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ABSTRACT: Herein, we report the design of styrene based
poly(ethylene oxide) (PEO) side chain block copolymers featuring
a microphase separation and their application as solid polymer
electrolytes in high voltage lithium metal batteries. A straightfor
ward synthesis was established, overcoming typical drawbacks of
PEO block copolymers prepared by anionic polymerization or
ester based PEO side chain copolymers. Both the PEO side chain
length and the LiTFSI content were varied, and the underlying
relationships were elucidated in view of polymer compositions with
high ionic conductivity. Subsequently, a selected composition was
subjected to further analyses, including phase separated morphol
ogy, providing not only excellent self standing films with intrinsic
mechanical stability but also the ability to suppress lithium dendrite growth as well as good flexibility, wettability, and good contacts
with the electrodes. Furthermore, good thermal and electrochemical stability was demonstrated. To do so, linear sweep and cyclic
voltammetry, lithium plating/stripping tests, and galvanostatic overcharging using high voltage cathodes were conducted,
demonstrating stable lithium metal interfaces and a high oxidative stability of around 4.75 V. Consequently, cycling of Li||NMC622
cells did not exhibit commonly observed rapid cell failure or voltage noise associated with PEO based electrolytes in Li||NMC622
cells, attributed to the high mechanical stability. A comprehensive view is provided, highlighting that the combination of PEO and
high voltage cathodes is not impossible per se.
KEYWORDS: solid polymer electrolyte, PEO architecture, microphase separation, high voltage cathode, NMC622, lithium metal battery,
dendrite suppression

1. INTRODUCTION

Fulfilling the growing requirements of batteries due to the
rising market concerning, e.g., electric mobility, new active
materials providing higher energy densities than the state of
the art lithium ion batteries (LIBs) need to be commercial
ized,1 for which higher specific capacities as well as higher
anode/cathode potential differences need to be targeted.2 In
comparison to lithiated graphite, lithium metal offers high
specific capacity and a lower redox potential, though its use is
limited due to safety concerns in particular when paired with
liquid electrolytes, originating from an instable solid electrolyte
interphase (SEI) and lithium dendrite growth during cycling,
leading eventually to short circuits.3 To solve this problem,
solid state electrolytes (SSEs) could provide sufficient
mechanical strength to suppress lithium dendrite penetration.4

In this regard, especially poly(ethylene oxide) (PEO) as part of
solid polymer electrolytes (SPEs) is of high interest due to its
good chain flexibility, low glass transition temperature (Tg),
remarkable electrochemical stability against lithium metal, low
comparable costs, and great solubility for conductive lithium
salts.5 Furthermore, PEO based SSEs are so far the only

commercially used electrolytes in solid state batteries. The so
called lithium metal polymer (LMP) battery was introduced by
the Bollore ́ Group over the last decade, featureing a Li|PEO|
LiFePO4 (LFP) cell setup delivering 180 Wh kg−1 at
temperatures between 60 and 80 °C, which is suitable for
the automotive market, e.g., bluecar and bluebus.6,7

However, despite these important attributes and great
achievements, PEO based SPEs often suffer from high
crystallinity, which results in low ionic conductivities below
its melting point due to the fact that ion transport is only
taking place in the amorphous regions.8,9 Therefore, to
improve the ionic conductivity at lower temperatures, different
approaches can be used to render the material completely
amorphous, such as cross linking,10 the implementation of

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Winter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/toc/aamick/13/33?ref=pdf
https://pubs.acs.org/toc/aamick/13/33?ref=pdf


plasticizers11,12 or nanofillers,13 or blending with other
polymers.14 Furthermore, approaches to alter the molecular
architecture, such as side chain or cage architectures, are
successfully reducing crystallization to a significant amount, as
we and others could demonstrate.15−17

Though completely amorphous PEO results in a loss of
dimensional stability at room temperature due to the low Tg at
around −65 °C,5,18 high molar mass or cross linked polymers
are solving this problem, partially providing substantial chain
entanglement and, therefore, a macroscopically stable material.
However, the soft matrix characterized by the low Tg does not
provide sufficient resistance against lithium dendrite pene
tration. In addition, it was shown recently that lithium dendrite
penetration and not insufficient oxidative stability might also
be the reason why PEO based SPEs cannot be used in
combination with high voltage cathode materials such as
Li[Ni0,6Mn0,2Co0,2]O2 (NMC622).19−22

In this regard, for PEO based SPEs, a tradeoff is established
where a low Tg provides better ionic conductivity but
insufficient mechanical stability, whereas a high Tg affords
better mechanical stability but at the expense of reduced ionic
conductivity. To solve this problem, it is necessary to tune
both properties independent of each other. For this purpose,
block copolymers have demonstrated to be successful by
achieving this goal through the introduction of one PEO based
polar block, as well as a high Tg nonpolar block, such as
poly(styrene) (PS).23 From self assembly of these block
copolymers, e.g., via slow solvent evaporation, phase separated
polar and nonpolar microdomains are formed, where one
domain (usually the polar PEO domain) contributes to the ion
transport, whereas the other domain (usually nonpolar high Tg
domain) provides mechanical stability, hence, when properly
balanced, yielding macroscopically solid block copolymer films
(Figure 1).24,25 Most examples described in the literature focus
on block copolymers, such as PS b PEO, that were prepared by
anionic polymerization, which is both tedious and highly
dangerous when ethylene oxide gas is utilized.26−28 Other
examples describe the synthesis of block copolymers derived
from PS and commercially available oligo(ethylene glycol)
methyl ether methacrylate (OEGMA).29,30 However, the ester
moieties of the methacrylate provide a chemical weak point in
terms of thermal and electrochemical stability as well as against
nucleophilic impurities.30,31

