TUTI

Technische Universitat Minchen

Fakultat fir Chemie

Electrospinning of Lithium and Magnesium lon Conductors

Patrick Walke, M.Sc.

Vollstandiger Abdruck der von der Fakultat fir Chemie der Technischen Universitat Miinchen

zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Thomas F. Fassler
Prifende/-r: 1. Prof. Dr. Tom Nilges
2. Prof. Dr. Hubert A. Gasteiger
3. Prof. Dr. Richard Weihrich

Die Dissertation wurde am 23.03.2022 bei der Technischen Universitat Minchen eingereicht und

durch die Fakultat fir Chemie am 07.06.2022 angenommen.






Danksagung i

Danksagung

Ich bedanke mich bei allen Personen, die mich in den letzen Jahren bei meiner person-

lichen und akademischen Entwicklung begleitet haben. Besonders hervozuheben sind

dabei:

Prof. Dr. Tom Nilges, fiir die Aufnahme in die Arbeitsgruppe, das inter-
essante Thema und die Moglichkeit dieses Arbeit durchzufithren, das Vertrauen
bei allen wissenschaftlichen und organisatorischen Aufgaben, fiir die zeitinten-

siven Diskussionen und all die Dinge die eine gute Betreuung ausmachen.

Lucia Weissenborn, fiir Thre Unterstiitzung bei allen biirokratischen Hiirden

und die Organisation in der Arbeitsgruppe.

Fabian Schatz, fiir die freundliche Aufnahme in die TUMint.Energy Research
GmbH und die Méglichkeit diese Arbeit in meine Arbeitsalltag zu integrieren.

Dr.Katharina Freitag, die Electrospinning als Technik in dre Arbeitsgruppe
etabliert hat und mir wahrend meiner Masterarbeit vieles beigebracht hat, was

die Durchfiirung dieser Arbeit ermoglicht hat.

Die Arbeitsgruppe von Prof. Dr. Hubert Gasteiger, in der ich meine
ersten Erfahrung mit der Elektrochemie sammeln durfte und die mir bis heute

mit Rat und Tat zur Seite standen.

Wei Jun Chua, der mit seiner Bachelorarbeit einen Beitrag zu dieser Arbeit

geleistet hat.

Alfred Rabenbauer, der mit seinem Forschungspraktikum zu dieser Arbeit

beigetragen hat und seine Masterarbeit bei mir absolviert hat.

Anna Kirchberger, die wiahrend ihrer Masterarbeit und der ersten Zeit ihrer
Promotion mich mit ihrem Fleifs und Ehrgeiz unterstiitzt hat und fiir viel Spafs im

Biiro und Labor gesorgt hat.

Felix Reiter, fiir die gute Zeit zusammen im Labor, die SEM Aufnahmen und
die Hilfe beim Bilder bearbeiten.

Kathrin Vosseler, fiir die SEM Aufnahmen.

Anna Vogel, fiir die gute Zusammenarbeit im Labor und machnmal mehr oder

weniger notwendigen Kaffepausen seit dem ersten Praktikum im Studium.

Allen aktuellen und ehemaligen Mitarbeiter im AK Nilges fiir die schone Zeit in

der Universitdt und bei allen gemeinsamen Unternemungen.



Danksagung ii

e Meiner Familie, die mich immer bedingungslos unterstiitzt.

e Nora Walke, meiner Frau, die seit meiner Schulzeit immer fiir mich da ist und

mich unterstiitzt wo immer sie kann.



Table of Contents

111

Contents

Danksagung

Abstract

Kurzzusammenfassung

List of Abbreviations

1 Introduction

1.1
1.2

1.3
1.4
1.5

All-Solid-State-Batteries . . . . . . . . ... .. L.
Solid Electrolytes . . . . . . . . ...
1.2.1 Inorganic Solid Electrolytes . . . . . . .. ... ... ... ...
1.2.2  Polymer Electrolytes . . . . . . . . ... ... ... ... .. ..
Magnesium Ion Batteries . . . . . . . . .. ... oL
Electrospinning . . . . . . . . . ..o

Electrospun Polymer Electrolytes . . . . . . ... ... ... ... ...

2 Experimental Methods

2.1
2.2

2.3

2.4

List of Chemicals . . . . . . . . .. .. ... .
Solvent-based Membrane Preparation . . . . . . .. ... .. .. ... ..
2.2.1 Poly(ethylene oxide)-based Polymer Solutions . . . . .. .. ..
2.2.2  Electrospinning . . . . . . .. ...
2.2.3 Solution Casting . . . . . . .. ... ... .
Solvent-free Membrane Preparation . . . . . . . .. ... ... .. ...
2.3.1 Hot Pressing. . . . . . . . .. ..
Analytical Methods . . . . . . . . . . ... ...
2.4.1 Powder X-Ray Diffraction . . . . ... .. ... ... ... ..
2.4.2 Differential Scanning Calorimetry . . . . . . . . ... ... ...
2.4.3 Scanning Electron Microscopy . . . . . . . . ... ... ... ..
2.4.4 Electrochemical Properties . . . . . . . . ... ... ... ....
2.4.5 Dynamic Light Scattering . . . . ... .. ... .. ... ....

2.4.6 Nuclear Magnetic Resonance Spectroscopy . . . . . . . . .. ..

3 Results

3.1

3.2

3.3

Electrospun Li(TFSI)@Polyethylene Oxide Membranes as Solid Elec-
trolytes . . . . .. e
Effect of nanostructured Al;O3 on poly(ethylene oxide)-based solid poly-
mer electrolytes . . . . . . ..o

Fast Magnesium Conducting Electrospun Solid Polymer Electrolyte . .

vi

vil

CO = W W N =

10
11

13
13
13
13
14
15
15
16
17
17
17
17
18
20
20

21

21

40
52



Table of Contents

v

4 Summary

List of Publications
Conference Appearances
List of Figures and Tables

References

7

79

80

81

82



Abstract v

Abstract

Polymer electrolytes based on poly(ethylene oxide) (PEO) are prepared wvia electro-
spinning and for comparison via solution casting and hot pressing. For lithium ion
conducting polymer membranes two different conducting salts LiX [X= (CF3502)2N-
(TFSI'), BF,| are used. By varying the conducting salt concentration the additive-
free solid polymer electrolytes (SPEs) with the highest ionic conductivity are identified.
For both systems the highest process-able salt concentration, PEO:LiX 18:1, show the
highest ionic conductivities of 5 x 107 S/cm for LiBF, and 9.8 x 10 S /cm for LiTFSI,
both at 293 K. To increase the ionic conductivity without losing the fibrous structure of
the electrospun membranes, admixing of organic and inorganic additives is tried. The
PEO:LiTFSI system is optimized to show an ionic conductivity of 1.9 x 10 S/cm at
293 K by adding succinonitrile (SN) to result in a molar composition of PEO:SN:LiTFSI
36:8:1. Use of SN and nanostructured Al;O3 leads to an increased ionic conductivity
of 5.5 x 10 S/cm at 293 K for a PEO:SN:LiBF, 18:3:1 +2wt% Al,Os.

With the change to applying Mg(TFSI), the concept of electrospun polymer electrolytes
is transfered to magnesium ion batteries (MIBs). The highest ionic conductivity up
on different concentrations of conducting salt and plasticizer (SN) is achieved with a
PEO:Mg(TFSI); 36:1 composition and determined to be 1.2 x 10 S/cm at 293 K and
thus drastically higher compared to solution casted membranes with the same compo-
sition.

All prepared membranes are conducted to structural and electrochemical analysis.
Crystallinity is investigated by powder X-ray diffraction (P-XRD). Fiber morphol-
ogy is observed by scanning electron microscopy (SEM) and thermal properties are
determined by differential scanning calorimetry (DSC). The ionic conductivities are
calculated from impedance spectroscopy and ion transport is investigated with cyclic

voltammetry.
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Kurzzusammenfasssung

Polymerelectrolyte basierend auf Polyethylenoxid (PEO) werden mittels Elektrospin-
ning und fiir Vergleichsmessungen mittels Heifspressen und Losungsgiefsen hergestellt.
Um Lithium-Ionen-leitende Membranen zu erhalten, werden zwei verschiedene LiX [X
= (CF3S02)oN™ (TFSI'), BF,| verwendet. Durch Varriation der Leitsalzkonzentration
und ohne den Einsatz weiterer Additive werden die Festkorper-Polymer-Elektrolyte
(engl. Solid Polymer Electrolytes, SPEs) mit der hochsten ionischen Leitfahigkeit iden-
tifiziert. Diese wurde bei in beiden System mit der hochsten im Prozess einsetzbaren
Konzentration, PEO:LiX in einem molaren Verhéltniss von 18:1 erziehlt und liegen
bei 5 x 107 S/cm fiir LiBF, und 9,8 x 10°¢ S/cm fiir LiTFSI, jeweils bei 293 K. Im
Weiteren wird versucht die ionische Leitfahigkeit durch den Einsatz von organischen
oder anorganischen Additiven zu erhohen, ohne dabei die Faserstruktur der Membran
zu verlieren. Das System PEO:LiTFSI kann durch den Einsatz von Succinonitril (SN)
optimiert werden. Die Leitfdhigkeit des so erhaltene Polymerelektrolyten mit einer
molaren Zusammensetzung von PEO:SN:LiTFSI 36:8:1 liegt bei 1.9 x 10® S/cm bei
293 K.

Die Verwendung von Succinonitril und nanostrukturiertem Al,O3 im Polymerelek-
trolyten PEO:LiBF, fiihrt bei einer finalen Zusammensetzung von PEO:SN:LiBF,
18:3:1 + 2wt% zu einer erhoten ionischen Leitfidhigkeit von 5.5 x 10 S/cm bei 293 K.
Mit dem Wechsel zu Mg(TFSI), wird das Konzept elektrogesponnener Polymerelek-
trolyte auf Magnesium Ionen Batterien (MIBs) iibertragen. Durch variation von Leist-
salzkonzentration und Weichmacher (SN) wird die hochste Leitfdhigkeit bei einer mo-
laren Zusammensetzung von PEO:Mg(TFSI), 36:1 zu 1.2 X 10 S/cm bei 293 K bes-
timmt. Die Leitfahigkeiten der elektrogesponnen Membranen liegen dabei bei gleich-
bleibender Zusammensetzung, zum Teil um mehrere Grofenordnungen, iiber jenen, die
an durch Losungsgufshergestellten Membranen gemessen werden.

An allen hergestellten Membranen wird eine strukturelle und electrochemische Anal-
yse durchgefiithrt. Die Kristallinitdt wird mittels Pulverdiffraktometrie (P-XRD) un-
tersucht. Die Morphologie der Fasern wird mit Rasterelektronenmikroskopie (engl.
scanning electron microscopy, SEM) abgebildet und die thermischen Eigenschaften
werden mit Diffenrentitalthermoanalyse (engl. differential scanning calorimetry, DSC)
untersucht. Die ionischen Leitfahigkeiten werden aus impedanzspektroskopische Daten

berechnet und die Zyklisierbarkeit mittes Cyclovoltammetry untersucht.
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Introduction 1

1 Introduction

On the way to an environmental-friendly future and the associated move from fossil
to sustainable energy sources, lithium ion batteries (LIBs) pushed through as energy
carrier. They are widely used for portable devices and electrical vehicles and potential
candidates for storage of peak energy in the grid.['! The main components in commer-
cial LIBs haven’t changed drastically during the last decades. On one side they consist
of a lithium transition metal oxide active material in a composite cathode. As an ac-
tive species on the anode side graphite is widely used. Electrodes are separated by a
porous polymer membrane soaked with an organic lithium-ion conducting electrolyte.
This organic electrolyte brings some challenges. The used components are deleterious
and flammable and therefore a potential risk of leakage or thermal runaway occurs.?
Also, the dissolution of transition metals from the cathode active material, therefore
the degradation of it associated to capacity fading remains a drawback of some liquid
electrolytes.l? Another challenge is the desire to enhance the potential window and
thus, the power for new generation lithium-based batteries, as LIBs are getting close
to their physicochemical limit.[* Besides finding cathode materials with higher reduc-
tion/oxidation potential, the change from composite to lithium metal anodes would
increase the operation window. As lithium metal reacts with organic liquids, the com-
bination of conventional electrolytes and lithium metal anodes leads to more hazardous
batteries with fast degradation. 61 A potential approach to address these challenges are
all solid state batteries (ASSBs), where the liquid electrolytes are substituted by solid
electrolytes. These solid electrolytes are either an inorganic ion conducting phase or a
polymer based composite.l> 71 Another approach, and also part of the post lithium-ion
technology, is the change to non-lithium-based batteries, like magnesium ion batteries.
Switching to a 2+ charged ion as the mobile species brings some new benefits and

challenges.[®!
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1.1 All-Solid-State-Batteries

The possibility of higher energy densities and faster charging leads to an increasing in-
terest in all-solid-state batteries.l®! The plus in energy density and safety by replacing
liquid electrolytes with a solid electrolyte (SE) has to be guided by a new understanding

for cell stacking, cell chemistry and ionic transport mechanisms.!®l While conventional

= cathode active
material

P anode active
material

lithium metal
anode

porous separator

liquid electrolyte

inorganic solid
electrolyte

solid polymer
electrolyte

cathode current
collector

anode current
collector

¢
L]
[
]

Figure 1: Schematic structure of a) a conventional lithium ion battery with a porous
separator membrane and liquid electrolyte, b) an all solid state battery with inorganic
solid electrolyte and a mizture of solid electrolyte and active material mized as cathode
and anode, ¢) an all solid state battery with lithium metal anode, solid electrolyte and
mized solid electrolyte and active material cathode and d) an all solid state battery with
lithium metal anode and solid polymer electrolyte. The need of conductive carbon is
neglected in all schemes.[6 10 1]

LIBs have their porous electrodes and separators filled with liquid electrolyte, Figure
la, for ASSBS there are different ways of incorporating a solid electrolyte to ionically
connect anode and cathode while electrically separating them. One approach is to
build composite anodes and cathodes where the active material is mixed with an in-
organic solid electrolyte and an electrically conductive carbon. These two electrodes

are separated by a layer of inorganic electrolyte, Figure 1b. The use of lithium metal
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anodes instead of composite anodes could increase the operating voltage and power of
an ASSB further. One possibility is to use a composite cathode and an inorganic solid
electrolyte as described before, Figure 1c. The inorganic solid electrolyte could also be
substituted by a solid polymer electrolyte, Figure 1d. The SPE is used to fill all pores
of the cathode and as an electrolyte layer to separate the lithium metal anode and the

cathode active material.

1.2 Solid Electrolytes

As described for the different cell stacking options for ASSBs, solid electrolytes are ei-
ther based on crystalline or glassy inorganic ion conductors or on polymers mixed with
conducting salts, inorganic fillers or organic, plasticizing additives.I” ' In this section
an overview over the different electrolyte systems is given. Regardless of the chosen
approach the used electrolyte system has to fulfill certain requirements. The ionic con-
ductivity at room temperature should be about 10 S/cm or above. The electrolytes
should have a wide electrochemical operation window and low electrical conductiv-
ity. The lithium ion transference number should be high, ideally the electrolytes are
single ion conductors.["®¥ Preferably, the ionic conductivity shows a low temperature

dependency (low activation energy) and large temperature range for operation.!'

1.2.1 Inorganic Solid Electrolytes

By exhibiting moderate to high ionic conductivity a lot of different crystalline or amor-
phous inorganic systems are qualified as inorganic solid electrolytes. To give a system-
atic overview, the different systems could be sorted by differentiating between oxides
or sulfides.['”! A further classification is given by sorting the inorganic solid electrolytes
by their structure. Here they are divided into LISICON-like, Argyrodite, Garnet,
NASICON:-like, Li-Nitride, Li-Hydride, Perovskite and Li-Halide.['3 16l

LISICON is used as an abbreviation for lithium super ion conductor, the term de-
scribes solid solutions which are isostructual with v-LisPO,4.'" 18 A known example is
LijgGeP3S15, which exhibits an ionic conductivity of 102 S/cm at room temperature
with a transference number of ¢+ = 0.99.1% 19

The Argyrodite structure type goes back on the crystal structure of AggGeSq.12! A
Li ion conducting representative of this structure is LigPS;Br operating with an ionic
conductivity in the order of 103 S/cm.[21> 22

The first lithium metal oxides with a garnet-type structure were LizLazNbyO15 and
LisLagTagO1o. Their overall ionic conductivity was determined to be 10°¢ S/cm at
room temperature.[23] Later Ta or Nb were substituted by Zr, so a LisLagZryO45 (LLZO)

garnet type solid electrolyte was reported with an increased overall lithium ion con-
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ductivity of 10* S/cm at room temperature.?

NASICON:-like structures are based on an A;By(POy4); composition. The structure is
built up by PO, tetrahedra connected to the corners of BOg octrahedra. The result-
ing channels are filled with A" ions. A basic example is the LiTiQ(PO4)3.[13’ 25| The
aluminum-doped version of this structure Li; 3Alg3Ti;7(POy)3 shows Li ion mobility
up to 7x 104 S/cm. 12

Lithium nitrides and lithium phosphorus nitrides, LigN and LiPNy, respectively show
a conductivity of up to 10 S/cm at elevated temperatures.?” 28!

As an example for lithium hydrides, LiBH, was reported to show fast Li mobility at
conductivities of 107 S/cm.[??) This material is suitable for potential application with
a lithium metal anode and LiCoO, cathode.[3

The Pervoskite structure is based on a ABO3 composition. The BOj3™ corner linked
octrahedra built up a cage for the A", which is thereby surrounded by 12 oxygen
atoms.! One example for a solid electrolyte with this structure is Ligs4Lag 51 Ti04.94.
The material shows an overall room temperature conductivity of 10 S/cm.[6: 32

The most prominent Li-Halides are spinel-type chlorides LisMCly with M = Mg, Mn,

Fe, Cd. Those are Li-ion conductors with a conductivity in the range of 104 S /cm.[33 34

1.2.2 Polymer Electrolytes

In 1973 P.V.Wright first demonstrated the solubility of alkali metal salts in poly(ethylene
oxide). Tt was only two years later when he presented their ionic conductivity.!*! The
good electrochemical and physical properties of PEO mixed with LiX [X = BF,", ClO,
(CF3505)oN" (TFST), B(C204)2” (BOB)...| salts makes the polymer still a main com-

37, 38] Polymer electrolytes are either classified as solid polymer

ponent in many SPEs.
electrolytes (SPEs), gel polymer electrolytes (GPEs) or composite polymer electrolytes
(CPEs). SPEs consist of a polymer matrix, a conducting salt and small amounts of
plasitcizers or organic liquids. GPEs are based on the same components as SPEs but
with a higher fraction of (ionic) liquids. CPEs are SPEs or GPEs with inorganic par-
ticles used as additives.!?® 401 For some systems in literature it is not completely clear,

whether they should be classified as SPEs, GPEs or CPEs. Nevertheless, this classifi-

cation will be used here to structure the overview on different polymer electrolytes.

Solid Polymer Electrolytes

Poly(ethylene oxide) is still present as a polymer host in the majority of the solid
polymer electrolytes. This is due to its high dielectric constant and the excellent abil-
ity to dissolve cations with the ether groups®” ! It is suitable for combination with
a huge variety of conducting salts and other fillers.[*?l Besides ethers also polysulides

and polyamines are possible candidates to coordinate ions with the electrons of the
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heteroatoms.[*3l The ionic conductivity of the SPE with PEO as a host is strongly
dependent on the used conducting salt. Large and soft anion containing LiX are used
preferably as these are easily dissolved and the anion acts as plasticizer.** 49!

