liegt.

10. Verfahren zur Herstellung einer selbsttragenden, pordsen, flexiblen 3D-Wirtsanode nach
einem der Anspriiche 6 bis 9, wobei die Anode einem von aufien angelegten Magnetfeld
ausgesetzt wird, um das Strippen und Plattieren von Lithium bei Stromdichten von mehr als 70
mA/em? und Flichenkapazititen von mehr als 70 mAh/cm? zu verbessern, wobei das
Magnetfeld entlang der Transportrichtung von Ladungstrigem angelegt wird, d.h. parallel
entlang der Richtung der Ladungstrager.

11. Lithium-Metall—Sekundérbatterie mit einer selbsttragenden, pordsen, flexiblen 3D-

Wirtsanode nach einem der Anspriiche 1 bis 5 und/oder 6 bis 10.

12. Lithium-Metall—Sekundéirbatterie nach Anspruch 11, wobel die Batterie einem von
auBen angelegten Magnetfeld ausgesetzt wird, um das Strippen und Plattieren von Lithium bei
Stromdichten von mehr als 70 mA/cm2 und Flachenkapazititen von mehr als 70 mAh/cm?2 zu
verbessern, wobei das Magnetfeld entlang der Transportrichtung von Ladungstrigern angelegt
wird, d. h. parallel zur Richtung der Ladungstrager.
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Fig. 1
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