Herein, we describe a synthetic approach toward block
copolymers that overcomes both of the before mentioned
drawbacks by exploiting styrene monomers featuring a side
chain PEO, resulting in block copolymers with a thermally and

(electro)chemically stable backbone. In addition, PS was
chosen for the nonconducting block to provide a good
mechanical stability due to its Tg of around 100 °C,32

affordable price, and exceptional compatibility regarding the
polymerization because of the possibility of using straightfor
ward, reversible addition−fragmentation chain transfer
(RAFT) polymerization. Furthermore, the side chain approach
reduces the inherent crystallinity, while the microphase
separation of the block copolymers allows for the preparation
of a macroscopically self standing, truly “dry” SPE having both
good flexibility and intrinsic mechanical stability (Figure 1).
Based on our previous study regarding PEO side chain
architectures, we briefly examined the impact of different
PEO side chain lengths as well as the LiTFSI content on the
thermal properties as well as the ionic conductivity of the
derived microphase separated SPEs. We selected the block
copolymer composition providing the highest ionic con
ductivity to proceed with further detailed thermal, mechanical,
and electrochemical characterization, eventually illustrating
successful long term cycling in lithium metal||NMC622 full
cells.

2. EXPERIMENTAL SECTION
2.1. Materials. Sodium hydride (60% dispersion in mineral oil,

Aldrich), poly(ethylene oxide) monomethyl ether (mPEOz, “z” =
400, 1000, 2000 equals to Mn = 400, 1000, 2000 g mol−1, TCI), 4
vinylbenzyl chloride (90%, Aldrich), and 2 (dodecylthiocarbono
thioylthio) 2 methylpropionic acid (98%, Aldrich) were used as
received. Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI,
99.95%, Aldrich) was dried at 80 °C under vacuum for 2 days and
subsequently stored inside a glove box (MBraun Unilab, <0.1 ppm
H2O, <0.1 ppm O2) under an inert argon atmosphere. Styrene (99%,
Acros) was passed through basic alumina oxide prior to use. All other
solvents and reagents were of analytical grade or higher and were used
without further purification.

2.2. Macromonomer Synthesis (4-Vinylbenzyl mPEOz,
VBmPEOz). Sodium hydride (60% dispersion in mineral oil, 1.5
equiv pure NaH, 0.075 mol L−1) was placed in a round bottom flask
with an appropriate amount of dry tetrahydrofuran (THF) and
purged with dry N2 for 15 min while stirring. Afterward, mPEOz (1.00
equiv, 0.05 mol L−1) was added dropwise (solid mPEOz was dissolved
in dry THF prior to addition) and the mixture was stirred until no
more gas development was observed (between 15 and 30 min). Then,
4 vinylbenzyl chloride (3.00 equiv, 0.15 mol L−1) was slowly added.
The reaction mixture was stirred overnight. Afterward, the reaction
was quenched with 10 mL of deionized water and concentrated under
reduced pressure. Water and dichloromethane (DCM) were added to
separate the phases. The organic phase was washed with water four
times, and the aqueous phase was re extracted once with DCM. The
combined organic phases were dried over MgSO4, filtered, and the

Figure 1. Schematics of dendrite suppression by microphase separation of block copolymers. As soon as a dendrite is in contact with the
mechanically rigid block, its growth is stopped or significantly slowed down, depending on mechanical or local electric field effects.
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solvent was concentrated under reduced pressure. Subsequently, the
product was precipitated four times from THF into cold diethyl ether
and centrifuged. The product was obtained as a slightly yellow liquid
(z = 400) or as a slightly yellow/white solid (z = 1000/2000) and
dried at 40 °C under vacuum overnight. Yields: 80−95%
2.2.1. 1H NMR (400 MHz, CDCl3). δ/ppm = 7.39−7.28 (m, 4H,

CArH), 6.74−6.67 (dd, J = 17.6, 10.9 Hz, 1H, H2CCH), 5.75−5.71
(d, J = 17.6 Hz, 1H, HcisHCCH), 5.24−5.21 (d, J = 10.9 Hz, 1H,
HtransHCCH), 4.54 (s, 2H, CCH2O), 3.68−3.52 (m, xH,
OCH2CH2), 3.37 (s, 3H, OCH3).
Integrals: z = 400: x = 38, z = 1000: x = 101, z = 2000: x = 194.
2.2.2. 13C NMR (400 MHz, CDCl3). δ/ppm = 138.01 (s, 1C,