If LiPFg, a common conducting salt in liquid electrolytes for LIBs, is admixed to PEO
at 15wt% reaches an ionic conductivity of 10 S/cm at 318 K. The conductivity rises
with conducting salt concentration and reaches a plateau at 15wt%, further increase
to 20w% conducting salt content does not increase the ionic conductivity at these
temperatures. 4!

For the system PEO,:LiBF, a maximum conductivity of about 10¢ S/cm at 293 K is re-
ported if n = 3. The conductivity again depends on the conducting salt concentration. 7!
Early reports from 1986, where Li(CF3S0O3) is used in molar ratio of PEO:Li(CF3S03)
of 10:1 of about 107 S/cm at 293 K is calculated from AC impedance methods.[*® 49!
A solid polymer electrolyte utilizing LiTFSI as a conducting species at the same molar
composition of PEO:LiTFSI 10:1 ionic conductivity of 4 x 10> S/cm are achieved.?"l
The use of plasticizers is a common way to enhance the Li™ mobility in polymer elec-
trolytes. For some solid lubricants it is not clear whether they should be sorted as SPEs
or GPEs. A few examples with succinonitrile (SN) as organic additive should be named
here. In the system PEO:LiTFSI with a molar ratio of 11:1 the ionic conductivity is
raised from near 5 x 10° S/cm for a SN-free SPE to 5 x 105 S/cm when 15% SN are
added. The maximum conductivity is reached for a PEO-free SN:LiTFSI system. The
latter shows poor mechanical stability and due to the absence of polymer can not be
categorized as SPE anymore.P!

When PEO:LiBF, SPEs are activated by a high amount of SN the ionic conductivity is
drastically increased. A PEO:SN:LiBF, with a molar composition of 9:30:1 is reported
to show 1.1 x 10 S/cm at 300 K.

As examples, other then PEO, polyacrylonitrile (PAN), poly (vinylidene diflouride)
(PVDF), poly(methyl methacrylate) (PMMA) and poly(vinyl alcohol) (PVA) should
be named.[*> 53 54 Another concept for SPEs with lithium transference numbers as
high as t;;+ = 1 are single-ion conducting polymer electrolytes. Here the anion is fixed
to or part of the host polymer to make the Li" the only mobile species. The interested

reader is referred to a review of Zhou et al..[4? 55!

Gel Polymer Electrolytes

In the field of GPEs a variety of organic solvents and ionic liquids are used as liquid
part. Only few examples should be named here.

Poly(ethylene glykol) (PEG) with low molecular mass of 600g/mol can be used to
substitute PEO in a PEO:Li(CF3503) 9:1 system. The initial (0% PEG) electrolyte
performed with an ionic conductivity of 1.3 x 10° S/cm at 298 K. This conductivity
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was increased with increasing amount of PEO being substituted by PEG. The maxi-
mum was reached at a PEO:PEG:PEO:Li(CF3S03) composition of 4.5:4.5:1 with an
ionic conductivity of 1.7 x 10 S/cm at 298 K.[5¢!

Besides PEG a mixture of the organic solvents ethylene carbonate (EC) and propylene
carbonate (PC) is used to gel polymer electrolytes. PAN-based GPEs with different
LiX (X = ClOy, AsFg, CF3503) reached ionic conductivities in the range of 102 S/cm
at 298 K, and thus as high as liquid electrolyte LiClO4 in EC/PC.I7 8l

Low viscosity or room temperature ionic liquids as 1-butyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (BmImTFSI) are another option to gel polymer elec-
trolytes. The advantage of liquid electrolytes is the high boiling point compared
to organic solvents, what brings a plus in safety. When combined with a mixed
PMMA /PVC:LIiTFSI 70 wt%:30 wt% (PVC, poly(vinyl chloride) an ionic conductiv-
ity of 1.6 x 10 S/cm at 298 K is reached if 60 wt% of the GPE is BmImTFSI. In
comparison 1.1 x 10% S/cm at 298 K are reached in this system if no ionic liquid is

used. 78 591

Composite Polymer Electrolytes

To form CPEs different kinds of inorganic particle are used in a polymer matrix. Besides
the ionic conductivity, the mechanical strength should be increased by the addition of
these particles.[*] One option are the inorganic solid electrolytes named in the section
before. Another option are non lithium containing solids, mostly oxides like TiO,,
BaTiO3, ZnO or AlyOs.1)

So the addition of 10 wt% TiOy to a polymer electrolyte system PEO:LiClO, with a
molar composition of 8:1 showed increased ionic conductivity of 10° S/cm at 303 K. In
comparison the ionic conductivity of SPE PEO:LiClO, SPE with a molar composition
of 8:1 without any further additives is at 10 S/cm at 303 K.1!

One example to demonstrate the use of barium titanate in CPEs is the addition of 1.4
wt% BaTiO3 to a PEO:LiClO4 polymer electrolyte with a molar composition of 8:1.
The small amount of inorganic additive resulted in an increase of ionic conductivity by
one order of magnitude to result in 1.1 x 10 S/cm at 343 K.[5?

Addition of 5% ZnO to the same PEO:LiClO4 8:1 electrolyte leads to an 100-fold in-
crease in ionic conductivity at about 300 K resulting in 107 S/cm. At around 360 K
the ionic conductivities of the ZnO containing and the additive free system are both
determined to be at 104 S/cm. 1%

The system PEO:LiClO, 10:1 is reported to have increased ion transport properties if
25wt% AlyO3 is added during membrane preparation. The room temperature conduc-
tivity raised from 9.1 x 107 S/cm to 1.1 x 10 S/cm to 4.8 x 10 S /cm. [ Nano-porous

Al; O3 with different surface modifications are tested to investigate, if not only equally
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sized particles and homogeneous distribution of these particles is crucial for increased
conductivities. Therefore, 10wt% nano-structured Aly3 with acidic, basic, neutral or
weakly acidic surface are used on a PEO:LiTFSI polymer electrolyte with a molar com-
position of 9:1. The conductivity increased from 1.98 x 105 S/cm for a weakly acidic
surface to 5.61 x 10 S/cm for a acidic surface. AlyOs-free PEO:LiTFSI 9:1 SPEs show
7.03 x 10% S/cm in this study. All conductivities were measured at 298 K.I6%)

The number of different possible polymer hosts, conducting salts, inorganic and organic

additives leads to countless combinations for polymer electrolytes.!4%: 66 671
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1.3 Magnesium Ion Batteries

To drastically increase the volumetric capacity in ASSBs the use of a Li-metal anode is
crucial, compare Figure 1. Besides the increased power this also brings the hazards of
short circuits due to dendrite growth and high reactivity with the atmosphere, moisture
and other cell components. An alternative to Li metal anodes is the switch to Magne-
sium Ion Batteries (MIBs). The redox potential of magnesium is just about 600 mV
higher than for lithium, -2.4 V vs. SHE for Mg/Mg?" compared to -3.0 V vs. SHE for
Li/Li*".Bl Although the specific capacity is also lower for magnesium, the volumetric
capacity is higher, 2062 mAh/cm? for lithium compared to 3833 mAh/cm?®.1%! Further
advantages of magnesium are the facts that magnesium metal anodes are considered
dendrite-free and that the metal is one thousand times more abundant than lithium.%!
But the activation of magnesium metal anodes is still challenging, as it builds up a
passivating electrode-electrolyte interface with most of the known electrolyte systems
used in LIBs.[™l

The first MIBs were presented in 2000 by Aurbach et al.. There a Mg-metal foil anode,
a Mg,Mo3S; (x = 0—1) Chevrel phase cathode active material and Mg(AICl3 (R R’)s
in hexane as an electrolyte were used.[™® The research in Mg-ion cathode materials
concentrated either on the optimization of the Chevrel phasel™ or on systems more
familiar with LIB cathode materials like MgMn,O4 or MgS batteries.[> 7 7 Besides
finding a stable, high potential cathode with fast Mg?" diffusion, the design of elec-
trolyte system suitable for efficient operation with Mg metal anodes is an ongoing
challenge.[™ 7

The first solution showing electrochemically induced stripping and plating of Mg ions
on a Mg metal surface were based on Grignard reactions."dl Besides these, magnesium
organoborates were reported in 1990 by Gregory et al.l”™l, they, together with Grig-
nard-type electrolytes, failed in practical application.[® 78l

Another starting point is based on early reports of plating Mg from organic solvents like
dimethylacteamide or dimethylformaide using Mg(CF5SO3), as a conduncting salt.!™!
In more recent studies Mg(TFSI), in ether solvents like diemthylether,®" glyme and
diglyme with ionic conductivities of 5 x 10 S/cm!®" 32 is used as suitable electrolyte
for application.

Gel polymer electrolytes (GPEs) are suggested based on the concepts known from LIBs
and liquid electrolytes. Some of them work with a PEO polymer-host Mg conducting
salt, e.g. Mg(TFSI)y, Mg(ClOy), or Mg(CF3503)2, together with poly(ethylene glycol)
diglycidyl ether (PEGDE) as liquid component. The GPE, where the TFSI" anion is
used, shows an ionic conductivity in the range of 10 S/cm at room temperature.(®’!
As it is desirable to have liquid-free batteries, like the ASSB approaches for LIBs, nu-

merous inorganic solid electrolytes!®* and solid polymer electrolytes are reported for
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MIBs. Comparable to those polymers used with lithium and sodium conducting salts,
poly(ethylene oxide) or poly(propylene) oxide are used as matrix for Mg?" ion conduct-
ing SPEs.[* %6 In some of them additionally inorganic additives like Al,O3 or MgO are
used to enhance the conductivity, the mechanical stability, or both. As conducting salt
a variety of different MgXj salts is used.®*” As an example, again Mg(TFSI); is admixed
at a low concentration of PEO:Mg(TFSI), 9:1 or PEO:Mg(TFSI), 40:1. The resulting
SPEs showed an ionic conductivity of 10 S/cm and 107 S/cm at room temperature.®!
Polymers other than PEO which are used for Mg-ion conducting SPEs are polyvinyl al-
cohol (PVA), polyacrylonitrile (PAN) or polyvinylidene difluoride (PVDF).[¥l The lat-
ter shows a conductivity of 6x10® S/cm when Mg(NO3), is used at a PVDF:Mg(NO3),
composition of 7:3. This conductivity is increased by the addition of 3w% MgO to
104 S/cm at 303 K.I87: 8
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1.4 Electrospinning

In 1934 a process to prepare polymer threads in an electrical field was introduced by
A. Formhals.[®! Based on this finding electrospinning was developed. A process, where
polymer fibers can be obtained from a polymer melt or a polymer solution.’ 92 The
polymer solution (or melt) is, with a constant feed rate, pressed through a cannular.
To this metal cannular a high voltage supply is connected, in order to apply voltages
in the kV range to the polymer solution. The cannular is fixed with a known, but
changeable distance to a grounded collector. [*3l At the tip of the cannular a liquid
drop is formed. By increasing the applied potential, a charge is build up at the surface
of this tip. If the potential is high enough, the liquid drop at the tip becomes conical

and a Taylor Conel®¥ is formed as illustrated in Figure 2.9 %! The polymer chains

Figure 2: Images showing the development of polymer solution from a drop to a jet
with increasing voltage from a) to f). The conical form is called Taylor Cone. Figure
reprinted with permission of John Wiley and Sons, from "FElectrostatic Fiber Spinning
from Polymer Melts. 1. Experimental Observations on Fiber Formation and Prop-
erties; L. Larrondo and R. St. John Manley; Journal of Polymer Science: Polymer
Physics Edition; Vol.19:909-920; 1981. Permission conveyed through Copyright Clear-
ance Center, Inc.

in the solution stabilize the jet. The solvent evaporates constantly on the way to the
collector, thereby the diameter of the jet shrinks. This leads to an increase of charge per
area. When the repulsive force between the charges exceed the surface tension of the
liquid jet, it splits into more and more jets with smaller diameter.[%! With this, polymer
fibers in the sub-micrometer rang are obtained. Successful fiber fabrication and the

morphology of the obtained fibers depend on various internal and external factors listed
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in Table 1. Internal factors are properties of the used educts, like the molecular weight
of the polymer and the dielectric effect of the solvent, or the overall polymer solution,
like the surface tension of the solution. External factors are properties of the used
electrospinning setup, like voltage, distance between the cannular and the collector or

the type of collector used.l?® 9 97l

Table 1: List of internal and external factors influencing the formation of polymer
fibers during the electrospinning process.

internal factors external factors
molecular weight of the polymer voltage
solution viscosity feed rate
surface tension temperature
solution conductivity effect of collector
dielectric effect of solvent diameter of cannular
collector-cannular distance
atmosphere

type of collector

1.5 Electrospun Polymer Electrolytes

Polymer membranes produced wia electrospinning are already used in applications
from medical use to electronics.[ In the field of batteries electrospun products have
been tested in every component of the cell. The first step into the direction of elec-
trospun polymer electrolytes, is the use of electrospun polymer membranes soaked
with a liquid electrolyte. Doing this, inert polymers with a large temperature win-
dow for application are used, e.g. PVDF or PAN. Besides this, a variety of elec-
trospun GPE is known, most of them based on PVDF or poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP).”! There are only few reports on membranes
prepared wvia electrospinning where no additional liquid electrolyte is used.'%! With a
electrospun PEO:PC:LiC10,4 5 x 10% S/cm at r.t. are reported for a molar composition
of 17:4.7:1.'U The same group reported electrospun polymer electrolytes based on a
molar compostion of PEO:EC:LiClO,4 17:5.4:1, where SiOy or Al,O3 nanoparticles are
added. For silicon dioxide the highest ionic conductivity is reported for the addition of
0.07wt% SiOg to reach 8 x 10 S/cm at r.t., while for the addition of aluminum oxide
the maximum ionic conductivity is reported at 0.21wt% Al,O3 to be 6 x 10° S/cm at
the same temperature.l'9?l In a comparative study of different LiX (X= Cl, TFSI, Cl1O4)
an electrospun membrane with a molar composition of PEO:EC:LiClO,4 11.3:7.2:1 was
determined to have an ionic conductivity of 3 x 10 S/cm at room temperature if ace-

tonitrile is used as solvent.['®* Our group reported on electrospun PEO:SN: ABF, (A=
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Li, Na) solid electrolytes in the recent years. For lithium conducting membranes the
highest ionic conductivity is determined to be 2 x 104 S/cm at room temperature for
a molar composition of PEOQ:SN:LiBF, 36:8:1.1'% For sodium conducting membranes
the ionic conductivity also is at 10 S/cm at room temperature at the same molar
composition of EO:SN:NaBF, 36:8:1.119]
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2 Experimental Methods

2.1 List of Chemicals

Table 2: List of used chemicals with the respective manufacturer and purity.

Chemical Manufacturer Grade
Al,O4 AEROXIDE®, Evonik -
acetonitrile VWR >99.8%, H,O < 30 ppm
acetonitrile Sigma Aldrich purified
LiBF, Sigma Aldrich > 99,99%
LiTFSI Sigma Aldrich > 98%
Mg(TFSI), Sigma Aldrich > 98%
Poly(ethylene oxide) Sigma Aldrich -
(M, = 300.000)
succinonitrile Sigma Aldrich 99%

Nanostructured Al,Oj is dried at 473 K and < 10”2 mbar in vacuum glass oven ( Biichi)
for three days. Poly(ethylene oxide) is dried at 313 K and < 1072 mbar for 24 h. To
purify succinonitrile, it is sublimated at 313 K and < 102 mbar in a dried Schlenk-
flask. After purification and drying, all chemicals are stored in a glovebox (MBraun).
The solvent and conducting salts are used as provided and also stored under inert gas

conditions.

2.2 Solvent-based Membrane Preparation

Two different solvent-based preparation methods are used to obtain homogeneous poly-
mer membranes. FElectrospinning produces membranes of thin polymer fibers, while
solution casting results in dense, non-porous polymer films. Both techniques can be
run with the same polymer-based solutions and are therefore suitable to investigate the
influence of the preparation method on the resulting solid polymer electrolyte mem-

branes.

2.2.1 Poly(ethylene oxide)-based Polymer Solutions

To prepare PEO-based solutions for usage in SPE preparation, all steps have to be
carried out under inert atmosphere and dry conditions.

In a first step a 50 mL Schlenk flask with magnetic stirrer is dried at an argon Schlenk-
Line. Therefore, a vacuum of 102 mbar is applied while the flask is heated with a
Heat-Gun (Typ 3522, STEINEL). After the flask is cooled down to r.t., it is flushed
with argon. This sequence is repeated three times before the flask is transferred to a
Glove Box. The required amount of acetonitrile is added to the pre-dried PEO. The
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mixture is continuously stirred. When the PEO is fully dissolved (approx. 1 h), the
conductive salt of choice is added to the solution. After one hour of homogenization,
SN is added if needed. The solution is stirred overnight prior to the solution casting
or electrospinning process.

If nanostructured Al;O3 has to be added to the polymer solution, it is dispersed in
acetonitrile using Ultra-Turrax mixing (T18 digital ULTRA TURRAX®, [KA) for
2 x 2 min at 10000 rpm before dissolving the polymer.

The ratio of PEO to succinonitrile and conducting salt is denoted in molar ratios.

To calculate the moles of the polymer, the molar mass of the repeating unit is used.

2.2.2 Electrospinning

syringe pump

/

cannula

polymer

solution
polymer
fibers

kV mA
— high voltage supply E B_
collector ——

ground

Figure 3: Scheme of the electrospinning setup used for the fabrication of fibrous polymer
membranes.

Prepared polymer solutions are taken with a 10 mL syringe (NORM-JECT ®)). The
syringe is mounted to a syringe pump (Modell 540060, T'SE-Systemprogammable Syring
Pump). The cannula tip is cut to result in a straight opening, and connected to the
syringe using a Teflon-tube (60° Shore, inner diameter 2 mm). The cannula is attached

over a grounded collector and connected to a high voltage supply (LNC 30000-2pas,
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Heinzinger). A scheme of the setup is given in Figure 3. The distance between the tip
of the cannula and the grounded collector is adjustable between 5 cm and 25 cm. The
applied voltage is between 5 kV and 30 kV. An aluminum ring with 10 cm diameter is
prepared with a cross of Teflon tape and used as collector, compare Figure 4.

To start the electrospinning process, the solution is pumped through the cannula until
a drop is formed at the tip. The high voltage is switched on and the syringe pump set
to a constant feed rate to supply sufficient polymer solution at the tip of the cannula
to allow continuous formation of polymer fibers at the collector. Feed rate, voltage and
collector distance have to be adjusted to the properties of the used solution.

The electrospinning process proceeds under ambient conditions. The obtained mem-

branes are dried in vacuum at r.t. for 24 h and stored under inert atmosphere.

Figure 4: Aluminum ring, prepared with a Teflon tape cross, used as collector in the
electrospinning process.

2.2.3 Solution Casting

To aim for nonporous polymer membranes, the prepared polymer solutions are dropped
onto a glass plate. The solution is dried at room temperature at 1 atm to prevent the
formation of bubbles in the membrane. After 2 h the polymer films are transferred to
a vacuum chamber and dried under vacuum at r.t. for 24 h. The dried products are

stored under inert gas conditions until conducted to analysis.