CHCtert.CH), 137.04 (s, 1C, CH2Ctert.CH), 136.69 (s, 1C, H2C
CH Ctert.), 128.03 (s, 2C, CH2Ctert.CH), 126.30 (s, 2C, CH Ctert.CH),
113.82 (s, 1C, H2CCH), 73.04 (s, 1C, Ctert.CH2O), 72.04 (s, 1C,
CH2OCH3), 70.74 (m, [OCH2CH2]n) , 69.49 (s , 1C,
Ctert.CH2OCH2CH2), 59.12 (s, 1C, CH3).
2.3. Homopolymerization of VBmPEOz. 2 (Dodecylthiocarbo

nothioylthio) 2 methylpropionic acid (DDMAT, 1.00 equiv) was
dissolved in a 1:1 mixture of water and dioxane in a round bottom
flask. VBmPEOz (z = 400: 30.0 equiv, 0.65 mol L−1, z = 1000: 15.0
equiv, 0.45 mol L−1, z = 2000: 9.00 equiv, 0.35 mol L−1) and 2,2′
azobis(2 methylpropionitrile) (0.50 equiv) were added subsequently.
The solution was purged with N2 for 20 min, and the polymerization
was conducted at 80 °C for 23 h. Subsequently, the polymerization
was stopped by placing the flask in the freezer. Then, the solvent was
removed under reduced pressure. Poly(VBmPEO400) was obtained
as a highly viscous, yellow liquid and poly(VBmPEO1000) and
poly(VBmPEO2000) were obtained as a solid product and used
directly as macro RAFT agents for the block copolymerization. Yields:
100%
2.4. Block Copolymerization. The previously obtained macro

RAFT agent (poly(VBmPEOz), 1.00 equiv, z = 400: 0.014 mol L−1, z
= 1000: 0.013 mol L−1, z = 2000: 0.009 mol L−1) was dissolved in
dioxane and styrene (z = 400: 200 equiv, 2.88 mol L−1, z = 1000: 200
equiv, 2.54 mol L−1, z = 2000: 500 equiv 4.37 mol L−1) as well as
AIBN (0.5 equiv) were added. The reaction was purged with N2 for
10 min and polymerized at 80 °C for 23 h. Subsequently, the product
was precipitated into diethyl ether, redissolved in THF, and
reprecipitated in diethyl ether three times. The resulting polymer
was dried at 50 °C under vacuum overnight. Yields: 80−90%
2.5. Solid Polymer Electrolyte (SPE) Preparation. Prior to the

SPE membrane preparation, the respective polymer was dried at 80
°C under vacuum (10−3 mbar) overnight. The polymer as well as the
corresponding amount of LiTFSI with predefined ratios of [Li+]/
[EO] 1:5, 1:10, 1:15, or 1:20 were dissolved in acetonitrile (MeCN).
Subsequently, the solution was poured into a Teflon mold. The mold
was covered and MeCN was allowed to evaporate slowly at ambient
conditions, enabling microphase separation. Subsequently, the
obtained SPE film was dried and simultaneously annealed at 120
°C under vacuum (10−3 mbar) for 24 h. The film thickness for all
measurements was around 100 μm.
2.6. Cathode Preparation. For the preparation of the cathodes,

0.9 g of NMC622 (BASF Toda, 90 wt %) or 0.9 g of Li[Ni0.5Mn1.5O4]
(LNMO) (kindly provided by Binder,33 90 wt %), 0.07 g of
conductive carbon (Super P, Imerys, 7 wt %), and 0.03 g of binder
(poly(vinylidene fluoride) (PVdF) 1100, Kureha, 3 wt %) were
weighed in a sample container and 2 mL of N methyl 2 pyrrolidone
(NMP) was added. The container was transferred to a Thinky
centrifugal mixer and stirred twice for 5 min at 1700 rounds per
minute. Then, the resulting homogeneous slurry was cast onto an
aluminum current collector using a doctor blade technique with a gap
width of 50 μm. The coating was dried in an oven at 80 °C overnight.
To obtain a homogeneous thickness and surface, the cathode sheets
were roll pressed to a final thickness of ∼40 μm (20 μm aluminum
current collector, 20 μm electrode coating), resulting in a mass
loading of ∼1.8 mg cm−2. Round disks with a diameter of Ø = 12 mm
were punched out and dried at 120 °C under vacuum (10−3 mbar)
prior to use.

2.7. Electrochemical Impedance Spectroscopy (EIS). Ionic
conductivities of polymer electrolyte films were measured by
electrochemical impedance spectroscopy (EIS). The samples were
prepared by placing the polymer electrolyte film between two stainless
steel electrodes (2 setups with cells of 8 mm and 10 mm diameter) in
a Swagelok type cell setup. All samples were preconditioned
overnight, in a temperature chamber (TestEquity model 115A) at
65 °C, to improve the interfacial contact between the electrodes and
electrolytes. The measurements were carried out using a VSP, SP 200,
and SP 300 potentiostat (BioLogic Science Instruments) in a
temperature range between 5 and 85 °C. An impedance measurement
was conducted over a frequency range from 1 MHz to 500 mHz (and
reverse) with an amplitude of 20 mV. A heating cycle comprised of a
gradual temperature increase in 10 °C steps from 5 to 85 °C. The
temperature was increased with a heating/cooling rate of 60 °C h−1

over 10 min, after which the temperature was held constant for
another 50 min to acquire impedance spectra. At a temperature of 85
°C, the heating profile was reversed and gradually cooled down to 5
°C in similar temperature steps. The ionic conductivity σ was
calculated according to eq 1.

σ = ·
R

l
A

1

b (1)

Rb is the bulk electrolyte resistance that can be accessed from the
Nyquist plot, l is the film thickness, and A is the film area.

2.8. Measurement of the Transference Number. The
measurement of the transference number was performed on a
VMP3 potentiostat (BioLogic Science Instruments) at 60 °C. For the
measurements, symmetrical Li|SPE|Li cells were assembled. After the
cells were conditioned for 1 h, impedance measurements were
conducted every 4 h for a total of 20 h to guarantee a stable interface
between the SPE and lithium metal (Honjo Metal, thickness of 300
μm). Impedance data were collected between a frequency of 1 MHz
and 100 mHz with an amplitude of 10 mV. Direct current polarization
was applied with a polarization voltage of ΔV = 10 mV, while the
impedance was measured directly before and after the polarization,
respectively. The data were evaluated using an equivalent circuit
model, as depicted in Figure 4a, consisting of one resistor mirroring
the electrolyte resistance, two RC elements reflecting the charge
transfer as well as the SEI, and the Warburg element showing
diffusion processes from/to the electrodes. The transference number
tLi+ was calculated using eq 2, where Is is the steady state current, ΔV
is the polarization voltage, and R0 and Rs are the electrode resistance
(RCT and RSEI) before and after the polarization, respectively.
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The initial current I0 is calculated using eq 3. Rb is the resistance of
the polymer electrolyte and is determined by the impedance spectrum
before polarization. Note that the initial current I0, which is calculated
by eq 3, is equal to the experimental value, which can be derived from
the polarization plot.

2.9. Potentiodynamic Experiments. The electrochemical
stability of the polymer electrolyte was measured in a Swagelok
type three electrode setup by conducting linear sweep voltammetry
(LSV) and cyclic voltammetry (CV) on a VSP potentiostat (BioLogic
Science Instruments) at room temperature. Lithium was used as
counter and reference electrodes and copper or platinum as the
working electrode for the measurement of reductive or oxidative
stability, respectively. LSV was conducted within a potential range of
−0.5 and 7.0 V vs Li|Li+ and a sweep rate of 0.1 mV s−1. For CV
measurements, three cycles were measured on copper as a working
electrode between a potential range of −1.0 and 3.0 V vs Li|Li+ and a
scan rate of 0.1 mV s−1.

For the measurement of limiting current density, LSV was
conducted in symmetrical Li|SPE|Li coin cells with a sweep rate of



0.02 mV s−1 until a cut off voltage of 0.35 V vs Li|Li+. The reached
plateau indicates the limiting current density.
2.10. Constant Current Cycling Experiments. All constant

current cycling experiments were performed in a coin cell type two
electrode setup using a Maccor series 4000 battery cell test system.
The cells were conditioned at 60 °C in a climate chamber (Binder KB
400). Lithium plating and stripping experiments were performed in a
symmetrical lithium cell. Prior to long term plating/stripping, the cells
were conditioned with a current density of 0.05 mA cm−2 for 10
cycles. Afterward, lithium was constantly plated and stripped with a
current density of 0.1 mA cm−2 for 1 h over 500 cycles (1000 h) or for
4 h over 37 cycles (296 h), respectively.
For the plating and stripping experiments with alternating current

densities, 30 cycles with a current density of 0.1 mA cm−2 were
conducted before the current density was increased stepwise for 10
cycles, each with 10 cycles at 0.1 mA cm−2 in between until a short
circuit was observed or the safety limits were reached.
Galvanostatic overcharging was conducted (upper voltage limit of 6

V) with a specific current of 14.7 or 18.0 mA g−1 (∼0.1C) for LNMO
or NMC622 cathodes, respectively. The discovered voltage plateau
was taken as an indication for the onset of the oxidative
decomposition of the polymer electrolyte against cathode active
materials.
Full cell cycling experiments were performed between 3.0 and 4.3 V

vs Li|Li+ at a C rate of 0.1C. For rate performance experiments,
alternating charge rates were used, whereas the discharge rate was
maintained at 0.1C. Three cycles at 0.05C were conducted as
formation prior to cycling.
The corresponding impedance data of the symmetrical lithium cells

or full cells were collected using an Autolab PGSTAT204 potentiostat
in a frequency range of 1 MHz−10 mHz with an amplitude of 10 mV.
The EIS measurements were performed at a cell voltage of 0 V for
symmetrical lithium cells and in a discharged state (3 V) for full cells.
Data were collected before and after the formation and after the
cycling of the corresponding cells.
2.11. Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H

NMR (400 MHz) and 13C NMR (101 MHz) spectra were recorded
on a Bruker Ascend 400 NMR spectrometer at ambient temperature
using chloroform d1 as a deuterated solvent.
2.12. Thermal Gravimetric Analysis (TGA). Thermal gravi

metric analysis (TGA) was carried out using a TGA 5500 (TA
Instruments) at a heating rate of 10 K min−1 under a nitrogen
atmosphere up to 800 °C.
2.13. Differential Scanning Calorimetry (DSC). Differential

scanning calorimetry was conducted using a DSC Q200 (TA
Instruments) ranging from −75 to 130 °C with a scan rate of 5 K
min−1 for all measurements.
2.14. Size Exclusion Chromatography (SEC). Size exclusion

chromatography was carried out in THF on a Tosoh Bioscience
HLC 8320GPC EcoSEC system equipped with 3 PSS SDV columns,
5 μm (100, 1000, 100 000 Å) (8 × 300 mm2), and a UV and a
differential refractive index (RI) detector. The operation temperature
was set to 35 °C with a flow rate of 1 mL min−1. The system was

calibrated using poly(styrene) standards ranging from 800 to 2.2 ×
106 g mol−1. Typically, 50 μL of a 2.0 mg mL−1 sample solution was
injected onto the columns.