2.3 Solvent-free Membrane Preparation

In contrast to the solvent-based preparation techniques, hot pressing is used as a
solvent-free possibility to aim for self-standing and homogeneous polymer membranes.
Hot pressing is suitable for all particle-free SPE combinations. If inorganic particles
are used, hot pressing does not fulfill adequate mixing of all educts and hence leads to

inhomogeneous products.
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2.3.1 Hot Pressing

To aim for hot pressed SPEs, all educts are mixed in a mortar and ground to obtain
a homogeneous mixture of solids. The mixture is then transferred to a pressing tool
(Figure 5), which was made by the workshop of the TUM Chemistry department. To
prevent the polymer membrane from sticking to the pressing tool, a heat and chemical
resistant MYLAR® foil is used. The filled pressing tool is placed between the heating
plates (4000 Series™, High Stability Temperature Controller, Specac) of a hydraulic
press (Atlas™Manual 15 TON Hydraulic Press, Specac). The membranes are pressed
with 5 t for 2 h at 363 K. After the pressing tool is cooled to r.t., it is opened and the

SPEs are stored under inert gas conditions until applied to characterization methods.

Figure 5: Pressing tool for hot pressing polymer membranes.
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2.4 Analytical Methods
2.4.1 Powder X-Ray Diffraction

The crystallinity of the produced polymer membranes is checked wvia X-ray powder
diffraction. Small discs of the sample (diameter = 10 mm) are fixed between two
stripes of tape (Magic Tape®, Fa. Scotch, 3M ) before mounted in a flat-bed sample
holder. Measurements were conducted using a STOE STADI P-diffractometer with a
Ce(111)-monochromator for Cu K, (A = 1.54056 A) and a Dectris MYTHEN DCS
1K solid state detector. Diffraction patterns are collected in a 26-range from 5° to
80° with 1° step size and 10 s/step., resulting in a total measurement time of 16 min.

All measurements are carried out at r.t.

2.4.2 Differential Scanning Calorimetry

The thermal properties of the products are investigated by differential scanning calorime-
try. Aluminum crucibles are filled and closed by cold pressing in inert atmosphere (Ar).
The measurements are conducted in a Netzsch Maia DSC 200 F3 under constant ni-
trogen flow. The sample is measured for two cycles between 123 K and 523 K with
a heating and cooling rate of 10 K/min. For electrospun samples only the first cycle
is taken for discussion, as the unique fiber structure is destroyed once the sample is

molten.

2.4.3 Scanning Electron Microscopy

To observe the fibrous structure of the prepared membranes, small samples of the dried
SPEs are fixed to a conductive carbon tape and attached to the sample holder of the
scanning electron microscope (SEM). Two different devices are used depending on the
need to do energy-dispersive X-Ray spectroscopy (EDX) in combination with the SEM
imaging.

If EDX is required, the sample holder is transferred to the vacuum chamber of a
JOEL JCM-6000 NeoScop™, which is operated with a JEOL JED-2200 EDS. For SEM
imaging an acceleration of 15 kV is applied.

If no EDX is required, the sample is imaged with a EVO MA10 SEM (ZEILS), which

is operated at lower acceleration voltage of 5 kV.
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2.4.4 Electrochemical Properties

Ionic Conductivity via Electrochemical Impedance Spectroscopy
Determination of ionic conductivity is done by electrochemical impedance spectroscopy.
For potentiostatic frequency dependent measurements, a TSC battery cell (rhd instru-
ments) with nickel-coated stainless-steel electrodes (diameter = 8 mm) is used in com-
bination with a potentiostat (Metrohm Autolab B. V.). The integrated temperature
element and the impedance measurements are controlled by the same software (NOVA
2.1, Autolab B.V., Version 2.1). The fitting function of the software is used to interpret
the obtained impedance data by defining a suitable equivalent circuit. Before every
measurement, the required temperature is applied to the sample and maintained for
1200 s to ensure equal temperature distribution across the sample thickness. During
the measurement, a sinus wave with an amplitude of 20 mV vs. OCV is used in a
frequency range from 107 to 10! Hz. In every frequency decade at least six points are
recorded. After the measurement the samples temperature is changed again. Samples
are measured in a temperature range according to their thermal properties (upper tem-
perature limit < melting point of SPE).

From the fitted resistances r [, the ionic conductivity o [S/cm] is calculated by using
equation 1, where d [cm] is the thickness and A [cm?| is the contact area in the cell.
The thickness of SPEs is determined after the temperature dependent measurements

with a micrometer screw (Holez, 0-25 mm, 0.001 mm accuracy).

d
1 (1)

Activation Energy
The activation energy E, [kJ/mol| is determined by using an Arrhenius-Type plot,
where In(o) of the temperature dependent measurements is plotted over the inverse

temperature 1/T, following equations 2-3:

o= Axe (2)
In(o) = In(A) — %% (3)

where o [S/cm] is the total ionic conductivity, A the pre-exponential factor, R [J/(mol*K)]

the universal gas constant and T [K]| the temperature. Using a linear fit, equation 4,
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the activation energy is calculated from the slope m by using equation 5.

y=mz+t (4)

EA:—mXR (5)

Cyclic Voltammetry

To check the transport properties of the SPEs, symmetrical metal vs. metal electro-
chemical cells are applied. As electrode material, a metal suiting the SPE is chosen.
The electrode material (Li-metal, Mg-metal) is chosen to suit the conducting species
in the tested membranes. Coin cell configuration (Hohsen) is used with 1-1.5 mm solid
state spacers to fill the cell bodies and apply sufficient pressure for the electrochmi-
cal cycling. (Figure 6) After the cells are closed under argon atmosphere, they are
transferred to a climate chamber (Binder) set to 298 K and connected to a VMP3
potentiostat (Biologic) to apply the cyclic voltammetry (CV). After an initial EIS
measurement and an initial 10 min OCV period, the potential is varied with a con-
stant rate between an an equidistant positive/negative voltage limit according to the
determined OCV.

top cap
spring gasket

I
spacer

polymer sample

metal electrodes
bottom cap

Figure 6: Coin cell configuration used for cyclic voltammetry of solid polymer elec-
trolytes between two metal electrodes.
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2.4.5 Dynamic Light Scattering

The particle size distribution of nanostructured particles was determined via dynamic
light scattering (DLS). Therefore, the particles were dispersed in acetonitrile and filled
in single use disposable poly(styrene) cuvettes. These were placed in a Malvem Zeta-
sizer ZS and measured with a wavelength of 633 nm at 298 K. Particle sizes between
0.4 nm and 10,000 nm were detected.

2.4.6 Nuclear Magnetic Resonance Spectroscopy

All solid state nuclear magnetic resonance experiments were performed on Advanced II1
spectrometer (BRUKER) with a 7 T magnet with resonance frequencies of 75.4 MHz for
13C, 116.5 MHz for "Li and 282.4 MHz for 1°F. A BRUKER 4 mm triple resonance MAS
NMR probe was used during all measurements. To get information on the dynamics
of the ions of the conducting salts, temperature dependent static measurements were
performed for “Li and *F. For more insights into the polymer matrix *C-MAS NMR
experiments were conducted. As references for all measurements LiCl(aq) for "Li, TMS
for 13C and CFCl; for "F were used.[1%%]
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3 Results

3.1 Electrospun Li(TFSI)@Polyethylene Oxide Membranes as
Solid Electrolytes
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In the search for safer electrolytes, one possible solution are solid polymer electrolytes.!*07]

Poly(ethylene oxide) (PEO)is a prominent candidate to be used as polymer matrix, as
it is known for its excellent ability to solve alkali metal salts.l®! In earlier works, our
group showed that electrospinning is a suitable technique to fabricate dense networks
of micrometer fibers consisting of PEO and LiBF4 or BF4. Those networks could be
applied as solid polymer electrolytes (SPEs).[1%% 105 In this project, we investigated
the possibility to produce lithium bis(trifluoromethansulfonyl)imide (LiTFSI) contain-
ing electrospun PEO-based SPEs and their electrochemical properties. Therefore,
PEO:LiTFSI and plasticizer-containing PEO:SN:LiTFSI membranes with different mo-
lar compositions are prepared via electrospinning. For the plasticizer-free PEO:LiTFSI
SPEs molar compositions of 36:1 and 18:1 are successfully prepared. Those ratios are
maintained for the addition of succinonitrile leading to membranes with molar ratios of
PEO:SN:LiTFSI 36:8:1 and 18:3:1, which can be successfully prepared. For all composi-
tions dense networks of 1-3 pum fibers are obtained. With XRD no longe range ordering
other than of pure PEO is observed. Further analysis with solid state NMR showed an
amorphous PEO;; LiTFSI and a crystalline PEOgLiTFSI phase. From DSC the melting
points are determined to 323 K and 325 K for PEO:LiTFSI 36:1 and 18:1. Adding SN
slightly decreased the melting points to 322 K and 313 K for PEO:SN:LiTFSI 36:8:1
and 18:3:1 compositions. The from impedance spectroscopy calculated ionic conductiv-
ity for plasticizer-free membrane with the lowest conducting salt content, PEO:LiTFSI
36:1 is determined to be 4.4 x 10 S/cm at 298 K which increases to 1.1 x 10 S/cm
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at 328 K. For membranes with double the amount of conductive salt, PEO:LiTFSI
18:1 the ionic conductivity raises to 9.8 x 10°% S/cm at 298 K and 2.8 x 10* S/cm
at 328 K. The activation energy of these membranes is about 72 kJ/mol, independent
of the conducting salt concentration. The addition of plasticizer has no pronounced
positive effect. For the PEO:SN:LiTFSI 18:3:1 membrane the ionic conductivity at
293 K is determined to 8.6 x 1079, if the SN content is increased to a PEOQ:SN:LiTFSI
36:8:1 composition the ionic conductivity raises to 1.9 x 10® at 293 K even though
the conducting salt concentration is lower. The activation barriers are determined to
77 kJ/mol (18:3:1) and 57 kJ/mol (36:8:1). Although the activation energy is lower
for the latter, the ionic conductivity is only increased by a small value. Samples of all
compositions are tested in symmetrical Li vs. Li coin cells. After few initial formation
cycle all membranes can be cycled for at least 14 cycles, when cycled between -1 V and

1 V vs. Li/Li" whit a constant scanning rate.

Author contributions: P.W. and K.M.F. prepared the polymer membranes, deter-
mined the ionic conductivity from electrochemical impedance measurements, examined
the phase analysis via X-ray powder diffraction and the thermal properties from dif-
ferential scanning calorimetry, made the scanning electron microscopy pictures and
tested the cycle ability in symmetrical Li vs. Li coin cells with cyclic voltammetry
measurements. H.K. and M.K. carried out the solid state NMR measurements and
interpreted the resulted data. P.W., K.M.F., HK., L.v.W. and T.N. were involved in
writing the manuscript. P.W., H.K., L.v.W. and T.N. discussed the results and revised

the manuscript.

Republished with permission of John Wiley and Sons, from Electrospun Li(TFSI)Q Poly-
ethylene Oxide Membranes as Solid Electrolytes; P. Walke, K.M. Freitag, H. Kirchhain,
M. Kaiser, L. Van Wiillen and T. Nilges; Zeitschrift fiir anorganische und allgemeine
Chemie; 644:1863-1874, 2018; permission conveyed through Copyright Clearance Cen-

ter, Inc.
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Abstract. Thin membranes of lithium-bis(trifluoromethan)sulfon-
imide@poly (ethylene oxide) (or Li(TFSI)@PEO) were fabricated by
electrospinning from acetonitrile solutions of the starting materials at
room temperature. Membranes were tested with and without succinon-
itrile (SN), acting as a plasticizer to enhance the ion mobility in the
systems. Our experiments substantiate, that SN does influence the elec-
trochemical performance and physical properties of the membranes.
Homogeneous amorphous membranes were only realized for SN-con-
taining samples, while phase segregation and crystallization occurred
for SN-free representatives. Membranes of different compositions were
tested and the optimum molar mixture of PEO:SN:Li(TFSI), in terms

of membrane conductivity, was identified as 36:8:1. Conductivities up
to up to 2.8X10*S-cm™' were determined by impedance spec-
troscopy for this membrane. Used as solid electrolytes without the aid
of any additional electrolyte in symmetric Li vs. Li cells, a reasonable
stability upon Li cycling could be observed. Here we illustrate that
electrospun plasticizer-modified Li(TFSI)@PEO membranes show
high conductivities at very low conductive salt concentrations, com-
pared with solution casted or hot pressed representatives. This feature
renders these materials as potential candidates for separators in all
solid-state batteries or related energy storage applications.

/

Introduction

Battery science focuses more and more on all-solid state
solutions for electrodes, electrolytes and separators, where no
liquid phase is necessary.l!! A solution, out of many others,
to address this issue is the usage of polymer electrolytes and
conductive salt additives*! without the aid of additional liquid
phases. Ideally, the conductive salt additive fully dissociates in
the polymer matrix, the mobile ion species can attract as many
as possible coordination sites in the polymer to allow enhanced
ion mobility/transport, and the salt@polymer membrane is
stable against reactive electrodes, like for instance bare Li or
Na metal.®! The scientific work on such a multi parameter
problem began more than 40 years ago with the discovery that
polyethylene oxide (PEO) can effectively be used as a matrix
and can act as a proper host for conductive salts, inducing fast
ion transport.!®!

* Prof. Dr. T. Nilges
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* Prof. Dr. L. van Wiillen
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[a] Synthesis and Characterization of Innovative Materials Group
Department of Chemistry
Technical University of Munich
Lichtenbergstrasse 4
85748 Garching b. Miinchen, Germany
[b] Institute of Physics
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under http://dx.doi.org/10.1002/zaac.201800370 or from the au-
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Many blends or pseudo binary and ternary systems exist to-
day, varying the polymer host, the conductive salt and the addi-
tive.[’! Such additive or plasticizer in conductive salt@polymer
membrane tends to accelerate the ion mobility or improves
the mechanical properties of the system. Solution casting, dip
coating, or hot pressing are common methods to realize ion
conducting thin membranes. Recently, an alternative process
to access thin membranes of conductive salts in polyethylene
oxide (PEO), like LiBF,@PEO ¥ and NaBF,@PEO ,°! has
been reported. In this process, electrospinning was used to fab-
ricate thin-film membranes, which showed high conductivities
up to 9X 107 S-cm™' and reasonable stability against lithium
and sodium metal. In the case of LiBF,@PEO membranes, a
conductivity increase of two orders of magnitude, compared
with solution casted systems at room temperature, illustrates
the potential of these materials. While the lithium systems
were optimized by succinonitrile (SN), acting as a plasticizer
additive, the NaBF,@PEO showed almost the same electro-
chemical performance without such a modification. Those pos-
itive results motivated us to evaluate the influence of anion
exchange on the electrochemical properties and the cation mo-
bility in related materials. We decided to investigate lithium-
bis(trifluoromethan)sulfonimide [Li(TFSI)] as a conductive
salt additive, due the well-known and beneficial properties of
this compound in battery applications. It is a well-established
conductive additive in polymer electrolytes!'”! and plays a cru-
cial role in modern ionic liquid-optimized battery electro-
lytes,!'"T just to name some. Another important point is the
good dissociation tendency in many solvents and the overall
excellent electrochemical stability.
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Without any doubt, alternative solid ion conductors are of
interest, which unify properties like high ion conductivity,
electrochemical stability, low toxicity and low price. Our gene-
ral purpose is to verify if electrospinning of conductive
salt@polymer membranes is an alternative route to classically
fabricated ones. Herein, we report on the synthesis and charac-
terization of electrospun Li(TFSI)@PEO membranes, which
might become an interesting solid ion conductor alternative to
present solution casted or hot pressed representatives.

Experimental Section

Synthesis of Membranes: The solution for electrospinning composed
of different starting materials was prepared by dissolving PEO
(7.95 mmol, 0.350¢g) in 7.5 mL acetonitrile (VWR, >99.8, H,O
<30 ppm) until the PEO is completely dissolved. Li(TFSI) was added
in the right amount to this solution (see Table 1) and stirred until every-
thing is dissolved. In the final step, the plasticizer was added and the
whole solution was stirred overnight for full homogenization. The
whole process was performed in a flask in an argon atmosphere.

Table 1. Compositions of Li(TFSI)@polyethylene membranes includ-
ing the amount of plasticizer SN (if necessary).

PEO:SN:Li(TFESI) PEO / SN /mol % Li(TFSI) /mol %
mol % (g, mmol) (g, mmol)
36:0:1 97.3 - 2.7
(0.0633, 0.22)
18:0:1 94.7 - 5.3
(0.1266, 0.44)
18:3:1 82.0 13.5 4.5
(0.1057, 1.32) (0.1266, 0.44)
36:8:1 80.0 17.8 2.2
(0.1414, 1.76) (0.0633, 0.22)
36:14:1 70.5 27.5 2.0

(0.2475, 3.10)  (0.0207, 0.22)

Membranes were fabricated by electrospinning in a home-made elec-
trospinning apparatus as described previously in literature.!® All fibers
were fabricated with a 0.9 mm injector, at a flow rate of 3 mL-min~!,
and an acceleration voltage of 17 kV. The fibers were collected on a
flat bed collector and dried at a vacuum of p < 7 X 10~ mbar for 3 d.
Each membrane was stored in a glove box under inert gas atmosphere
(argon, H,0, and O, < | ppm) prior to usage.

X-ray Powder Diffraction Phases Analysis: Powder XRD measure-
ments of selected membranes were executed with a STOE STADI P
diffractometer (Cu-K,, radiation, A = 1.54051 A, Ge monochromator)
with a flat-bed sample holder. a-Si (a = 5.43096 A) was used as in-
ternal standard. The sample membranes were punched out from the
ready-prepared and dried membranes and measured directly in trans-
mission geometry.

Differential Scanning Calorimetry (DSC): DSC measurement of all
Li(TFSI) @polyethylene oxide membranes were performed in alumi-
num crucibles with a NETZSCH DSC 200 F3 Maja. A standard heat-
ing and cooling rate of 10 K'min~' was used during the measurements.
All measurements were performed in a continuous nitrogen stream.

Scanning Electron Microscopy (SEM): SEM pictures of the entire
membranes were taken with an EVO MA10 Scanning Electron micro-
scope (Zeiss) using an acceleration voltage of 2-5kV. Such a low

voltage was applied to avoid charging effects of the membranes during
the measurements.

Electrochemical Characterization: Total conductivities were mea-
sured with a Metrohm Autolab B. V. potentiostat and an integrated
FRA 32 M module. Membranes of 1 cm in diameter were punched out
from a large area membrane and placed between nickel-coated stain-
less-steel electrodes in rdh Instruments TSC battery cell unit. The
thicknesses of the membranes were determined by a Holex micrometer
screw up to an accuracy of *0.1 um. Impedance spectra were re-
corded in a frequency range of 1 MHz to 0.01 Hz and a temperature
range of 278 to 328 K in steps of 5 K.

Cyclovoltammetry was conducted with a VMP3 Potentiostat from Bio-
logic in a symmetric cell setup with Li metal electrodes of 1.3 cm
diameter and 0,6 cm thickness on both sides of the membrane. The
symmetrical cell was mounted in a glove box in an argon atmosphere
(O, and H,O concentration < 1 ppm) and placed inside a coin cell
without the usage of any additional conductive additive or electrolyte.
A voltage window of = 1 V was applied to the coin cells and a scan-
ning rate of 0.1 mV-s™' was chosen at 298 K. The thickness of the
membranes was 100 pm.

Nuclear Magnetic Resonance Spectroscopy: Solid state nuclear
magnetic resonance experiments were performed with a BRUKER
Avance III spectrometer equipped with a 7 T magnet at resonance fre-
quencies of 75.4 MHz, 116.5 MHz, and 282,4 MHz for '3C, "Li and
19F, respectively. A 4 mm triple resonance MAS NMR probe from
Bruker was used for all measurements. Temperature dependent “Li and
19F NMR measurements were performed under static conditions to
obtain information about the dynamics of the Li cation and TFSI anion
within the membranes. Additional '3C-MAS NMR experiments were
performed to characterize the PEO membrane. The signals were refer-
enced as usual to LiCl(aq) for "Li, CFCls(aq) for '°F and TMS for '3C
employing adamantane as external reference. Temperature calibration
was performed employing the chemical shift of the 2°’Pb NMR signal
of Pb(NOs), as a chemical shift thermometer.!'?!

Typically, relaxation delays between 5 s and 120 s were used for "Li
and '°F; for '*C, relaxation delays of 10 s to 60 s were used for the
single pulse excitation spectra, whereas 5s were used for the '*C{'H}-
cross polarization (CP)-MAS spectra with high power proton decoup-
ling. For quantitative '3C spectra, recorded after single pulse excitation
under high power proton decoupling, relaxation delays of up to 300 s
were used to ascertain full relaxation of possible crystalline constitu-
ents (crystalline PEO or PEOXLiTFSI).

Supporting Information (see footnote on the first page of this article):
The supplement contains Nyqvist-Plots of represantative impedance
measurements and additional Solid State NMR spectra.

Results and Discussion

State-of-the-art Solid Electrolyte Systems Based on
PEO:Li(TFSI)

Li(TFSI)@PEO materials and membranes have been pre-
pared by solution casting and has been intensively examined
in the past as solid electrolytes.''3~151 A reasonable high ion
conductivity up to 2.9 X 103 S«cm™! was observed for certain
compositions, which render such systems as potential candi-
dates for applications as solid state ion conductors. The binary
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phase field (Figure 1) of the two compounds shows several
more or less defined crystalline compounds (see Figure 1) and
it is dependent on the molar mass of PEO. Data for Figure 1A
and B were adapted from the literature [M(PEO) =
4.5%10% g'rmol~'],113-151 and weight fractions and mol frac-
tions are denoted for clarity. In Figure 1C 'l we denote the
originally reported Li(TFSI)-PEO phase diagram for
M(PEO) = 4X10° g'mol~!, whereas Figure 1D represents a
M(PEO) = 5% 10° g'mol~! one.['”! Finally, Figure 1E shows
the phase diagram for M(PEO) = 4.5 X 10% grmol~".1'*! In our
study we used PEO with a molar mass of 3 X 10> grmol™! for
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best electrospinning performance. Our melting points deter-
mined for the different LiTFSI-PEO membranes are consistent
with the ones reported for the low molar mass PEO phase
diagram in Figure 1E. We therefore use this phase diagram for
further discussions and interpretations.

In the Li(TFSI)-PEO phase diagram for M(PEO) =
4.5%10% ggmol™! U4l three crystalline complexes with
PEO:LIiTFSI = 2:1, 3:1, and 6:1 exist in this system. Of special
interest is the compositional range with 6:1 to 12:1, for which
a crystallinity gap was postulated, consequently entailing the
prospect of high ionic conductivity.

B 0

isotropic area
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Figure 1. Binary Li(TFSI)-PEO and ternary Li(TFSI)-PEO phase diagrams adapted from data given in the literature (Vallee 1992,!'3 Lascaud
1994, and Echeverri 2012,['5! (left). (C) Li(TFSI)-PEO phase diagram [M(PEO) 4 X 10° g'mol~'].l'®) (D) Li(TFSI)-PEO phase diagram
[M(PEO) 5 X 10° g'mol~'].'7! (E) Li(TFSI)-PEO phase diagram [M(PEO) 3.9-4.5 X 10° g'mol~'].1'"*) Stars * and # mark the melting points and
sample compositions of the electrospun membranes, investigated in this study for M(PEO) = 3 X 10° g'mol~! samples. (A) and (B) reprinted
from reference!'®!, (C) — (E) reprinted with permission from...(to be filled in the case of acceptance.
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However, subsequent studies have shown that this crystal-
linity gap is only accessible when employing PEO of low mo-
lecular weight. For high molecular weight PEO, the material
was shown to consist of a mixture of pure PEO, crystalline
(PEO)¢LiTFSI, and an amorphous eutectic with PEO:LiTFSI
= 11:1.11%1°1 Marzantowicz et al. have monitored the crystalli-
zation of (PEO)nLiTFSI for M(PEO) = 5 X 10° g'mol~" within
the crystallinity gap by conductivity measurements with simul-
taneous polarizing-microscopy and X-ray diffraction.?®! Ac-
cording to these authors an effective phase segregation occurs
for compositions close to the eutectic. Once crystalline PEO
or (PEO)GLiTFSI has started to precipitate, salt is rejected to
or drained from the remaining amorphous phase, so its compo-
sition is shifted towards the competing crystalline phase whose
crystallization becomes thus favorable.

With an increasing amount of PEO, the well-defined crystal-
line compounds are vanishing and a much more complex phase
behavior is present. In a NMR study!?!! using high molecular
weight PEO [M(PEO) = 5 X 10° g'mol~'] an ensemble of three
different phases are found, pristine PEO, crystalline 6:1
PEO:LiTFSI, and amorphous 11:1 PEO:LiTFSI. Here, the
amorphous phase plays a crucial role for the ionic mobility in
the systems.

The pseudo-binary title membranes with the compositions
of PEO:LIiTFSI = 18:1 and 36:1 are located in the latter men-
tioned phase field and are marked with red stars in Figure 1,
which represents and economic amount of conductive salt in
the systems. Prud’Homme et al. has shown that a certain
amount of ether functionalities is necessary in the compound
to provide a substantial ion transport and conductivity through
the membranes. It became obvious, that crystallization of the
above-mentioned 6:1, 3:1 and 2:1 phases should be avoided,
in order to provide an effective and high ion transport through
the membranes. Crystallization hinders the fast and effective
ion transport and traps the ions in defined environments. The
transfer of ions on a short scale happens by coordination via
the ether functionalities and long-range ion mobility occurs by
local hops of the ions to oxygen pockets between the same or
neighbored PEO chains. Two systems with a composition of
6:1 and 50:1 were subject to a conductivity study and
5% 1078 S.em™ and 2 X 1077 S«cm™' were determined as room
temperature conductivities.”?”! If the two systems are heated
above the melting point this conductivity difference vanishes.
In the non-crystalline and isotropic regime, enough ether func-
tionalities are present for an effective ion transport. Marzan-
towicz et al.l'! investigated solution casted PEO:LiTFSI sam-
ples with 8:1, 10:1, 12:1, und 16:1 composition and they found
fractions of the crystalline 6:1 compound, as well as partial
crystalline PEO in their samples. The amount of crystalline 6:1
phase decreases with an increasing PEO content. A conductiv-
ity of 1X 107 S-cm™ was observed for the 16:1 sample at
293 K, which increases to 3 X 10~* S-cm™' at 328 K.

In our experiments we intended to get as close as possible to
this composition but due to experimental reasons the maximal
composition we could realize by electrospinning was 18:1 and
we were only able to use PEO with an molar mass of M(PEO)
= 3X10° g'mol!. In terms of resource efficiency, this 18:1

composition is even better because it does contain less conduc-
tive salt than the previously mentioned ones.

Plasticizers like ethylene carbonate (EC) [22! or succinonitr-
ile (SN) are applied to the PEO:Li(TFSI) systems in order to
accelerate the chain motilities of the PEO matrix, to enhance
the ion mobility in the compounds, and to reduce aging effects,
which occur upon storage.?3 We selected SN for our studies
due to the melting point of ca. 330 K, instead of EC, which
melts at 309 K.[2%] SN fits better to the expected range of appli-
cation of the Li(TFSI)@PEO membranes, which is limited by
the melting point of PEO (see Figure 4). A quasi-ternary phase
field containing solution-casted Li(TFSI), PEO and SN materi-
als were reported by Echeverri et al.['3! In Figure 1, the entire
phase field is denoted, based on the reported data. The phase
field can be separated in three different regions, an area with a
high fraction of crystalline PEO, a second one with significant
amounts of crystalline SN, and an isotropic region, where only
amorphous phases are present. Conductivities in the different
regions of the phase field are also given in this figure. An
obvious trend can be observed which clearly shows, that high
Li(TFSI) and SN contents, no phase separation, and a suppres-
sion of crystalline phases are important for an enhanced con-
ductivity (this is valid in the isotropic region). This observation
is in good accordance with the findings for the plasticizer-free
membranes, where the highest conductivities are also found in
isotropic and amorphous regions. The lowest conductivities in
the quasi-ternary phase field are found in the PEO-rich region,
where the SN and Li(TFSI) content is low and PEO is crys-
tallized. Recently, a Density Functional Theory (DFT) and ab
initio Molecular Dynamics (MD) simulation study examined
the mechanisms and diffusion pathways in amorphous and
crystalline PEO:Li(TFSI) 3:1 phases. Activation barriers for
the Li ion hopping were determined (0.53 eV in the amorphous
vs. 1.2 eV in the crystalline stage) and only half the activation
energy is needed to move ions in the amorphous stage.¥ This
finding is in perfect agreement with the experimental observa-
tion.

Another study by Fan et al. investigated the influence of an
increasing SN content [0 to 95 mol% SN and 5 mol%
Li(TFSI)] in solution casted PEO:SN:Li(TFSI) samples.?’!
They found an increase of the conductivity from the
SN-free sample of 5X 107 S«cm™' to the PEO-free one of
2 X107 S-cm™ at 293 K. Unfortunately, they found a signifi-
cantly reduced mechanical stability for the PEO-free material
compared with the SN-free one. A good compromise was a
14:3:1 one, where they found reasonable mechanical stability
and conductivities of 5X10*S.em™ at 293K and
2x 1073 S«em™" at 328 K.

Due to the findings stated above we decided to prepare com-
pounds in the PEO-rich phase field for our electrospun mem-
branes [PEO:SN:Li(TFSI) = 18:3:1 and 36:8:1] to check if low
concentrations of the conductive and expensive salt and elec-
trospinning of the membranes can result in more positive re-
sults than for the solution casted samples. Again, our 18:3:1
membrane represents the maximum salt concentration, which
we were able to use for an electrospun membrane. The other
36:8:1 membrane represents the sample with the highest spin-
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able SN contend and a reduced conductive salt fraction as
compared with the other sample.

Electrospun PEO:Li(TFSI) Membranes

In Figure 2, representative SEM pictures of the two electros-
pun membrane systems with 18:1 and 36:1 composition (molar
ratio) are shown. In both cases, we were able to fabricate a
dense and uniform membrane with fiber diameters of 1-3 pm.
A little denser membrane was realized in the case of the plasti-
cizer-free 18:1 membrane than for the 36:1 system.

Representative ~ SEM  pictures  of

plasticizer-free
Li(TFSI)@PEO with a molar PEO:LiTFSI ratio of 18:1 (A, B) and
36:1 (C, D), and plasticizer-containing (Li(TFSI),SN)@PEO mem-
branes with a molar PEO:SN:Li(TFSI) ratio of 18:3:1 (E,F) and 36:8:1
(G,H).

Figure 2.

Fortunately, and in contrast to the solution-casted samples
reported in literature, we found no hints for the formation of
crystalline 6:1 and other crystalline compounds in the XRD
patterns. Very small particles or amorphous phases cannot be
ruled out at this point (see later on in the NMR Section). At
least, a hint of a lower crystallization tendency of PEO and an
increased amount of an amorphous phase (broad signature
around 20° 20) can be estimated (see Figure 3 top).

The melting points of the 18:1 and 36:1 membranes are
slightly reduced from 336 to 325 and 323 K, respectively (Fig-
ure 4, top). In the case of the 18:1 a second thermal effect at
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Figure 3. X-ray powder diffraction of plasticizer-free Li(TFSI)@PEO
(top) and plasticizer-containing (Li(TFSI),SN)@PEO (bottom) mem-
branes. The composition of each membrane is given in the figure. The
red areas illustrate the regions were reflections of the crystalline
(PEO)Li(TFSI) might occur.!'?:26!

308 K was found in the DSC experiment which one can assign
to the solidification of the eutectic mixture according the phase
diagram of high-molar mass PEO in Figure 1D.

Selected 18:0:1 and 36:0:1 membrane were investigated by
impedance spectroscopy (IS) and cyclic voltammetry (CV) in
order to verify the ion mobility, the ion transport properties,
and the electrochemical stability against Li in battery half cells.
The total ionic conductivity was determined from two different
batches of dried membranes measured in two temperature win-
dows of 278 to 303 K and 293 to 328 K. For the 36:0:1 mem-
brane with the lowest Li(TFSI) content, we observed a conduc-
tivity of 4.4X10°S-cm™ at 293 K which increased to
1.1 X10™* S-cm™! at 328 K. Even this low conductive salt con-
tent results in higher room temperature conductivities as com-
pared to the solution-casted 16:1 sample (1 X 107 S-cm™ at
293 K) reported by Marzantowicz et al. in the literature.*!

Upon doubling of the conductive salt component, the 293 K
conductivity raised half an order of magnitude to
9.8 X 107° S.«cm™! which ended up at 328 K in a conductivity
of 2.8 X 10~* S-«cm™! (see Figure 5A).

Let’s focus now on a comparison of electrospun systems
directly. In a recent study, LiBF, was used as a conductive salt
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Figure 4. DSC curves of plasticizer-free Li(TFSI)@PEO and plasti-
cizer-containing (Li(TFSI),SN)@PEO membranes, including the pure
starting materials PEO and SN. The composition of each membrane
in mol % is given in the figure.

additive and the same membrane compositions were examined
concerning their electrochemical properties. For the 36:0:1
LiBF,@PEO membrane a conductivity of 5.6 X 10~ S.«cm™' at
293 K was found, which is one order of magnitude lower than
for the Li(TFSI)@PEO membrane.®! At 328 K the 36:0:1
LiBF,@PEO membrane shows 1.5X 10~ S:cm™', which is
again lower than the one of the Li(TFSI)@PEO membrane at
the same temperature (1.1 X 10~* S:cm™"). The same tendency
and increase in conductivity is present for the 18:0:1 mem-
brane. Here, the LiBF,;@PEO membranes are again almost one
order of magnitude lower in conductivity (LiBF;@PEO mem-
branes: 1.2X10°S.cm™' at 293K; 3.8X 10> S:em™' at
328 K). Data are summarized in Figure SE. It seems to be the
case, that the type of the anion may cause a significant im-
provement of the total conductivity, which might be beneficial
for applications. The question arose at this point, if the ex-
change does affect the activation energy for the ion hopping in
the Li(TFSI) system.

We therefore conducted an Arrhenius plot and derived the
activation barriers from the slope of the curves. Both mem-
branes show Arrhenius-type behavior and an averaged acti-
vation barrier of 71(1)kJmol~' (36:0:1 membrane) and
72(1) kJ'mol~! (18:0:1 membrane). Data are summarized in

Figure 5B. These activation barriers are almost the same than
observed for LiBF,@PEO membranes (75 kJ-mol™"), featuring
exactly the same conductive salt content. According to the acti-
vation barriers it seems that the exchange of [BF,]~ by [TFSI]~
does not induce any changes. At least the coordination behav-
ior of the Li ions in the PEO matrix seems to be not affected
by the anion exchange, and the postulated mechanism of ion
transport in PEO, where Li* is coordinated by oxygen of the
PEO matrix and the Li ion transport is determined by an in-
creased PEO chain mobility,’?’-2°! is still valid. For a detailed
discussion of the underlying mechanism, the reader is referred
to check the literature.’®! An investigation of the local ion
mobility’s is discussed in the NMR Section later on.

In order to evaluate the Li ion transport properties, we con-
ducted CV measurements in a symmetric LilLi(TFSI) @PEOILi
setup at room temperature. In Figure 6A and B we show the
data for the 36:0:1 and the 18:0:1 membrane. Both membranes
deliver a symmetric CV signal in a voltage range of 1V,
which is characteristic for a reversible Li transport under the
given conditions. The 36:1 membrane shows a slight and con-
tinuous increase of the capacity up to the 14th cycle, whereas
the 18:1 membrane seems to undergo a certain induction pro-
cess in the first CV cycles, prior to the point when steady-state
conditions are reached. This takes place at about 10 CV cycles.
This finding is in contrast to LiBF,@PEO membranes of the
same composition,!'3! where a steady loss of capacity was ob-
served after the same amount of cycles. It became obvious,
that Li(TFSI)@PEO membranes show an enhanced stability
for the Li ion transport through the membrane compared with
the LiBF, counterparts.

Electrospun PEO:SN:Li(TFSI) Membranes

In the case of LiBF,@PEO electrospun membranes, the us-
age of SN as plasticizer was beneficial for the stability and
overall electrochemical performance. Upon SN usage in those
systems, the Li transport was reversible and a steady Li ion
transport was realized and measured in CV experiments. The
total conductivity raised almost two orders of magnitude, while
the activation energy was more than halved. This results moti-
vated us to verify the influence of SN to the Li(TFSI)@PEO
membranes. We prepared membranes of the same composition
than investigated before for the LiBF;@PEO membranes, in
order to make them as comparable as possible. Therefore, we
prepared PEO:SN:Li(TFSI) = 36:8:1 and 18:3:1 membranes
and conducted the same set of experiments than for the plasti-
cizer free samples. We were able to spin comparable mem-
branes in terms of fiber size, and density for the title mem-
branes, as well as in the case of the previously examined and
reported (LiBF,;,SN)@PEO ones (see Figure 1). In all cases,
the fibers displayed a diameter of 1-3 pm, added up to a total
membrane thickness of ca. 100 um, and comparable fiber
densities.

According to X-ray phase analysis it became obvious, that
SN slightly increases the unwanted crystallization of PEO, as
compared with the plasticizer-free membranes. Crystallization
of PEO tends to reduce the ion mobility and increases the
bonding interaction to Li ions in the matrix.l*3!! We observed
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Figure 5. Total conductivities (A, C) of plasticizer-free Li(TFSI)@PEO and (Li(TFSI),SN)@PEO membranes, measured in two temperature
ranges of 278 to 303 K (grey triangles), and 293 to 328 K (black triangles). On the right side (B, D) Arrhenius plots are denoted and activation
energies are given. The composition (molar ratio) of the membranes is given for each set of experiments. (E, F) Conductivities of plasticizer-
free and plasticizer-containing Li(TFSI)@PEO (red, 293 to 328 K data) and LiBF,@PEO systems (black). Data for the LiBF,@PEO systems
are taken from reference!®!.

a certain increased tendency for PEO to crystallize if SN is membranes, a shift in the melting points of the material can
added as a component to the electrospinning solution, which  be observed. The additional SN reduces the melting points of
manifest in more defined and stronger reflections in the XRD  36:8:1 and 18:3:1 membranes, only a few Kelvin to values
diffractograms (Figure 2). As observed for the plasticizer-free  rather close to the values found for the SN-free ones. We deter-
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mined onset values of 323 K and 313 K, respectively. As in
the case of the plasticizer-free membranes, a certain lambda
shape of the DSC signals is present, which might be due to a
certain phase separation within the amorphous phase fractions.
There is no segregation detectable leading to crystalline
phases, as one might see in Figure 2.