2.15. Small-Angle X-Ray Scattering (SAXS). The morphology
of the block copolymers was investigated by two dimensional (2D)
SAXS measurements on a Hecus S3 Micro X ray system using a point
microfocus source, 2DX ray mirrors, and a two dimensional CCD
detector from Photonic Science. Low background scatter was ensured
by the use of a block collimation system. Samples were taken from the
films obtained by the SPE preparation. 2D Spectra were radial
averaged using self developed plugins for ImageJ, corrected for
absorption and primary beam intensity. Normalization of the q range
was done using crystalline silver behenate as a standard.

2.16. Oscillatory Rheology. Rheological measurements were
performed on a strain controlled ARES G2 (TA Instruments)
rheometer via small amplitude oscillatory shear experiments. The
samples were prepared from the films obtained by the SPE
preparation with 8 mm in diameter and 0.5 mm in thickness.

3. RESULTS AND DISCUSSION

3.1. Synthesis. Herein, block copolymers were prepared,
affording flexible, self standing films of dry PEO based polymer
electrolytes, which feature sufficient mechanical stability to
prevent lithium dendrite growth and reasonable ionic
conductivity. A key point is the ability of both blocks to
form the so called microphase separated domains on a
nanoscale level driven by their polarity difference, i.e., the
difference in their mixing parameter χ.34−36 For this, block
copolymers were obtained by first polymerizing the macro
monomers VBmPEOz, which feature a styrene functionalized
mPEOz chain, using DDMAT as a RAFT agent to achieve
perfect control over the radical polymerization (Scheme 1).
Consequently, a macro RAFT agent37 based on styrene
repeating units with grafted PEO side chains was obtained
(PVBmPEOz). Subsequently, PVBmPEOz was used for the
chain extension with styrene to eventually obtain the block
copolymer PVBmPEOz b PS (hereinafter denoted as BPz).
Three different PEO side chain lengths were employed
featuring 8, 22, and 45 EO units corresponding to a mPEOz
side chain molar mass of z = 400, 1000, and 2000 g mol−1,
respectively. Thus, the degree of polymerization (DP) of
PVBmPEOz was predefined to be 30 (z = 400), 15 (z =
1000), and 9 (z = 2000) with respect to their different molar
mass and their different reactivity. Furthermore, both blocks
were matched to feature a final weight ratio of around 50/50,
consequently yielding in a total molar mass of ∼25, 29, and 38
kg mol−1 (as determined by SEC with PS standards, see Table
S1) for BP400, BP1000, and BP2000, respectively. This
matching was required to obtain flexible, self standing films,

Scheme 1. Sequential Block Copolymerization by (a) Polymerizing VBmPEOz Obtaining a So Called Macro RAFT Agent
(PVBmPEOz), Followed by (b) Chain Extension with Styrene Eventually Yielding PVBmPEOz b PS (BPz)
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being of particular interest due to the facilitated processing as
well as the fact that a dimensionally stable film in principle
yields more robust electrode interfaces.29,38

3.2. Polymer Electrolytes. The previously described block
copolymers BPz were used to prepare SPEs with self standing
film properties, and the impact of different side chain lengths
as well as the LiTFSI content onto the thermal properties and
ionic conductivity was studied. Though a detailed description
of all of the relationships has been elaborated in previous
works,15,16 we briefly explored the influence of different
parameters since it was not clear whether block copolymers
behaved in analogy to the previously examined homopolymers.
In this regard, we first chose BP1000 with a side chain

length of around 22 EO units to examine the influence of
different LiTFSI concentrations since this side chain length
showed promising ionic conductivities in previous studies and
featured a medium length among the three different side
chains.15,16,39 SPEs with [Li+]/[EO] ratios of 1:5, 1:10, 1:15,
and 1:20 were produced and investigated using EIS as well as
DSC. The latter showed that all LiTFSI concentrations in
combination with the side chain approach were sufficient in
rendering the PEO domain completely amorphous (Table 1),

which is of particular importance since ion transport is
suspected to be mainly possible within amorphous do
mains.40,41 Furthermore, the glass transition temperature Tg
increased with the increasing LiTFSI content due to a higher
number of quasi ionic cross links lowering the overall
segmental motion of the side chain (Table 1, Figure 2c).42

Upon inspection of the corresponding ionic conductivities
(Figure 2a), it becomes obvious that the [Li+]/[EO] ratio of
1:5 showed by far the worst ionic conductivity over the whole
temperature range. However, all other employed ratios resulted
in higher but very similar conductivities over the whole
temperature range. A ratio of 1:10 was beneficial at higher
temperatures, while the ratios of 1:15 and 1:20 were better at
lower temperatures. Overall, we decided to continue the
characterization of the SPE with a [Li+]/[EO] ratio of 1:15 in
the following since it exhibited the best overall performance
over the whole measured temperature range.
Next, the ionic conductivities of BP400, BP1000, and

BP2000, featuring a mPEOz side chain molar mass of z = 400,
1000, and 2000 g mol−1, respectively, comprising a [Li+]/[EO]
ratio of 1:15 were compared. An increasing ionic conductivity
over the course from BP400 to BP2000 was observed (Figure
2b), likely reflecting the consequences of the side chain
approach using styrene as a backbone. Taking BP400 as an
example, around 20 wt % of the PEO domain consists of
styrene from the backbone due to the fact that each side chain
with around 400 g mol−1 features one styrene functionality
with around 100 g mol−1. This results in a lower fraction of the

PEO domain, which is actually possible to conduct ions, and
an increase in Tg due to the significantly higher Tg of styrene in
comparison to PEO (Table 1, Figure 2c). These relationships
become quite visible when BP1000 and BP2000 are included
in this consideration. They have a styrene content of 9 and 4.7
wt %, respectively, and, therefore, the percental fraction of
styrene content as well as the Tg of the PEO domain is
decreasing within this series (Table 1, entry 1, 4 and 6, Figure
2c). Furthermore, longer PEO side chains statistically lead to
less intermolecular quasi ionic cross linking in comparison to
short side chains, which also impacts Tg.