Taking a look on the total conductivities of the SN-contain-
ing samples we see almost no difference to the SN-free ones
(cf. Figure SA and C). Upon SN increase only a tiny
positive effect to the room temperature conductivity
(8.6 X10°S.cm™ at 293 K for the 18:3:1 membrane vs.
1.9X 107 S-cm™! at the same temperature for the 36:8:1) can

be found. Unfortunately, we were not able to successfully spin
an 18:8:1 sample, which might be higher in conductivity than
the 18:3:1 one. This feature illustrates the limit of the electro-
spinning process where not every wanted composition can be

addressed.

The activation barrier seems to be unaffected by the plasti-
cizer for the 18:3:1 membrane where 77(1) kJ-mol~' was deter-
mined, a value, which is in the same range than observed for
the plasticizer-free 18:0:1 case. If the SN content is increased
up to the maximum which we were able to spin (36:8:1), the
activation energy is reduced to 57(1) kJ'mol~!. Unexpectedly,
the conductivity is not changed in this case.
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In order to explain this finding and to clarify the role of SN
in the membranes we performed solid State NMR spectroscopy
to shine more light onto this feature.

After the set of impedance measurements as summarized in
Figure 5 we checked the morphology of a Li(TFSI),SN)@PEO
(36:8:1) membrane. As shown in Figure 7 the fiber structure
within the membrane is still present and no significant mor-
phology change took place. This finding is important because
the maintained fiber structure is important to preserve the im-
proved properties. If significant pressure is applied to the
membrane the morphology will be destroyed and the properties
will be comparable with the solution casted samples.

Figure 7. A [Li(TFSI),SN]@PEO (36:8:1) membrane before (top) and
after (bottom) the impedance measurement cycle shown in Figure 5.

NMR Spectroscopic Investigations on Electrospun
PEO:SN:Li(TFSI) Membranes

Solid state NMR experiments were performed to obtain
more information about the structural details, the phase organi-
zation and dynamic processes present in the membranes. Fig-
ure 8 shows the temperature dependent evolution of the line
widths of the 7Li and '°F signals in the investigated mem-
branes. Room temperature “Li and '°F-Spectra may be found
in Figures S3 and S4 (Supporting Information). While the
spectra for the plasticizer containing samples PEO:SN:LiTFSI
36:8:1 and 18:3:1 are characterized by a single narrow lo-
rentzian line, the spectrum for the SN free 18:0:1-membrane
exhibits a superposition of a narrow lorentzian line and a sec-
ond much broader contribution, indicating dynamic hetero-
geneity.
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Figure 8. Evolution of the "Li and '°F linewidth as a function of tem-
perature for PEO:SN:LiTFSI 18:0:1, 18:3:1 and 36:8:1. Dashed lines
are guides to the eye.

At low temperatures, at which no dynamic process is active
in the membranes (rigid lattice regime), the lines are broadened
by the orientation dependence of the internal interactions,
which scale with the second Legendrian, 3cos?f—1, with 8 de-
noting the angle between the direction of the magnetic field
By and the principal axis of the relevant internal interaction.
Any motional process will therefore result in an at least partial
averaging of the interactions and entail a narrowing of the
NMR line width. Whereas for the '°F nucleus the line width
is governed by the chemical shift and dipole interactions, for
I = 3/2 nucleus Li the line width of the central m = 5 —
m = Y% transition is dominated by the homonuclear dipole
interaction. From the onset temperature of the motional nar-
rowing, the activation energy for the relevant motional process
may be calculated following the empirical Waugh-Fedin rela-
tion Ex = 0.156 X T4 With T, denoting the onset tempera-
ture of the beginning of the line narrowing.®?! As the onset
temperature the temperature, at which the linewidth reduces to
(Vrigid lattice = Vmot narrowing)/2 + Vot narrowing Was taken.

From Figure 8 we learn that — as for the electrospun system
PEO-SN-LiBF,®! — the activation energies for anion and cat-
ion dynamics in the plasticizer free membrane 18:0:1 are
somewhat higher [40kJmol™' (T, = 259K) and
41 kJ'mol™" (T, et = 264 K) for 7Li and '°F respectively] as
compared to the plasticizer containing membranes
PEO:SN:LiTFSI 36:8:1 and 18:3:1, which exhibit activation
energies of 36 kJsmol™! and 38 kJmol~!, respectively.

The '*C NMR experiments were performed to obtain infor-
mation about the dynamics of the polymer and its phase or-
ganization. Apart from amorphous and crystalline PEO phases
such as an amorphous eutectic PEO,;LiTFSI phase and crys-
talline PEOGLiTFSI have been observed in a recent study./?!!
The '3C MAS NMR spectra for the plasticizer-free sample
18:0:1 and one of the plasticizer containing samples 36:8:1,
obtained under high power proton decoupling, are shown in
Figure 9 and Figure 10. The dominant signal at 6 = 70 ppm in
the 36:8:1 sample can be assigned to '*C nuclei of PEO in a
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highly dynamic amorphous PEO:SN:LiTFSI phase. This as-
signment is supported by the '3C MAS NMR spectrum, re-
corded without proton decoupling (cf. Figure 8, inset 1). Here,
the signal splits into a triplet due to the 'J(C-H) coupling to
the methylene protons. The detection of this triplet signals the
complete removal of the significant line broadening due to the
13C-'H dipolar coupling and hence indicates a remarkably
high, almost liquid like PEO mobility. The signal at 6 =
14 ppm, originating in the methylene carbons of the succinon-
itrile, also exhibits the splitting into a triplet (cf. Figure 8, inset
2), supporting the view of a highly mobile, plasticizer contain-
ing PEO-SN-LiTFSI phase. The signal for the SN nitrile group
is found at 6 = 118 ppm, together with a quartet stemming
from the CF; groups of the TFSI anion.
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Figure 9. '3C NMR spectrum of PEO:SN:LiTFSI 36:8:1 at room tem-
perature acquired with high power proton decoupling. Inset 1 and 2:
13C NMR spectra acquired without high power proton decoupling. In-
set 3: 13C-"H-cross polarization measurements conducted with 0.5 and
8 ms contact time.
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Figure 10. '3C NMR spectrum of PEO:SN:LiTFSI 18:0:1 at room
temperature acquired with high power proton decoupling. Inset 1: '3C
NMR spectrum acquired without high power proton decoupling. Inset
2: 13C-"H-cross polarization measurements conducted with 0.5 and 8
ms contact time.

For the 18:0:1 sample, the splitting of the 70 ppm signal into
a triplet is barely visible (Figure 10, inset 1). This indicates

that the segmental mobility of the PEO chains in the plasticizer
free PEO:LiTFSI phase is significantly lower as compared to
those of the ternary samples. These results support the finding
from the static “Li and '°’F NMR experiments. In addition, for
the 18:0:1 sample, two signals at 0 = 66 ppm and 69 ppm are
discernible in the CPMAS spectra (cf. Figure 9 inset 3). The
chemical shift of these signals is identical to those of the crys-
talline PEOGLiTFSI phase as observed by Koester et al.?!1 In
addition, the contact time behavior, i.e. the evolution of CP
signal intensity with contact time, which can usually be taken
as a fingerprint for a given structural environment, is found to
be comparable to those of typical PEO¢LiX phases (as, for
example, PEOGLiBF, etc.*!!). The dependence of the signal
intensity M on the contact time #cp — in a simplified thermo-
dynamic model of cross polarization — follows Equation (1):

! ex _ler —ex e
s 7P, TP T M
1

Tip

M=

with Ty, denoting the 'H relaxation time in the rotating frame
and 1/Tyg the cross polarization rate, which increases with the
I-S heteronuclear dipolar coupling. Thus, the contact time de-
pendence critically depends on the magnitude of the '*C—'H
dipolar coupling®**! and on the T, of the protons. The ab-
sence of the corresponding signals in the XRD might be read-
ily explained by the small size of the crystalline PEO-LiX do-
mains. Thus, in the plasticizer free 18:0:1 membrane, a fraction
of the Li salt is trapped within an immobile
PEOGLiTFSi phase, which is in perfect agreement with the
dynamic heterogeneity as observed in the static “Li and '°F-
NMR experiments. The presence of the PEOgLiTFSI phase is
also corroborated by the endothermic effect observed in the
DSC curves at 308 K. According to the phase diagram as pub-
lished e.g. by Edman et al. and Labreche et al.,'®'"! in this
compositional regime proeutectic PEO should coexist with an
eutectic phase composed of PEO¢LIiTFSI and PEO. According
to our results, the combined action of electrospinning and SN
as plasticizer are necessary to circumvent the formation of this
crystalline phase. A deconvolution of the ’Li MAS-NMR spec-
trum of this sample (Figure S6, Supporting Information) re-
veals that only 20 % of the lithium cations reside in the highly
dynamic amorphous PEO:LiTFSI-phase (linewidth 52 Hz),
while 80% of the lithium ions are trapped in the immobile
crystalline PEOGLIiTFSI phase, characterized by a 524 Hz
broad signal that is accompanied by quadrupolar satellites.

The broad signal at 6 = 72 ppm in both spectra, which in
the CPMAS spectra can only be observed at rather short con-
tact times (cf. Figure 9, inset 3 and Figure 10 inset 2), then
have to be assigned to *C nuclei in PEO of only limited mo-
bility. Since the XRD of this sample exhibits clear reflexes of
crystalline PEO, we tentatively assign this signal to pristine
crystalline PEO. The considerable width of this line has been
ascribed to an interference of the decoupling efficiency by the
molecular motion, the peculiar contact time behavior by a very
short proton Ty,

A rather important aspect relates to the long term stability
of the materials, which poses a mandatory prerequisite if these
are to be used in battery applications. For the 18:3:1 sample,
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the '3C MAS NMR spectrum (cf. Figure S5, Supporting Infor-
mation), recorded after two years after sample preparation,
does not exhibit any traces of immobile PEO:LiTFSI phases,
rendering this material suitable for battery application.

Conclusions

Li(TFSI) was successfully used as a conductive salt additive
in PEO to synthesize electrospun fiber membranes. A com-
bined phase analytic and spectroscopic investigation was
needed to illustrate and understand the complex phase forma-
tion behavior for the electrospun membranes under consider-
ation. Dependent on the composition and the usage of SN as
a plasticizer, various ratios of crystalline and amorphous
phases are formed, which contribute to the physical properties
of the membranes.

Electrospinning of membranes represent a valuable new
method for the synthesis of solid elelctrolytes compared with
solution casted ones, featuring improved ion conductivity.
Crystalline amounts of [Li(TFSI)],@PEO adducts are drasti-
cally reduced by this method optimizing the ion mobility and
conductivity. Nevertheless, this study also shows that phase
segregation is an unwanted issue and crystalline phases with
immobile Li ions and even Li-free ones are formed. It became
clear, that in some cases such crystalline phases are not detect-
able by X-ray phase analysis and only Solid State NMR spec-
troscopy helped to identify them non-doubtfully. The Li(TFSI)
conductive salt additive reduces the melting point of the solid
ion-conducting membranes only slightly, still offering an ac-
ceptable range for possible applications.

The usage of a plasticizer like SN, which was successfully
applied to electrospun MBF,@PEO membranes, capable to
improve the segment mobility (and conductivity) of the PEO
matrix, was also tested for the Li(TFSI)@PEO systems. In ac-
cordance with plasticizer- modified MBF,@PEO membranes,
the plasticizer has a significant influence on the electric prop-
erties of the Li(TFSI)@PEO systems. The best overall per-
formance shows a homogeneous 36:8:1 membrane with con-
ductivities of 2 X 107° S:cm™ to 2.8 X 10~* S:.cm™, in a tem-
perature interval of 278 K to 328 K. Values for the plasticizer-
free membranes are only slightly lower but we found phase
segregation and dynamic inhomogenities, which renders a us-
age non-favorable at the present stage. For the 18:0:1 phase
only 20 % of the Li ions were localized in a beneficial amorph-
ous phase while 80% of the Li ions were immobile.
Li(TFSI) @PEO membranes are characterized by a higher elec-
trochemical stability against Li electrodes in CV experiments
than comparable LiBF,@PEO ones. Plasticizer-free and con-
taining Li(TFSI)@PEO membranes show steady capacities af-
ter a short induction period of ca. 10 CV cycles. This behavior
is better than for comparable LiBF,@PEOQO systems, where a
steady state is only realized with significantly larger SN and
lower conductive salt additive amounts. To improve the
electrochemical performance and conductivity of the
Li(TFSI)@PEO membranes, smaller fiber sizes and an in-
creased contact density of the electrospun fibers might be help-
ful.

Overall, electrospun Li(TFSI)@PEO membranes are an
interesting alternative for state-of-the-art separators and as so-
lid ion conducting material in battery applications.

Abbreviations

CV - Cyclovoltametry

DFT - Density Functional Theory

IS - Impedance Spectroscopy

MD - Molecular Dynamics

DSC - Differential Scanning Calorimetry

NMR - Nuclear Magnetic Resonance

PEO - Polyethylene oxide

SEM - Scanning Electron Microscopy

SN - Succinonitrile

TFSI - Bis(trifluoromethan)sulfonimide
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Figure S1. Nyquist plots and fitting curves (Ersatzschaltbild) of two LiTFSI@PEO
membranes at four different temperatures in a frequency range of 1 MHz to 0.1 Hz (from left

to right).



800 1200 .
PEO:SN:LITFSI  *® PEO:SN:LITFSI =0
1821 36:8:1 200
1000 H
600 |
800 v
i 1
a 5 100 150 200  250)
5400- : 600 3 Z ()
400
200 = 208K
2001 e 308K
v 318K
* 328K
0 . v v . 0 v r - r .
0 200 400 600 800 0 200 400 600  B0O 1000 1200
Z(Q) Z ()

Figure S2. Nyquist plots and fitting curves (Ersatzschaltbild) of two (LiTFSLSN)@PEO
membranes at four different temperatures in a frequency range of 1 MHz to 0.1 Hz (from left
to right).
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Figure S3. static "Li single pulse excitation spectra of PEOQ:SN:LiTFSI 18:0:1, 18:3:1 and
36:8:1 at room temperature.
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Figure S5. C-spectrum of PEO:SN:LiTFSI 18:3:1 at room temperature acquired with high
power proton decoupling. Inset 1 and 2: "“C-spectra acquired without high power proton
decoupling. Inset 3: *C-'H-cross polarization measurements conducted with 0.5 and 8 ms
contact time.
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Reaching for safer and more powerful batteries, one approach is to replace liquid elec-
trolytes by solid polymer electrolytes (SPEs). Besides various combinations of poly-
mers. conducting salts and plasticizers, the addition of inorganic fillers as Al,O3 are
possible routes to enhance the properties of these membranes. The SPEs are prepared
by electrospinning, solution casting and hotpressing. PEO is used in combination with
LiBF, and succinnitrile (SN), as this combination already showed positive results.!'%
In a first step different LiBF, concentrations in a PEO matrix are tested to show in-
fluence on the ionic conductivity. PEO:LiBF, SPEs with molar compositions of 36:1,
27:1 and 18:1 are prepared wvia electrospinning. The resulting membranes consist of
amorphous fibers with melting points T,, between 331 K and 337 K. The glass tran-
sition temperature T, for the samples with the lower LiBF, concentrations are 227 K
(36:1) and 231 K (27:1) and thus quite similar to 223 K of pure electrospun PEO. For
the PEO:LiBF, 18:1 SPE T, dropped to 176 K. The ionic conductivity of rises with
the lithium salt content from 1.5 x 107 S/cm for the PEO:LiBF, 36:1 membrane to
5.0x 1077 S/cm for the PEO:LiBF, 18:1 membrane, both at 293 K. Hence, a molar com-
position of PEO:LiBF, 18:1 is chosen for further testing. In the next step, electrospun,
hot pressed and solution casted SPEs with the same molar composition are compared
to evaluate the influence of the preparation method on the product. When solution
casting or hat pressing PEO:LiBF, 18:1 membranes non porous crystalline membranes
are obtained, in contrast to the amorphous fiber-based membranes from electrospin-
ning. The ionic conductivity drops by an order of magnitude to 2.5 x 10® S/cm for hot

pressed and 6.7 x 10® S/cm for solution casted membranes at 293 K. For all further
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experiments only electrospinning and solution casting are applied as hot pressing is not

a suitable method to homogeneously spread inorganic particle across the membranes.
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Abstract: In this study, we investigated the effect of
nanostructured Al,O; particles on Li ion conducting,
poly(ethylene oxide) (PEO)-based membranes prepared by
electrospinning, solution casting and hot pressing. Pure
PEO:LiBF, solid polymer electrolytes (SPEs) and also plas-
ticizer containing membranes were investigated with
various amounts of Al,Os. In a first step, the best-performing
composition of pure PEO:LiBF, concerning the resulting
ionic conductivity was identified and used as a standard for
further experiments. In the following, the influence of the
preparation method, the nature of the Al,0s, and the type of
the plasticizer additives on the thermal and electrochemical
properties for this standard composition were investigated.
The Al,O; composition was varied between 1and 5 wt%. The
ionic conductivity of bare electrospun PEO:LiBF, SPE stan-
dard material has been improved by a factor ten to
1.9 x10°S cm™ at T = 293 K when 5 wt% of AlLLO; is added.
For solution-casted PEO:LiBF, standard compositions 18:1
with an initial ionic conductivity of 6.7 x 10 S cm™, the
addition of 2 wt% Al,O; increased the performance to
1.4 x107 Scm™, both at T=293 K. If succinonitrile and Al,O;
was admixed to the solution casted standard material,
the ionic conductivity was further increased to reach
5.5 x 10 S cm™ at T = 293 K. This material with a compo-
sition of 18:3:1 + 2 wt% Al,Os, outperforms the standard
material by three orders of magnitude.
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1 Introduction

The importance of safe and environmentally friendly
high-power solid polymer electrolytes (SPEs) is consid-
ered to be consistently growing, facing the ongoing
changes in energy storage technology. The progress in
solid lithium electrolyte technologies regarding envi-
ronmental considerations, commercial applicability,
and energy density with a large electrochemical window
is aiming at a commercial product with high perfor-
mance. The goal is to create an alternative to the widely
used liquid lithium accumulators. Solid polymer elec-
trolytes, when compared to liquid electrolytes show a
drastically reduced danger of flammability, no signifi-
cant tendency for short circuits as a result of depressed
dendrite growth, and eliminated battery bloating upon
the emerge of potentially hazardous vapors. A solid
electrolyte construction also possesses advantages for
the use in electromobility or in portable devices as the
rigid casing for the liquid reservoir is unnecessary. This is
the consequence of the reduced heat dissipation, which
allows a light flexible battery construction in smallest
spaces [1-3].