15,16 Comparing the
same LiTFSI ratio, a lower Tg results in higher segmental
motion at the same temperature and thus in higher ionic
conductivity, as can be seen in Figure 2b. One further
explanation for this behavior might be a better phase
separation of PS and PEO domains due to a higher difference
in polarity when less “backbone PS” contributes to the PEO
domain. However, this aspect is difficult to quantify and is
beyond the scope of this publication. Furthermore, we noticed
that in contrast to our previous study, there was no tradeoff
established between the PEO side chain lengths of 1000 and
2000 g mol−1, where one showed higher ionic conductivity at
higher temperatures and the other at lower temperatures,
respectively.15 This might be attributed to the block copolymer
architecture, which is supposed to form domains on a
nanoscale level, hence potentially hindering chain alignment
within these domains (thus boosting ionic conductivity for
longer chains at lower temperatures). This contrasts with the
previously considered homopolymers, where the whole bulk
material forms one macroscopic domain.
Still, it has to be noted that the measured ionic

conductivities of 1.6 × 10−2 mS cm−1@25 °C and 1.8 ×
10−1 mS cm−1@65 °C are relatively low from a practical point
of view, but very competitive considering that a truly dry PEO
based microphase separated block copolymer having about 50
wt % PS incorporated was used.30,43,44 In addition, it has to be
mentioned that ionic conductivity is only one important
feature of an SPE and other properties such as flexibility
(Figure 2d) and wettability and thus better interfacial contact
to the electrodes, a sufficient electrochemical stability toward
the electrodes as well as achieving sufficiently high limiting
currents are also highly important for a stable battery
performance. Moreover, a high mechanical stability of the
SPE and a high limiting current density influences the dendritic
growth and thus the cell safety.45−47 Overall, based on the
conductivity results, the SPE prepared from BP2000 and
LiTFSI in a ratio of [Li+]/[EO] = 1:15 (in the following
denoted as BPE2000) was further characterized.

3.3. Thermal Characterization and Morphology. One
reason for choosing PS as the backbone as well as the block
providing the mechanical solidity was due to its high thermal
stability.48 To verify this, a TGA measurement of BPE2000
was conducted, showing a highly stable SPE with a 5% weight
loss at a temperature of 331 °C (Td5) (Figure 3a). The single
degradation suggests a simultaneous decomposition of PS,
PEO, and LiTFSI, which are all known to decompose around
this temperature.48−50

Furthermore, we took a closer look at the morphology of
BPE2000. DSC measurements already showed that micro
phase separation took place by revealing a simultaneous
appearance of two Tgs for both PS and PEO domains at 100
and −47 °C, respectively (Figure 3b). Furthermore, the ionic
conductivities plotted in Figure 2 are only achievable if phase

Table 1. Overview of the Thermal Properties of the PEO
Domains of the Different SPEs

entry polymer
[LiTFSI]/
[EO]

Tg PEO domain
(°C)

Tm PEO domain
(°C)

1 BP400 1:15 42.2 n/a
2 BP1000 1:5 32.8 n/a
3 BP1000 1:10 43.2 n/a
4 BP1000 1:15 47.2 n/a
5 BP1000 1:20 49.5 n/a
6 BP2000 1:15 47.6 n/a



separation occurred since a nonseparated structure would
decrease the ionic conductivity to a significant amount because
the conductive domain would contain a substantial amount of
a nonconducting polymer, which would increase the Tg and
thus decrease the mobility. To further elucidate the
morphology, SAXS measurements were conducted (Figure
3c). Herein, the presence of a primary peak at a scattering
vector (q) of q* = 0.23 nm−1 confirmed the microphase
separation, whereas the presence of further maxima at 2q* and
barely visible at 3q* show a high degree of order since
nonordered microphase separated polymers only show the
main peak.51 In addition, it is indicative for a lamellar, long
range ordered morphology,52 as anticipated for a block
copolymer with a block ratio in the range of 50/50.27

π=
*

d
q
2

(4)

Moreover, the average domain spacing (d) of around 27 nm
was calculated by eq 4, which is in agreement with comparable
PS b PEO or PS b POEGMA structures featuring a similar
molar mass of the blocks (∼19 kg mol−1 per block),36,53

though these values are not straightforward to compare
because the LiTFSI content and the architecture (linear vs
grafted) influence the domain size.27,54−56

In addition, rheological measurements of BPE2000 and the
corresponding homopolymer electrolyte (i.e., without the PS
block) were conducted (Figure 3d). While the homopolymer
electrolyte was a viscous liquid as shown by the low G′ and G″
values, BPE2000 was a self standing film with a G′ of around 1
MPa and G″ of around 0.1 MPa. However, it has to be noted
that these measured values describe the rheological behavior
for the bulk material comprising both PS and PEO domains.
Thus, due to the phase separation of the block copolymer, it
can be expected that PS domains with their Tg = ∼100 °C are
predominantly contributing to the mechanical stiffness, which