On the downside, solid state electrolytes have
currently one major drawback compared to liquid coun-
terparts: the low conductivity at room temperature [1, 4].
One common option to tackle this problem is the addition
of ceramic additives like Li super ionic conductors
(LISICON) [5], Na super ionic conductor (NASICON) [6-8],
lithium phosphorus oxynitride (LIPON) [9-11], TiO,
[10-12], SiO, [11-16], ZnO [17], BaTiO5 [18, 19], lithium
lanthanum titanate (LLTO) [20], lithium lanthanum zir-
conium tantalum oxide (LLZTO) [21-23] or Al,05 [1, 7, 11,
12, 16, 24] to polymer electrolytes. Thereby, an increase of
conductivity of SPEs of up to 1.5 x 10™* S cm™ was re-
ported using combinations of Al,O; fillers and plasti-
cizers [21, 24-26]. The enhancement of conductivity of
SPEs with fillers was observed and a further conductivity
increase is expected which could enable widespread
commercial application. Further, the stability of the
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electrochemical window can be enlarged by the use of
fillers [20, 27]. The interactions of the ceramics embedded
in the polymer with the conductive salts are not yet fully
understood and make a specific optimization of the
electrolytes complicated. The addition of fillers and
thereby the smaller volume fractions of polymers raise
the hope to minimize the interfacial barrier of the Li*
transport from the superionic particles of the ceramic
fillers to the polymer [10].

In contrast to the conduction mechanism for poly-
mers including ceramic fillers, the conductivity mecha-
nism of lithium ions in polyethylene oxide (PEO) is well
studied [28, 29]. PEO serves as an interesting polymer for
SPEs due to its ability to provide solvation of the lithium
ions and owing to its flexible backbone to accelerate ion
motion. We therefore decided to investigate this polymer
and commercially available, nanostructured filler mate-
rial Al,O; as a suitable combination for SPEs.

2 Results and discussion

Ceramic filler tends to improve the electrochemical per-
formance of SPEs [30]. Figure 1 shows different possible Li*
conduction pathways with a low A), moderate B) and high
amount of filler C).

Taking this general mechanism into account we star-
ted a systematic investigation of PEO-based Li ion con-
ducting SPEs with various amounts of polymer, conducting
salt, and plasticizer in order to address the different situ-
ations arising from Al,05 usage. Another aspect deals with
the influence of the preparation method on the electro-
chemical performance.

DE GRUYTER

2.1 Adjustment of the molar ratio of the
components used for PEO:LiBF,
membranes

In a first step, the molar ratio of PEO:LiBF, was varied to find
the composition with the highest ionic conductivity, which
was chosen for further experiments as standard. Membranes
prepared via electrospinning were compared regarding the
crystallinity, thermal properties and conductivities derived
from PEIS. As seen before by Freitag et al., the Li ion con-
ductivity in electrospun membranes rises with the LiBF,
content in the membranes [2]. In addition to the two
plasticizer-free compositions examined in previous work
(PEO:LiBF, 36:1 and 18:1), a third molar ratio (PEO:LiBF,
27:1) was also tested in this study to prove the concept.

The ionic conductivity at T = 293 K raised from
1.5 x 1077 S cm™ for the PEO:LiBF, 36:1 membrane, to
5.0 x 107 S cm™ for the PEO:LiBF, 18:1 one. As the ionic
conductivity raised with temperature, the values 4.6 x 10~
Scm! and 1.9 x 10 S cm™! were achieved at 328 K,
respectively. For the SPE with a molar composition of 27:1
the value lies in between for both temperatures (compare
Figure 2a). X-ray powder diffraction (P-XRD) data of the
prepared membranes illustrated the amorphous character
of all samples. Samples with a molar composition of
PEO:LiBF, 36:1 (compare Figure 2b) showed a few re-
flections at 19.2° in 26 and between 22.8 and 23.8° in 20,
which we assigned to a crystalline phase of PEO, as
described in literature [31].

The thermal properties of the prepared membranes
were investigated via Differential Scanning Calorimetry
(DSC) in a temperature range from 173 to 523 K. It was found
that the melting point (T,,) was not significantly influenced

Ceramic-in-polymer Intermediate

Polymer-in-ceramic

~—~__ PEO

O ceramics

O Li-lon

Li* pathway

Figure 1: Illustration of the different conduction pathways in a SPEs based on PEO with a growing amount of ceramic fillers. Figure adapted

from literature [30].
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Figure 2: a) lonic conductivities in a temperature range from 293 to
328 K, b) X-ray powder diffraction (P-XRD) from 5 to 60°in 26 and c¢) DSC
in the temperature range from 173 to 523 K of electrospun PEO:LiBF,

SPEs with different molar compositions of 36:1, 27:1 and 18:1.
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by the concentration of the conducting salt. In contrast, the
glass transition temperature (T,) was shifted to a signifi-
cantly lower temperature for the PEO:LiBF, 18:1 sample
(T4 = 176 K) compared to the one of pure PEO (T, = 223 K)
and was later found to show the highest ionic conductivity,
as shown in Figure 2a.

2.2 Screening of the preparative methods
for optimized PEO:LiBF, membranes

To validate the positive effect of the electrospinning in the
preparation process of a SPE, the electrospun sample with
the highest Li ion mobility (PEO:LiBF, 18:1) was compared to
membranes of the same composition prepared by solution
casting and hot pressing. Thereby, it can be seen that the
SPEs prepared by electrospinning showed a higher ionic
conductivity than those prepared by the other techniques in
the measured temperature range. While hot pressed mem-
branes with a molar composition of PEO:LiBF, 18:1 denoted
an ionic conductivity from 2.5 x 10® S cm™ at 293 K to
13 x 10° S cm™ at 328 K, the solution casted membranes
with the same molar ratio showed 6.7 x 10°® S cm™ and
3.0 x 10°° S cm™! at the same temperature. These conduc-
tivities were about one order of magnitude lower than those
observed for the electrospun membrane PEO:LiBF, 18:1
(compare Figure 3a). The interested reader is referred to the
literature regarding the reason for the conductivity
improvement in the case of electrospun polymer electrolytes
[2, 3]. For the products of all preparative methods, the
crystallinity of the obtained membranes was investigated
via P-XRD. While the electrospun sample was, as discussed
before, amorphous, the SPEs obtained from hot pressing
and solution casting showed significant amounts of crys-
talline PEO phase (compare Figure 3b). This agrees with the
specific conductivities that were derived from impedance
data. Electrospun membranes showed the highest conduc-
tivity, followed by solution casted and hot pressed ones. It is
reported in the literature that crystallized PEO tends to
shows lower ion mobility compared to amorphous PEO [32].

For the examination of the thermal properties of
PEO:LiBF, 18:1 samples prepared by different methods via
DSC, the first heating cycle with a scan rate of 10 K min™ was
used for comparison as the unique fiber structure of the
electrospun SPE was destroyed after the sample is molten
once. The difference in melting temperature for the tested
compounds is negligible (compare Figure 3c), all values
were found between 329 and 331 K. In contrast, T for the ES
18:1 (T, = 176 K) sample was significantly lower compared to
T, of the SC 18:1 sample (T = 227 K), while the highest T, of
248 K was found for HP 18:1. This illustrates that the PEO
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Figure 3: a) lonic conductivities in a temperature range from 293 to
328 K, b) P-XRD from 5 to 60° in 26 and c) DSC in the temperature
range from 173 to 523 K of PEO:LiBF, 18:1 SPEs prepared by elec-
trospinning (ES), solution casting (SC) and hot pressing (HP).
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matrix of the SPEs offers the highest chain mobility when
prepared by electrospinning, thus leading to the highest
specific ionic conductivity of the ES 18:1 membrane
compared to those prepared by other techniques.

As hot pressed samples in general show the poorest
performance and the preparative method, as performed in
our facilities, is not suitable for producing homogenous
membranes with inorganic particles, hot pressing therefore
was not used for further experiments in this study.

2.3 Plasticizer-free PEO:LiBF, membranes
with nanostructured Al,05 as an
additive

Using the PEO:LiBF, 18:1 standard, Al,O5-nanostructured
particles were added in different amounts to the electro-
spinning solutions. We used 1 to 5 wt% of Al,O5 in our
experiments. All electrospun membranes were subjected to
electrochemical characterization by impedance analyses.
The results showed a positive effect on the conductivity in a
temperature range from 293 to 328 K if 3 to 5 wt% of
nanostructured Al,0; particles were added. Amounts of
more than 5 wt% Al,O; were not applied because such
materials are not electrospinnable anymore. The highest
conductivities were found for an electrospun PEO:LiBF,
18:1 sample with 3 wt% AL,O; ranging from 1.9 x 10 °*Scm™
at293Kto0 2.4 x10*Scm™ at 328 K. In contrast, SPEs with 1
and 2 wt% of Al,05; showed decreased ionic conductivities
in comparison to the membranes free of inorganic addi-
tives (compare Figure 4a). The crystallinity of all mem-
branes was checked via P-XRD. PEO tends to show at least
some hints of ordering when Al,O; is admixed. While a
particle-free membrane with a molar composition of
PEO:LiBF, 18:1 displays no sharp reflections between 5 and
60° in 26, all diffractograms of electrospun membranes
containing 1 to 5 wt% of nanostructured Al,0O5 particles
showed at least the main reflections of partially ordered
PEO between 18 and 24° 20. Nevertheless, the ES polymer
fibers were dominated by amorphous phase fractions as
compared with the SC and HP ones, and therefore con-
ductivities were still higher than those from solution casted
or hot pressed membranes (compare Figure 4c).

We performed similar sets of experiments for
solution-casted (SC) membranes with the standard
composition PEO: LiBF, 18:1 and nanostructured Al,O3
filler. For all tested amounts of nanostructured particles,
ranging from O to 5 wt%, the ionic conductivities were
significantly lower compared to the ones of electrospun
membranes (compare Figure 4a and c). In this set of ex-
periments, the membranes with an Al,O; content of
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Figure 4: a) lonic conductivity of electrospun PEO:LiBF, 18:1 membranes in a temperature range from 298 to 328 K. b) P-XRD from 5 to 60°in 26
of electrospun (ES) PEO:LiBF, 18:1 membranes with different Al,O5 content, ranging from 0 to 5 wt%. c) lonic conductivity of solution casted
(SC) PEO:LiBF, 18:1membranes in a temperature range from 298 to 328 K and d) P-XRD from 5 to 60° in 26 of solution casted (SC) PEO:LiBF, 18:1

membranes with different Al,05 content, ranging from 0 to 5 wt%.

2 wt% performed best with an ionic conductivity of
1.4x107Scm™at 293K, rising to 8.2x 10°°Scm ™ at 328 K.

Like for Al,0; free samples, the P-XRD patterns
collected of SC membranes (Figure 4d) indicated a higher
amount of ordered polymer (compare Figure 4b). To
check if the nanostructured Al,O; particles were not
agglomerated and equally distributed over the polymer
membranes, the particle size distribution in the solutions
was determined by dynamic light scattering (DLS)
before, and Al distribution via energy dispersive X-ray
spectroscopy (EDX) after membrane preparation. The
influence of the Ultra Turrax mixing on the particle size
distribution was investigated. The mean particle diam-
eter of the aggregates was reduced from 1858 to 277.5 nm
when using 0.035 g of agglomerated Al,O; in 10 mL
acetonitrile. The particle size distribution was also nar-
rowed (compare Figure 5a). It is important to break Al,O3
agglomerates as effectively as possible prior to usage
because we observed less reproducible results with

agglomerated Al,O; samples. The distribution across a
solution casted membrane with the composition of
PEO:SN:LiBF, 18:1 + 5 wt% Al,05 is shown in Figure 5b
and c. The EDX mapping of Al showed a homogenous
distribution of Al across the whole membrane.

2.4 Plasticizer-containing PEO:SN:LiBF,
membranes with nanostructured Al,0;
as an additive

Succinonitrile (SN) was added in a molar ratio of
PEO:SN:LiBF, 18:3:1 as a supplement to the added
nanostructured Al,O; particles [2]. Adding 1 to 5 wt%
AL, O; to ES SPE membranes lead to, a reduction of the
ionic conductivity in all cases compared with Al,Os-free
samples. The membrane with 1 wt% nanostructured
inorganic filler performed best. This material is charac-
terized by the highest ionic conductivity of
2.5x107°S cm ' at 293 K which raised to 5.8 x 10 S cm ™
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Figure 5: a) Dynamic light scattering (DLS) particle size distribution
before and after Ultra Turrax (UT) mixing for 2 x 2 min at 10,000 rpm
in acetonitrile. b) SEM at 440x magnification and c) EDX Al-mapping
at 440x magnification showing the same area of a solution casted
PEO:LiBF, 18:1 SPE with 5 wt% Al,05.

at 328 K (compare Figure 6a). For all other compositions,
the specific ionic conductivities were similar, ranging
from 1.1 x 10°° S cm ™! for ES PEO:SN:LiBF, 18:3:1 + 4 wt%
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ALO; to 25 x 10°% S cm™ for a ES PEO:SN:LiBF,
18:3:1 + 1 wt% Al,0s, both at 293 K. It appeared that for
plasticizer-containing ES membranes the addition of Al,O3
showed no positive effect on the ionic conductivity. Pure ES
PEO:SN:LiBF, 18:3:1 SPE showed an ionic conductivity of
2.5x107° S cm ! at 293 K. This conductivity is comparable to
a HP PEO:LiTFSI 16:1 sample (5,000,000 g mol* PEO, 298 K)
for which a value of 1.0 x 10 S cm™! was found [33].

For all SPEs, the X-ray diffraction patterns indicated a
higher degree of ordering when SN was admixed. Besides
the main reflections of a crystalline PEO phase, no hints
for any other ordered system was found (compare
Figure 6d).

If we took a look on the SC membranes, the same trend
of reduced ionic conductivity upon Al,Os; intake was
observed. With higher Al,O5 contents of 3—-5 wt%, we saw an
even stronger depression of the conductivity than for the ES
membranes. Ionic conductivities were spread over a wide
range, from 1.8 x 10° S cm™ for SC PEO:SN:LiBF,
18:3:1 + 3 wt% ALO; to 4.2 x 107 S cm™ for a SC
PEO:SN:LiBF, 18:3:1 + 5 wt% Al,O; membrane, both at 293 K
(compare Figure 6). Only the 1 and 2 wt% SC samples out-
performed a pure ES PEO:SN:LiBF, 18:3:1 membrane by
almost half an order of magnitude. Conductivities were
5.5 x 107 S cm™ for SC PEO:SN:LiBF, 18:3:1 + 2 wt% and
2.3 %107 S cm™ for ES PEO:SN:LiBF, 18:3:1.

The XRD patterns of the SC PEO:SN:LiBF, 18:3:1 + x wt%
Al,05 SPEs (x = 1-5) samples showed higher ordering of PEO
chains for all tested compositions.

Obviously, the increasing amount of Al,O5 in plasticizer-
containing ES membranes seemed not to affect the PEO
chain mobility, and as a consequence the conductivity was
almost identical. This situation changed drastically in the
case of SC membranes. Here we saw a spread of conductivity
over almost five orders of magnitude, dependent on the
Al,O5 content. Low Al,O5 contents of 1-2 wt% were beneficial
and pushed conductivities in the same region as observed for
ES materials. Obviously, the underlying conduction mech-
anism according to Figure 1 seemed not to change signifi-
cantly for ES materials while this supposed to be the case for
SC materials. Which mechanism occurs in both cases is
subject to further investigations.

In the light of scalability and larger scale industrial
fabrication of polymer electrolytes such an observed
behavior might be beneficial because SC is less costly and
much easier scalable than ES. In general, the crystallinity
of the final material must be reduced for both preparative
methods to further optimize the materials. Also, Al,Os-
dependent mechanical properties need to be determined to
address further optimization potential.
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Figure 6: a) lonic conductivity of electrospun (ES) PEO:SN:LiBF, 18:3:1 membranes in a temperature range from 298 to 328 Kand b) P-XRD from
5t0 60°in 20 of electrospun (ES) PEO:SN:LiBF, 18:3:1 membranes with different Al,05 content, ranging from 0 to 5 wt%. c) lonic conductivity of
solution casted (SC) PEO:SN:LiBF, 18:3:1 membranes in a temperature range from 298 to 328 K. d) P-XRD from 5 to 60° in 26 of solution casted
(SC) PEO:SN:LiBF, 18:3:1 membranes with different Al,O5 content, ranging from 0 to 5 w%.

3 Conclusion

The application of commercially available, nanostructured
AlL,O3 as an inorganic additive to SPEs is found to be
beneficial. Important positive issues are to break agglom-
erates of nanostructured particles prior to mixing with
polymers and to realize homogenous distribution in the
final product. For plasticizer- and filler-free membranes
with a molar composition of PEO:LiBF, 18:1, the electro-
spun membranes performed with a ten times higher ionic
conductivity compared to membranes prepared by solution
casting or hot pressing over the temperature range from 293
to 328 K. Conductivities at 293 K were 5.0 x 10”7 S cm ™ for ES,
6.7 x 10 S cm™ for SC, and 2.5 x 10 S cm™! for HP,
respectively. As hot pressed material showed the lowest
ionic conductivity and this preparative method itself was
not suitable to ensure homogenous distribution of inor-
ganic filler particles in a polymer matrix, the effect of Al,05
addition was not investigated.

For electrospun SPEs, the addition of 3-5 wt% nano-
structured Al,O; enhanced the ionic conductivity at 293 K to
1.9x10°Scm fora composition of PEO:LiBF, 18:1 + 5 wt%
AlLOs. A similar positive effect was observed for solution
casted samples with a composition of PEO:LiBF, 18:1 + x wt
% ALO; (x 1-5), with conductivities reaching
1.4 x 107 S cm™ at 293 K for the x = 2 sample. Thus, the
addition of nanostructured Al,0O; can improve the ionic
conductivities of SPEs independent of the solution-based
preparative method of choice, but still electrospun SPEs
outperform these materials with ten times higher conduc-
tivities. If succinonitrile (SN), a well-known plasticizer for
PEO systems, was added to the system the ionic conductivity
was increased to 2.5 x 10° S cm™ at 293 K for a electrospun
PEO:SN:LiBF, 18:3:1 Al,Os-free membrane. Adding SN to
PEO:SN:LiBF, + x wt% Al,O5 systems, did not further in-
crease the ionic conductivity for electrospun SPEs. The most
effective optimization of the ionic conductivity was found
for solution casted SPEs when SN and Al,O; were added
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simultaneously as plasticizer and inorganic filler, respec-
tively. The highest ionic conductivity for solution casted
PEO:SN:LiBF, + ALO; was observed at 2 wt% showing
5.5 x 10 S cm™ at 293 K, which translates to a 1000 times
conductivity improvement compared to the initial solution
casted PEO:LiBF, membrane.

For all samples, the usage of nanostructured Al,Os as
filler had no significant effect on the temperature range of
application, in which the SPEs could be used. We found no
significant depression of the melting temperature which
would limit the upper application range. The tendency to
long range ordering of polymer chains within the mem-
branes, as illustrated from P-XRD, was not increased with
up to 5 wt% inorganic filler content, which renders a usage
of Al,O5 as a filler material possible.

4 Experimental
4.1 Synthesis of membranes
4.1.1 Electrospinning (ES) and solution casting (SC)

To prepare a polymer solution suitable for electrospinning
and solution casting, PEO (Sigma Aldrich, 300,000 g mol ™)
was stirred in acetonitrile (Sigma Aldrich, purified) until it
was fully dissolved (ca. 1 h). Succinonitrile (Sigma Aldrich)
was added to the solution. In a last step, the LiBF, was
admixed. Subsequently, the solution was stirred for 12 h to
ensure full homogenization. To examine the effect of
different amounts of nanostructured Al,O; (AEROXIDE® Alu
130, Evonik), the desired amount was suspended via Ultra-
Turrax mixing (2 x 2 min, 10,000 rpm) in the solvent used.
All steps were carried out under dry conditions in an inert
atmosphere (0, < 10 ppm; H,0 < 0.1 ppm). For detailed
quantities and molar ratios of all starting materials, see
Table 1. Each sample composition is given in molar ratios, in
the case of PEO based on the repetition unit.

The solution was casted on a glass (SC samples) or
taken up by syringe and transferred to an electrospinning
apparatus (ES samples) as described in the literature [2].
During the electrospinning, a voltage of 18-22 kV was
applied, the distance between the tip of the cannular and
the grounded collector averaged 20 cm, while the solution
was pumped with a feedrate of 1.5-3 mL.

4.1.2 Hot pressing (HP)
As a solvent-free preparation method hot pressing was

used. Starting materials were homogenized in a mortar und
placed in a self-made pressing tool under inert atmosphere.

DE GRUYTER

Table 1: Synthesis parameters for membrane preparation.

Sample composition PEO SN(g) LiBF, AL0; MeCN
(® (9] (8 (mL)
PEO:LiBF,
ES 36:1 0.700 - 0.041 - 10
ES 27:1 0.700 - 0.055 - 10
ES/SC 18:1 0.700 - 0.083 - 10
HP 18:1 0.700 - 0.083 - -
ES/SC 18:1 + 1 wt% 0.700 - 0.083 0.007 10
Al,05
ES/SC 18:1 + 2 wt% 0.700 - 0.083 0.014 10
AL,O5
ES/SC 18:1 + 3 wt% 0.700 - 0.083 0.021 10
Al,05
ES/SC 18:1 + 4 wt% 0.700 - 0.083 0.028 10
Al,05
ES/SC 18:1 + 5 wt% 0.700 - 0.083 0.035 10
AL,O5
PEO:SN:LiBF,
ES 18:3:1 0.700 0.212 0.083 - 10
ES/SC 18:3:1 + 1wt% 0.700 0.212 0.083 0.007 10
AL,O5
ES/SC 18:3:1 + 2wt% 0.700 0.212 0.083 0.014 10
Al,05
ES/SC 18:3:1 +3wt% 0.700 0.212 0.083 0.021 10
Al,05
ES/SC 18:3:1 + 4 wt% 0.700 0.212 0.083 0.028 10
AL,O5
ES/SC 18:3:1 + 5wt% 0.700 0.212 0.083 0.035 10
Al,05

The pressing tool was placed in a hydraulic press at 5 t and
363 K for 2 h. The obtained membranes were dried for 24 h
under vacuum at r.t.

4.2 Powder X-ray diffraction

All samples were checked for crystallinity by powder X-ray
diffraction performed by a STOE STADIP diffractometer
using CuKa; radiation (A = 1.54051 A), fitted with a
germanium monochromator and a DECTRIS Mythen 1K
solid state detector system. Data was collected between 5
and 80°in 26. A disk of 10 mm diameter was punched out of
the membranes, placed between Scotch Magic Tape and
mounted in a flat-bed sample holder. All experiments were
carried out at r.t.

4.3 Thermal analysis

The thermal behavior of the solid polymer electrolytes was
investigated by differential scanning calorimetry (DSC) in
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aluminum crucibles with a Netzsch Maia DSC 200 F3 References

calorimeter, in a temperature range of 123-523 K, with a
heating rate of 10 K min™' under continuous nitrogen flow.

4.4 Scanning electron microscopy (SEM)
and energy dispersive X-ray
spectroscopy (EDX)

For SEM imaging and EDX analysis, samples were fixed on
a graphite sample holder and brought into the vacuum
chamber of a JOEL JCM-6000 NeoScop™ with an internal
JOEL JED-2200 EDS unit. An acceleration voltage of 15 kV
was applied.

4.5 Electrochemical analysis

Ionic conductivity values of PEO:SN:LiBF, + x wt% Al,Os
membranes were calculated from potentiostatic electro-
chemical impedance spectroscopy data (PEIS) obtained with a
Metrohm Autolab B.V. PGSTAT204 potentiostat including a
FRA 32 M module. Samples were placed between two stainless
steel electrodes in thd TSC standard battery cells. PEIS data
were recoded applying an amplitude of 20 mV, in the fre-
quency range of 1 MHz to 0.1 Hz, at temperatures from 293—
328 K in steps of 5 K. The resulting Nyquist plots were fitted
using the software Nova 2.0 [34]. The thickness of the samples
was determined after the measurements with a micrometer
screw (Holex, 0-25 mm, 0.001 mm accuracy).

4.6 Dynamic light scattering

Dynamic light scattering (DLS) was performed on a Malvem
Zetasizer Nano ZS instrument in disposable poly(styrene)
cuvettes at a wavelength of 633 nm. Particle sizes between
0.4 and 10,000 nm were measured. The Al,Os particles
were dispersed and measured in acetonitrile at T = 25 °C.
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The switch to multivalent ions is one part of the search for safe and more power-
ful battery systems.'® One example for the use of divalent ions is magnesium ion
batteries (MIBs). In contrast to lithium, magnesium metal is less reactive and sup-
posed to be dendrite-free during cycling, what makes it a possible anode material.l®!
Here the advantages of electrospun polymer electrolytes, as demonstrated for lithium
beforel60, 104,105, 106] "ar6 combined with a magnesium conducting salt. The electrospun
polymer electrolytes are compared to solution casted membranes with the same mo-
lar compositions. The highest ionic conductivity of 10° S/cm at 293 K is achieved
with an electrospun PEO:Mg(TFSI), 36:1 membrane. The respective solution casted
membrane showed low ionic conductivity of 10 S/cm at 293 K. Succinonitrile (SN)
is tested as solid lubricant to enhance the PEO chain mobility and thus the ionic
conductivity of the system. Sn is not increasing the ionic conductivity in the case of
PEO:Mg(TFSI), solid polymer electrolytes. As a result the conductivity of an electro-
spun PEO:SN:Mg(TFSI); membrane is near to 107 S/cm at 293 K. Magnesium ion
transport through the electrospun membranes is proven via cyclic voltammerty of the
SPEs between magnesium metal electrodes. The low current seems to be due to a
passivating interface, observed by impedance spectroscopy, build up by the polymer
and the electrodes being in contact.

The amorphous character of the electrospun membranes is investigated wvia powder
X-ray diffraction. To show the homogeneous distribution of the conducting salt across
the membranes energy dispersive X-ray spectroscopy is conducted. With solid-state
NMR experiments the mobility of PEO chains and the TFSI-anion is detected and
the absences of impurities from the used solvents or water is shown. The latter is

confirmed by Karl-Fischer-titration. The fibrous structure of the electrospun polymer
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membranes is illustrated by SEM imaging.

Our electrospun PEO:Mg(TFSI), solid polymer electrolyte shows high ionic conduc-
tivity at low magnesium ion concentration compared to the magnesium ion conducting
solid polymer electrolytes reported in literature (compare section 1.3 Magnesium Ion
Batteries).

Author Contributions: P.W. prepared the polymer membranes and conducted P-
XRD, DSC, SEM, EDX, Karl Fischer-titration, impedance spectroscopy and cyclic
voltammetry experiments. R.S. did solid-state NMR experiments. P.W., J.V., R.S.,
L.v.W. and T.N. discussed the data and wrote the manuscript.
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Abstract: Magnesium lon based Solid Sate Batteries (MIBs) are subject of intensive studies
due to abundance of magnesium, its advantages in volumetric capacity and the reduced
dendrite growth. Here we report on a true solid polymer electrolyte system without liquid
additives or plasticizers that reaches conductivities above 10° Scm™ at room temperature and
above 10* Scm™ at 50°C. An electrospun polymer electrolyte membrane fabricated from a
polymer electrolyte featuring a composition of PEO:Mg(TFSI). 36:1 was identified as the best
performing system. Magnesium transport was substantiated by different methods and the
electrochemical properties including SEI formation were investigated. Electrospinning as a
preparation method has been identified as a powerful tool to enhance the electrochemical

properties beside conventional polymer membrane fabrication techniques.

Introduction

Since the introduction of Lithium-lon Batteries (LIB) in 1981 by J. Goodenough and their
commercialization through Sony, the need to store electrical energy keeps growing.™ High
capacity batteries are indispensable not only for portable devices, but also to store energy
produced from sustainable methods. Despite the current advances in lithium-air, lithium-sulfur
or sodium-ion devices, the switch to multivalent ions constitutes an integral part of the post
lithium ion research.? One of the most abundant and lightest divalent ions is Mg?*, which is
homogenously distributed all over the globe.F! Although the gravimetric specific capacity of
metallic Mg (2300 mAh/qg) is lower compared to Li metal (3862 mAh/g), the volumetric capacity
is relatively high, 3997 mAh/cm® (compare Li metal, 2062 mAh/cm?).!> 4 Other important
advantages of magnesium ion batteries (MIB) are the lower reducing character and the less-

pronounced tendency to form dendrites of Mg metal in contrast to pure Li. These features



make Mg metal anodes more applicable with a variety of solvents and polymers.® Early
electrolyte solutions with enhanced Mg dissolution und depleting abilities were based on
Grignard reactions, before magnesium aluminate chloride complex solutions were intensively
studied by the group of D. Aurbach.'® 8 Electrolyte solutions more similar to those used in
LIBs, are reported to show reasonable ionic conductivities and electrochemical behavior.[l A
full cell with Mg metal anode and MgMn,O, cathode can be operated in a solution of 0.5 M
Mg(ClO,), in acetonitrile acting as electrolyte.® Although it is reported that Mg(TFSI). dissolved
in ethers tends to form an insulating film on Mg metal anodes,® a 1.0 M solution of Mg(TFSI).
in diglyme shows an ionic conductivity of 5x102 Scm™ at r.t. with good Mg dissolution and
deposition ability.[! Besides liquid electrolytes, a variety of gel polymer electrolytes (GPES)
showed reasonably high conductivities.’® A PVDF-HFP:Mg(OsSCFs), with a molar ratio of
27:1, conducting- salt-containing polymer host enhanced by 40w% 1-ethyl- 3-
methylimidazolium trifluoromethanesulfonate ionic liquid (EMITf) operating at r.t. reaches 4.63
x10° Scm™.1Y To calculate the molarity of the statistical co-polymer the average of the molar
mass of the repeating units is used. By using 50w% of EMITf on a poly(ethylene oxide) (PEO)
based host with a molar composition of PEO:Mg(O3sSCFs3), 25:1, an ionic conductivity of
5.6x10% Scm? is achieved at r.t., as compared to the same polymer:conducting salt host
showing significantly lower ionic conductivity of 4x10° Scm if no ionic liquid (IL) is added.™?
In addition to ILs, inorganic fillers can be added to enhance the electrochemical properties of
SPEs. An ionic conductivity of 1.6x10* Scm™ at 30 °C is reported when 75w% of 1-butyl-1-
methylpyrrolidinium bis(trifluoromethyl)sulfonyl imide (Pyris-TFSI) ionic liquid and 10w% TiO»
are added to a PVDF-HFP:Mg(ClO.). host with a molar ratio of 5:8.1% ILs are not the only
compounds used as a liquid ingredient in GPEs. A ratio of 500w% of an ethylene
carbonate/propylene carbonate (EC+PC) mixture is admixed to a polyacrylnitrile:Mg(O3;SCFs3)2
19:1 membrane to reach 1.7x10* Scm™.!4 The same carbonate combination is used to
mobilize Mg ions in a poly(methyl methacrylate):Mg(OsSCF3), host with a molar composition
of 8:1. The resulting maximum ionic conductivity is reached at 3x10* Scm™ with 300w%
EC+PC (liquid).* Instead of mixing short ether molecules, adding poly(ethylene glycol)
dimethyl ether (PEGDE) was tried on an oligo(ethylene oxide)-crafted polymethacrylate (PEO-
PMA) matrix. If an overall ratio of EO:MgX; of 128:1 is prepared the ionic conductivity ranges
from 1x10° Scm* (X= O3SCF3), through 2x10° Scm* (X= ClO4), to 1x10* Scm™ (X= TFS]I).18
Because of the low molar mass of the used PEGDE (400-800 gmol?), this electrolyte is more
related to GPEs than to SPEs as stated by the authors. Although liquid electrolyte components
are less of a safety issue in MIBs compared to LIBs due to the less reactive nature of the metal,
the use of solid polymer electrolytes (SPEs) would introduce additional benefits such as
reduced weight, toxicity, and risk of leaking. For a brief summary on inorganic MIB electrolytes,

the interested reader is referred to a summary of Zhan et al.'”! A solvent-free example of SPEs



is PVDF:Mg(NQgz), 27:5, showing a poor ionic conductivity of 6x10® Scm™, which can be
increased to 1.6x10° Scm™ by adding 3w% MgO, both at r.t.*¥l As PEO is a well-known
polymer to conduct alkali metals, several PEO:MgX. combinations without further additives
have been tested. Most of these show low ionic conductivities ranging from 10° Scm™? (X=
ClO,) to 107 Scm™ (X= TFSI) at r.t.% the latter at a molar composition of PEO:Mg(TFSI). of
40:1.19 This composition is close to the composition of choice in our study, as we use
PEO:Mg(TFSI), 36:1 as the highest Mg salt concentration for electrospun SPE membranes.
Such conductivities are not competitive with state-of the art solid electrolytes and need to be
improved prior to application. Target conductivities are in the range of 10 Scm™.9 As
compared to standard procedures for polymer electrolyte fabrication, such as solution casting
and hot pressing, the electrospinning process drastically changes the morphology of the self-
standing samples. The first two methods form bulk membranes, as used in all polymer
electrolyte studies reported earlier on, while the latter leads to membranes consisting of thin
polymer fibers. The positive effect of the electrospinning technique to PEO-based membranes
has already been investigated by our group for Li and Na ion conducting SPEs with different
AX (A= Li, Na; X= BF4, TFSI).?! As it is reported in literature that crystallinity in polymers
hinders the ionic conductivity, we aimed for an amorphous phase as product. We additionally
checked the influence of succinonitrile (SN) as a plasticizer for PEO.1??2l The outstanding
properties of the products combined with the high grade of adaptability and the possibility of
upscaling the electrospinning process to a roll-to-roll process make our electrospun polymer
membrane a promising candidate to aim for lighter, safer and more efficient battery systems

in the future.l

Results and Discussion

Electrospinning is a powerful method to achieve large area fibrous membranes with various
additives and compositions. By electrospinning solutions of PEO:SN:Mg(TFSI), with different
molar compaositions, highly amorphous membranes of submicrometric fibers are obtained. The
fibers form homogenous membranes with up to 80 um thickness. Figure 1 summarizes P-XRD
experiments for various membranes where only few reflections were found. Reflections at
19.2° and 23.2° 20 can be assigned to short range ordering of PEO chains.?* No reflections
indicating the presence of ordered succinonitrile or Mg(TFSI), are detected. Plasticizer and
conductive salt do not influence the thickness or geometry of the fibers if the viscosity is
controlled by the amount of solvent used. This is also true for the crystallinity as one cannot
see any significant difference in number and intensity of reflections for the different samples.
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Figure 1. P-XRD of a) electrospun (ES) and b) solution casted (SC) PEO:SN:Mg(TFSI). SPEs with different molar compositions compared to a
crystalline phase of PEO from literature, 4 c) SEM image of an electrospun PEO:SN:Mg(TFSI). 36:0:1 SPE with 250-fold magnification.



The thermal properties of the membranes were studied by differential scanning calorimetry
(DSC). Melting points decrease from 332 K and 333 K, for PEO:SN:Mg(TFSI), 72:16:1 and
72:0:1 respectively, to 322 K when the conducting salt concentration is increased to 36:0:1.
This trend is even more pronounced if the glass transition temperature is considered (257 K at
72:0:1, 234 K at 36:0:1), see Figure 2.
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Figure 2. DSC curve of electrospun PEO:SN:Mg(TFSI). SPEs at different molar compositions and their fitted melting points Tm and glass transition
temperatures Tg.

lonic conductivities were determined by impedance spectroscopy. The ionic conductivity is
dependent on the conducting salt concentration and the temperature. The electrospun sample
with a molar composition of PEO:SN:Mg(TFSI), of 72:0:1 showed a conductivity of 6.0x108
Scm? at 273 K and 1.0x10° Scm™ at 323 K. The highest ionic conductivity is achieved with a
PEO:SN:Mg(TFSI); 36:0:1 SPE showing 1.8x10°¢ Scm™ at 273 K, which increases to 1.6x10-
4 Scm? at 323 K, while a solution-casted sample of the same composition showed a drastically
lower ionic conductivity, from 1.6x10° Scm™ to 1.8x107 Scmin the same temperature range
(see Figure 3a).This again corroborates the superior performance of electrospun SPEs as
compared to solution casted SPEs, as already observed by us for related systems/?'®!
Consistently, the electrospun sample also showed the lowest glass transition temperature,
which is directly linked to the mobility of PEO chains. All displayed ionic conductivities are
calculated from the 4™ cycle of temperature dependent impedance spectroscopy to ensure a
stable system during the measurement. The influence of the electrode material on the
impedance spectroscopy results was checked by using stainless steel and Mg metal
electrodes. While measuring with stainless steel blocking electrodes, the impedance showed
the typical polarization at low frequencies; using Mg-metal, a second semi-circle was detected
at low frequencies in the Nyquist plot. This second semi-circle is assigned to the charge
transfer from the Mg metal electrode to the SPE membrane (see S1, Supporting Information).

With 20 consecutive impedance measurements at constant temperature (293 K) and voltage



(0 V vs. OCV), the behavior of detected resistances was investigated. While the resistance at
high frequencies — which is assigned to the grain boundaries of the SPE — goes down by 13%
due to compression of the sample, the charge transfer resistance goes up by 80% due to the
formation of an electrolyte-electrode-interface (see S2, Supporting Information).

At this stage, a question of whether succinonitrile (SN), a commonly used plasticizer in Li-
containing SPEs, is beneficial for Mg-based PEO-SPEs — as observed for other PEO:SN
systems containing salts like LiBFs, NaBF, or LiTFS| & 21b. 21c . was raised. The use of
succinonitrile during the electrospinning of Mg(TFSI).-containing SPEs decreased the ionic
conductivity to 5.3x10® Scm™ at 273 K for a PEO:SN:Mg(TFSI). 36:8:1 composition, and it
seems therefore not applicable for electrospun PEO based SPEs with Mg(TFSI). conductive
salt. We realized in brief drying experiments followed by solid state NMR spectroscopy that the
SN content drops during the synthesis process of the membranes, and SN vanishes upon
drying. Therefore, the 36:8:1 composition represents the starting conditions and the actual SN

content after the workup procedure is reduced.
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Figure 3. a) lonic conductivity and b) Arrhenius type plots of electrospun (filled symbols) and solution casted (empty symbols) SPEs with different

compositions in a temperature range from 273 K to 323 K.



The activation energy derived from the ionic conductivity is 66 kJmol* for the sample with the
highest specific ionic conductivity, rising to 99 kJmol? for a sample with lower conducting salt
concentration (72:0:1). If the same solutions used for electrospinning are processed via
solution casting, the ionic conductivities of the non-porous casted membranes drop at least
two orders of magnitude, to 1.5x10° Scm? at 273 K for an PEO:SN:Mg(TFSl). 36:0:1
composition. Activation energies calculated for those membranes differ from 49 kJmol? to
82 kJmol?, see Figure 3b. This contrast in ionic conductivity clearly shows the benéeficial
influence of the electrospinning process on the electrochemical properties of the membranes.
For the sample with the highest ionic conductivity — an electrospun, plasticizer-free
PEO:SN:Mg(TFSI), 36:0:1 membrane — neither NMR spectroscopy (see S6, Supporting

Information) nor Karl-Fischer-titration give rise to water contamination in the sample
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Figure 4. a) Single cycles of cyclic voltammetry at different scan rates of a PEO:SN:Mg(TFSI)2 36:0:1 membrane between Mg metal electrodes in
a coin cell. b) Capacity over cycle number calculated from CV cycling, scan rates given in the graph.