Figure 2. (a) Ionic conductivity of SPEs derived from BP1000 and different LiTFSI concentrations and (b) comparison of the ionic conductivity
of BP400, BP1000, and BP2000 featuring a LiTFSI ratio of [Li]/[EO] of 1:15. (c) Corresponding Tgs to (a) and (b). (d) Exemplary picture of
the flexible, self standing films.

https://pubs.acs.org/doi/10.1021/acsami.1c08841?fig=fig2&ref=pdf
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is characterized by a G modulus of around 1 GPa.57 This high
mechanical stiffness is even in the range of metallic lithium (G
modulus of 3.4 GPa) and is essential regarding the use of
BPE2000 as an SPE in lithium metal batteries to suppress
lithium dendrite growth.45,47,58 Srinivasan et al. proposed that
in PEO based polymer electrolytes, a G modulus higher than
3.4 MPa (GSPE > 10−3 GLi) leads to plastic deformation of the
lithium metal dendrite, thus decreasing the height of the
dendrite protrusion and, therefore, additionally decreasing the
concentration/overpotential contribution to dendrite
growth.45 Furthermore, PEO domains are characterized by a
low Tg and also high flexibility and wettability, which is known
for the homopolymer, therefore providing an optimal contact
toward the electrodes being equally important.
3.4. Electrochemical Characterization. Since the ionic

conductivity of a dual ion conducting SPE is a combination of
the anion (TFSI−) and cation (Li+) mobility and thus only
points out the overall ionic conductivity, it is necessary to
determine the transference number of such an SPE to obtain
an insight into the lithium ion mobility. For this, the combined

potentiostatic polarization and complex impedance measure
ment proposed by Evans et al.59 was used to determine the
transference number of BPE2000 (Figure 4a). Using eqs 1 and
2, the transference number of BPE2000 was calculated as 0.13,
which is in the typical range for a PEO based SPE16,43,60,61 and
thus further supports the assumption of successful microphase
separation and the ion conduction within the PEO domain.
In the next step, we evaluated the electrochemical stability of

BPE2000, which is an essential information necessary for an
intended practical application as an SPE. The intrinsic
reductive stability was tested using LSV with copper as a
working electrode ranging from 3.0 to 0.5 V vs Li/Li+. As
shown in Figure 4b, a small peak at ∼1.5 V as well as a tiny,
broad peak at ∼0.3−0.5 V was observed, followed by lithium
plating below 0 V. Especially, the peak at ∼1.5 V is a known
phenomenon, yet its origin is not fully understood but
reported to be a one time event.62,63 In fact, CV from 3.0 to
1 V confirmed the presence of this peak only during the first
cycle (Figure 4c). In addition, the peak at 0.3 V seemed to
decrease during cycles.

Figure 3. Further characterization of BPE2000: (a) TGA thermogram showing a single degradation step, (b) DSC spectrum revealing the phase
separation by simultaneously showing the Tg of the PEO and the PS domain, (c) SAXS spectrum suggesting a long range ordered, lamellar
morphology, and (d) oscillatory rheology of BPE2000 and the corresponding homopolymer electrolyte (PVBmPEO2000) showing the improved
mechanical stability of the bulk material.

https://pubs.acs.org/doi/10.1021/acsami.1c08841?fig=fig3&ref=pdf
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Moreover, the intrinsic oxidative stability of the SPE using
an anodic sweep from 3.0 to 7.0 V was determined as 5.1 V vs
Li/Li+ with platinum serving as the working electrode (Figure
4b). However, these values are highly dependent on the set
limits. Often, 0.01 or 0.015 mA cm−2 are chosen,64

corresponding to even higher values. Still, the electrochemical
stability window measured on inert materials such as platinum
or copper does not reflect a realistic behavior in a lithium
metal battery. High surface area cathodes and chemical reactive
lithium metal often support electrochemical degradation
during cycling.20,62 Therefore, to further investigate the
compatibility with high voltage cathode materials, galvanostatic
overcharging of the positive electrode was performed to
determine limiting potentials in a more realistic way (Figure
4d). Commonly employed LNMO as well as NMC622 were
used as high voltage cathode materials to determine the onset
of oxidation. Independent of the different mechanisms of
lithium de /intercalation, a characteristic voltage plateau at
4.75 V vs Li|Li+ was observed for both LNMO and NMC622
cathodes. This voltage plateau reflects parasitic reactions

originating from the oxidative decomposition of either the
SPE itself, the present PVdF in the composite cathode, or
both.65 As mentioned above, the onset of oxidative
decomposition of the SPE against active materials can differ
from the decomposition against inert materials such as
platinum or copper. Nonetheless, there is no apparent current
(<0.01 mA cm−2 for potentiodynamic and no obvious voltage
plateau for galvanostatic measurement) evolving from electro
lyte oxidation below 4.3 V vs Li|Li+ for both potentiodynamic
and galvanostatic measurements and, therefore, an application
of this SPE using high voltage cathode materials such as
NMC622 appears very likely.
Since one of the major advantages of all solid state batteries

(ASSB) is the use of lithium metal, resulting in an increased
energy density, it is essential that the solid state electrolyte is
suitable for use against lithium metal electrodes.3,66 Moreover,
the increased mechanical stability due to the PS block (vide
supra) is beneficial for the inhibition of lithium dendritic
growth. Therefore, lithium plating stripping experiments were
conducted at a current density of 0.1 mA cm−2 to examine the