EDX spectroscopy was performed on a piece of the same membrane. The areal scan shows
a homogenous distribution of Mg and F across the membrane. Besides Si coming from the



used glassware, only C, O, F, Mg and S are detected. All these elements can be assigned to
the polymer or the Mg(TFSI). conducting salt (see S3, Supporting Information).

The ability of PEO:SN:Mg(TFSI), SPEs to transport Mg ions through the membrane was
proven by cyclic voltammetry of plasticizer-free membranes with the highest ionic conductivity
(36:0:1) between two Mg metal electrodes. The capacity dropped within the first 10-15 cycles,
before reaching a plateau for at least 35 more cycles, as shown in Figure 4. Obviously, a
passivation process at the SPE-electrode interface is initiated after the first cycles, causing a
significant capacity loss during cycling. This is a widely known fact for Mg electrodes 2% and
needs to be optimized in the future. However, the set of experiments at least substantiates the

transport of Mg ions through the SPE.
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Figure 5. a) Temperature-dependent static °F spectra and b) the evolution of the °F line width as a function of temperature for the
PEO:SN:Mg(TFSI)2 36:0:1 membrane. The line is merely a visual aid.

To further investigate the Mg-based membranes, the promising electrospun
PEO:SN:Mg(TFSI), 36:0:1 plasticizer-free membrane was chosen. To obtain direct information
about the dynamics in the membranes, Mg NMR would be ideally suited. However, the very



low gyromagnetic ratio (-1.639x107 rads™T!) necessitates specialized probes not available in
our laboratory. Therefore, we had to restrict the analysis of the dynamics to the TFSI anion
and the PEO chains employing *°F, 13C and 'H NMR spectroscopy. To analyze the ion dynamic
of Mg(TFSI),, static temperature-dependent °F spectra were recorded, as shown in Figure 5a.
The °F signal is mainly dominated by the chemical shift and by dipole interactions, leading to

the broadening of the

signal. These internal interactions scale with the second Legendrian polynomial 3cos?(B) — 1,
with B representing the angle between the direction of the external magnetic field B, and
directions of the principal axis of the respective interaction. Any motional process will lead to
an averaging or partial averaging of these interactions, entailing a narrowing of the NMR line
width (motional narrowing). As obvious from inspection of Figure 5b, in which the observed °F
static line width is plotted as a function of temperature, a drastic line narrowing of the 1°F static
line width is observed starting at around 260 K, indicating the onset of dynamics at this
temperature.

This temperature-dependent narrowing of the NMR line allows an estimation of the activation
energy of the dynamic process of the TFSI-anion. According to the empirical Waugh-Fedin
relation E, = 0.156 X T,,.¢ the activation energy can be estimated.”® The onset
temperature here is calculated as the temperature when the line width reduces to

(Urigid lattice — Umotional narrowing)/z + Umotional narrowing-

From this an activation energy of 43 kd/mol (T,,s.: = 277 K) was determined. The calculated
activation energy of the Mg(TFSI)2-based plasticizer-free sample is comparable to the LiTFSI
plasticizer-free sample with an activation energy of 41 kJ/mol for a PEO:LITFSI 18:1
membrane,?'¥ showing a minor increase in the activation energy when changing from a single

charged cation, lithium, to a double charged one, magnesium.

To further investigate the PEO-based membranes and analyze the behavior of the host
material PEO, its properties as well as its dynamics, **C-NMR measurements were performed.
To analyze the temperature dependent behavior, *3C-MAS single pulse and *C-{*H}-CP-MAS
experiments, both functioning as dipolar filters, were performed. Whereas the single pulse
excitation 3 C-MAS NMR experiment filters out *C nuclei in mobile environments, since the
resonances of *C in immobile PEO are broadened beyond detectability, the efficiency of the
cross-polarization process in the **C-{*H}-CP-MAS experiment relies on the heteronuclear
dipolar coupling between *C and *H, thus highlighting 3C nuclei embedded in immobile

environments.



The temperature-dependent *C-MAS single pulse experiments, Figure 6a, do not provide a
signal at low temperatures. This shows the immobility of the PEO-host material as well as the
frozen dynamic of the TFSl-anion in this temperature range, which is consistent with the
temperature-dependent °F measurements. Only at higher temperatures a signal at 70 ppm
grows in, evolving into a triplet (J(C-H) coupling with the methylene protons) at temperatures
of 316 K and above.

This splitting indicates a rather vivid segmental dynamic of the PEO chains which removes the
enormous line broadening due to strong H-*C-dipolar couplings and therefore enables the
resolution of the J-multiplet.

Such an enormous chain mobility has also been observed in other PEO:salt and PEO:SN:salt
(salt: LiBF4, NaBF, or LiTFSI) samples, inf2!2 21¢.271 The 13C signal of the TFSI-anion at around
120 ppm is also observable at high temperatures correlating with the PEO- signal, suggesting
that the dynamic processes of the TFSI-anion and the PEO-host structure are correlated.

In addition, the enormous chain mobility manifests itself in the fact that no significant *3C-{*H}-
CP-MAS signal was detected at room temperature (Figure 6b). Lowering the temperature (and
thereby decreasing the chain mobility), a *C CPMAS signal gradually grows in, which splits
into several individual contributions, a group of peaks ranging from 70 to 74 ppm and a broad
component at 68.9 ppm. The narrow peaks can be assigned to the different crystal positions
of the PEO, noting that not all 14 different peaks can be resolved?®! and the broad resonance
can be assigned to the amorphous PEO phase. This assignment is supported by the evolution
of the CP signal intensity with contact time (see S4, Supporting Information).%

The appearance of the 3C CPMAS signal at 175 K closely resembles that of an electrospun
PEO:SN:LiBF, sample. For this sample, Kirchhain showed®® employing *C-{*H}-CP-’Li
REDOR (rotational echo double resonance) NMR (see S5. Supporting Information), that the
broad resonance experienced local proximity to lithium cations and was assigned to an
amorphous Li-containing PEO phase. The carbon atoms contributing to the narrow signals on
the other hand did not show any dipolar coupling to “Li and were therefore assigned to a pure

Li-free crystalline PEO phase.
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Figure 6. a) Temperature-dependent **C-MAS spectra and b) *C-{*H}-CP-MAS spectra for the PEO:SN:Mg(TFSI)2 36:0:1 membrane.

Conclusions

Our electrospun PEO-based solid polymer electrolyte PEO:Mg(TFSI), 36:1 shows an ionic
conductivity of 2.0x10° Scm™ at r.t. without the use of any liquid, organic, or inorganic additive.
The ionic conductivity is at least one order of magnitude higher as compared to those SPEs
reported in literature while the concentration of the Mg?* ions is lower than in most of them,
compare Figure 7. By using electrochemical and analytical methods, we showed that
PEO:SN:Mg(TFSI), SPEs with different molar compositions can successfully be prepared by
electrospinning and solution casting. The electrospun PEO:Mg(TFSI). 36:1 membrane shows
the highest ionic conductivity over the complete measured temperature range from 273 K to
323 K, the melting temperature of the system. The analysis of the thermal behavior led to the
conclusion that a membrane at a molar composition of PEO:Mg(TFSI), 36:1 has a lowered



glass transition temperature. Solid State NMR attests the absence of any impurities or side
phases other than the PEO/Mg(TFSI); electrolyte. In accordance with the results from powder
X-ray diffraction a crystalline and an amorphous phase are reported. As the membranes are
free of water and other solvents, the determined conductivity has to be ascribed to the Mg?*
and TFSI ions in the SPE. The mobility of the latter is also confirmed by °F NMR. In previous
studies, the beneficial effect of SN as an additive on the ionic conductivity on PEO electrolytes
has been demonstrated®?], acting as a solid lubricant to promote the PEO chain mobility. For
the Mg(TFSI). containing electrolytes, SN seems to be extracted from the SPE during the
drying process. The conducted cyclic voltammetry and impedance spectroscopy in
symmetrical Mg metal cells also clarify that the Mg?* ions contribute to the ionic conductivity,
as Mg metal electrodes function as blocking electrodes to every species other than Mg?* ions.
The current in the cyclic voltammetry is low due to the known problem of an electrode-SPE-
interface resistance formation due to passivation processes. This charge transfer resistance is
determined via impedance spectroscopy. It rises with time to a plateau, illustrating that a
passivation process occurs on the Mg-electrode. Although metallic Mg is known to be less
reactive compared to lithium or sodium, this indicates that the reactivity is still high enough to
build up an interface layer when in contact with the SPE, albeit not affecting the high ion
mobility in the electrolyte. All these results lead to the conclusion that the electrospun
PEO:Mg(TFSI). 36:1 SPE is an Mg ion conductor with 1000x higher conductivity compared to
the PEO:Mg(TFSI), SPEs with similar molar composition reported in literature. Together with
the demonstrated increase in conductivity when switching from solution casting to
electrospinning, this work emphasizes potential of Mg ion electrolytes and the positive effect

of electrospinning to the field.
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Experimental Procedures

Synthesis of Membranes

The electrospinning solution was prepared by dissolving PEO (Mw = 300000 g/mol, Sigma
Aldrich) in acetonitrile (> 99%, Sigma Aldrich). After the polymer was fully dissolved, Mg(TFSlI)-
(> 99%, Sigma Aldrich) were added in a specific molar ratio (see Table 1). After one hour of
homogenization, succinonitrile (SN) (> 99 %, Sigma Aldrich, dried at 340 K and 0.1 mbar) was

added if necessary (see Table S1).

Table S1. Molar composition of polymer membranes and the used amount of educts.

PEO:SN:Mg(TFSI): PEO SN Mg(TFSI). acetonitrile
36:0:1 0.3500 g - 0.1291 g 5.5 mL
36:8:1 0.3500g 0.1415g 0.1291 g 7.5mL
72:0:1 0.3500 g - 0.0645 g 6 mL
72:16:1 0.3500g 0.1415g 0.0645 g 6.5 mL

Fibrous membranes were manufactured in a homemade electrospinning apparatus, as
described elsewhere. All PEO:SN:Mg(TFSI). solid polymer electrolytes were obtained by
passing the prepared solution through a capillary (0.9 mm inner diameter) with a flow rate of
2-3 mL/h. A voltage of 17-20 kV was applied at the capillary. The fibers were collected on a
grounded ring collector (10 cm diameter). The obtained dense fiber network was dried for 24
h at 10 mbar at r.t. and stored under inert atmosphere in a glovebox (mBraun, H>O < 0.1 ppm,
02 < 0.1 ppm) before being submitted to characterization methods. Additionally, solution
casted samples were prepared by casting the prepared solutions on glass and drying them at
102 mbar at r.t. for 24 h.

X-ray powder diffraction phases analysis

Powder XRD measurements of selected membranes were executed on a STOE STADI-P
diffractometer (Cu-Ka; radiation, A= 1.54051 A, Ge monochromator) with a flat-bed sample

holder. a-Si (a = 5.43096 A) was used as internal standard. The sample membranes were



punched out from the already-prepared and dried membranes and measured directly in

transmission geometry.

Differential Scanning Calorimetry

Thermal properties of selected membranes were examined by Differential Scanning
Calorimetry (DSC) in Al-crucibles using a DSC 200 calorimeter F3 Maia by Netzsch. The
crucibles were closed inside a Glovebox (H-O < 0.1 ppm, Oz < 0.1 ppm). The measurements
are conducted in a temperature range from 123 K to 523 K with a heating rate of 10 K/min.

Only the first heating cycle is used for comparison.

Potentiostatic Electrochemical Impedance Spectroscopy

To evaluate the ionic conductivity, disks of 10 mm diameter were placed between two stainless
steel electrodes (8 mm diameter) in a TSC battery cell (rhd instruments). During the
measurement a pressure of 3.4 bar was applied to the sample. The cell was placed in a
temperature-controlled cell stand (Microcell HC, rhd instruments) and connected to a
potentiostat (Metrohm Autolab B.V. Typ PGSTAT204). Impedance spectroscopy was
performed in a frequency range from 10 MHz to 10 Hz with an amplitude of 20 mV. The
temperature was varied for four cycles from 273 K to 323 K in 5 K steps. Each temperature
was held constant for 20 min before the electrochemical measurement was started, to ensure
a uniform temperature across the sample. The thickness of the membranes was measured

using a micrometer screw (Holex, 0-25 mm) with 0.001 mm accuracy.

Cyclic Voltammetry

Electrochemical cycling was performed in symmetric cells using 2032-type coin cells.
Therefore, 17 mm disks of the samples were placed between Mg metal electrodes (0.5 mm
thickness,14 mm diameter, 99%, Sigma Aldrich). Cycling voltammetry was carried out

from -6 V to 6 V with a scan rate of 0.1 mV/s at 298 K using a Biologic VMP3 potentiostat.



Karl Fischer titration

To conduct conventional Karl-Fischer-Titration, a piece (30 mg) of the electrospun

membrane is dissolved in pre-dried (0.0 ppm H>O) acetonitrile (1 mL).

NMR spectroscopy

For the solid state nuclear magnetic resonance experiments a BRUKER Avance |lI
spectrometer in combination with a 7 T magnet was used. The experiments were performed
at resonance frequencies of 18.4 MHz, 75.5 MHz, 282.5 MHz and 300.2 MHz for Mg, *C,
19F and H respectively. To reference the NMR-spectra MgCl(aqg), CFCls(aq), and Adamantane
were used for Mg, °F, and **C and 'H, respectively. For the measurements a 4mm triple
resonance and a 4mm double resonance probe were used. To obtain information about the
dynamic processes of the Mg(TFSI), salt, static temperature dependent **F measurements

were performed.

For the temperature calibration, static 2°’Pb NMR measurements of Pb(NOs). were performed,
using the temperature dependence of the chemical shift of 2°’Pb as a chemical shift
thermometer. In addition *3C-MAS experiments were performed to investigate the PEO host

structure of the membrane.

The relaxation delays for the °F single pulse experiments were 5 s; for the 3C single pulse
experiments relaxations delays between 10 s and 30 s were used. For the *C-{*H}-CP-MAS

relation delays of 10 s were used.

Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy

To observe the fibrous structure of the prepared membranes, small samples of the dried SPEs
are fixed to a conductive carbon tape and attached to the sample holder of the scanning
electron microscope (SEM). As energy-dispersive X-ray spectroscopy (EDX) is required, the
sample holder is transferred to the vacuum chamber of a JOEL JCM-6000 NeoScop™, which
is operated with a JEOL JED-2200 EDS. For SEM imaging an acceleration of 15 kV is applied.



Results and Discussion
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Figure S1. Nyquist plot to display the influence of using stainless steel (SS) blocking electrodes or Mg metal electrodes on the low frequency
behavior of a PEO:SN:Mg(TFSI)2 36:0:1 SPE.
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Figure S2. Nyquist plot of an electrospun PEO:Mg(TFSI)2 36:1 membrane measured between two Mg metal electrodes. Evolution of R1 and R2
over time (rising number of measurement).
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Figure S3. a) SEM picture, b) Mg mapping, and ¢) F mapping of the same area of an electrospun PEO:Mg(TFSI)2 36:1 membrane. d) Elements and
their intensity found via EDX of the same sample.
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Figure S4. a) 1*C-{*H}-CP-MAS NMR spectra of the PEO:SN:Mg(TFSI)2 36:0:1 membrane for contact times of 0.3 and 8 ms and b) the corresponding
CP evolution curves of the normalized intensity of the broad resonance and the sum of the peak assemble as a function of the contact time.
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Figure S5. 3C-{*H}-CP-"Li-REDOR of PEO:SN:LiBF4 (18:3:1) electrospun membrane at 212 K. The reference experiment So is shown in red, the
REDOR-experiment S in black with 10 rotor periods. The deference of broad amorphous phases is shown with the plot(dotted line) of both
experiments, while the narrow peaks don’t show a REDOR-effect.l!
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Figure S6. *H-MAS spectra of electrospun PEO:SN:Mg(TFSI)2 36:0:1 membrane at room temperature, which shows the proton signal of PEO and
no other signs of measurable amounts of water or solvents. The spinning side bands of the main signal is marked with asterisk.
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4 Summary

In this work polymer electrolytes are prepared via electrospinning. Homogeneous poly-
mer membranes consisting of equally distributed sub-micrometer fibers can be manu-
factured with this technique.l%! The method is also suitable for up-scaling to industrial
scale.'! In combination with poly(ethylene oxide) different LiX (X = BF,, TFSI),
Mg(TFSI),, succinonitrile (SN) as an inorganic additive and nanostructured Al,O3 are
used. For the system PEO:LiBF,, a solid polymer electrolyte without any additives,
the ionic conductivity is increased by electrospinng by over one order of magnitude
compared to hotpressed samples of the same composition (PEO:LiBF, 18:1). Conduc-
tivities of solution casted membranes are between those of electrospun and hot pressed
SPEs. The main reasons for this behavior are the reduced crystallinity of electrospun
polymer fibers accompanied by a reduce glass transition temperature and the unique

fiber structure (Figure 7).1
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Figure 7: Ionic conductivities [Sem™ | of different polymer electrolyte systems prepared

via electrospinning (ES), solution casting (SC) or hot pressing (HP).160 106]

The same trend but even more pronounced can be observed for the system MgTFSI,.

The ionic conductivity of solution casted SPEs with a molar composition of PEO:MgTFSI,

36:1 is determined to be 7.9 x 10 S/cm at 293 K, while the same SPE manufactured

by electrospinning shows a ionic conductivity of 1.2 x 10 S/cm at 293 K.
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If SN as an inorganic additive is used, like in the system PEO:SN:LiTFSI, the ionic con-
ductivity is increased. A SN free PEO:LiTFSI 36:1 membrane has a from impedance
spectroscopy calculated ionic conductivity of 4.4 x 10°¢ S/cm at 293 K. This is in-
creased to 1.9 x 10° S/cm at 293 K if SN is added to obtain a molar composition
of PEO:SN:LiTFSi 36:8:1. Due to partial crystallization of the polymer, the effect of
SN on the inonic conductivity is less pronounced compared to earlier studies of our
group.106: 104,105 Ty the case of nanostructured Al,Og being used as inorganic additive
the positive influence of electrospinning as preparation method is still noticeable. When
3wt% of Al,O3 are added to a PEO:LiBF, 18:1 SPE during electrospinning, an ionic
conductivity of 1.9 x 10¢ S/cm at 293 K is achieved. The maximum ionic conductivity
of 1.4 x 107 S/cm for solution casted membranes with addition of Al,O3 is reached
at 2wt%. Here, the electrospun electrolyte outperforms the solution casted electrolyte
by one order of magnitude.!®l Solution casted membranes only show higher ionic con-
ductivities than the comparable electrospun systems if inorganic and organic additives
are used together. A composition of PEO:SN:LiBF; with 2wt% Al,O3 showed with
5.5x 1075 S/cm a slightly higher ionic conductivity than an electrospun PEO:SN:LiBF,
18:3:1 with 2.3 x 10®° S/em.l%! For all other studied systems electrospinning is the

method of choice if high ionic conductivities are desired.
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