Figure 4. (a) Chronoamperometry and EIS of BPE2000 determining the transference number. Determination of the electrochemical stability of
BPE2000 by (b) linear sweep voltammetry (LSV) in a range from −0.5 to 7.0 V (0.1 mV s−1), (c) CV in a range from −1.0 to 3.0 V (0.1 mV s−1)
and (d) galvanostatic overcharging (0.1C) using LNMO and NMC622 as high voltage cathode materials.

https://pubs.acs.org/doi/10.1021/acsami.1c08841?fig=fig4&ref=pdf
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interfacial long term stability of lithium metal and the ability to
reduce lithium dendrite growth. As shown in Figure 5a, the
overvoltage (initial overvoltage ∼0.075 V) increased within the
first cycles, reflecting an increase of the resistance, presumably
originating from the formation of an additional SEI by
insignificant electrolyte decomposition. Once the SEI layer
was completely formed, the overvoltage remained nearly stable
at ∼0.15 V over thousand hours. In general, this long term
overvoltage of ∼0.15 V is in the normal range in comparison to
similar PEO based SPEs, whereas the initial overvoltage of
∼0.075 V is rather low43,67 Though, overvoltages in Li|SPE|Li
cells are strongly related to several polymer properties such as
film dimensions, interface resistances, or mechanical proper
ties, which makes it a complex parameter and thus it is not
trivial to directly compare different SPEs. Moreover, the shape
of the voltage profiles (see the inset of Figure 5a) was rapidly
reaching a plateau, implying a reduced cell polarization due to
ionic concentration gradients.62 These findings indicated a
stable and homogeneous lithium deposition behavior, and
consequently no short circuit by dendrite penetration was

observed over thousand hours, whereas comparable PS PEO
block copolymers already underwent a short circuit after 240
h43 and pure PEO even in <40 h67 under the same current
density.
To further investigate the lithium dendrite growth, plating

and stripping experiments were performed with a longer
plating and stripping time (Figure 5b) as well as alternating
current densities (Figure 5c).
As shown in Figure 5b, the plating and stripping time with a

current density of 0.1 mA cm−2 was extended to 4 h. Similar to
Figure 5a, the voltage plateau at ∼0.1 V was rapidly reached
and remained nearly constant for around 3 h, thus no cell
polarization could be found, implying a stable lithium
deposition behavior. Afterward, a small increase in overvoltage
was observed (see the inset of Figure 5b), probably resulting
from kinetic limitations, possibly leading to slowly growing
lithium dendrites. However, this polarization seems to be
reversible and does not result in a rapid cell failure or short
circuit as can be seen from the stable long term overvoltage,

Figure 5. Lithium plating stripping experiments. (a) Conditioning using 0.05 mA cm−2 for 10 cycles. Afterward, lithium was constantly plated and
stripped with a current density of 0.1 mA cm−2 for 1 h over a total of 1000 h (b) Conditioning using 0.05 mA cm−2 for 10 cycles. Afterward, lithium
was constantly plated and stripped with a current density of 0.1 mA cm−2 for 4 h over a total of 296 h. (c) Lithium plating stripping with alternating
current densities with 10 cycles at 0.1 mA cm−2 in between and (d) LSV measurement in a Li||Li cell with a sweep rate of 0.02 mV s−1 to identify
the limiting current density derived from the plateau.

https://pubs.acs.org/doi/10.1021/acsami.1c08841?fig=fig5&ref=pdf
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which showed only a small increase over ∼300 h (see also the
corresponding EIS data Figure S8).
Moreover, the influence of different current densities (Figure

5c) was evaluated by gradually increasing the latter from 0.1 to
0.3 mA cm−2 in intervals of 10 cycles. In addition, between the
two intervals, the cell was allowed to cycle for 10 cycles at 0.1
mA cm−2. As summarized in Figure 5c, it was found that by
applying a current density of 0.3 mA cm−2, the overall
overvoltage quickly increased and a severe polarization during
one cycle (see the inset of Figure 5c) was observed, whereas a
stable voltage plateau at 0.1 and 0.25 V was reached for current
densities of 0.1 and 0.2 mA cm−2, respectively. This
polarization originated from concentration gradients within
the electrolyte as a result of an insufficient Li+ transport and
resulted in a considerable dendrite growth that cannot be
suppressed by the morphology, hence, yielding a cell failure for
current densities higher than 0.3 mA cm−2. However,
compared to a pure PEO based SPE, where a short circuit is
quickly observed at 0.2 mA cm−2, the limiting current density

shown here is significantly increased, although the ionic
conductivity is lower.68

To corroborate the current density limitations derived from
plating and stripping experiments, LSV was conducted with
symmetrical Li|SPE|Li cells (Figure 5d). The plateau at a
current density of ∼0.3 mA cm−2 is assumed as the limiting
current density and is in good agreement with the current
density limitations previously identified in plating and stripping
experiments. As indicated before, the limiting current density is
higher compared to literature known PEO based SPEs
comprising comparable or even significantly higher ionic
conductivities, thus underlining the beneficial interplay
between mechanical stability provided by the PS domain,
resulting in the ability to suppress dendritic growth and the ion
conduction derived from the PEO domain once more.68−70

3.5. Galvanostatic Cycling and Rate Capability. After
the promising results regarding the electrochemical stability
against high voltage cathodes as well as stable Li|SPE
interfaces, long term constant current cycling and rate
capability tests were conducted in Li||NMC622 full cells.

Figure 6. (a) Constant current cycling at 0.1C and (c) rate capability tests (varying charge rate; 100% corresponds to ∼172 mAh g−1) of Li|
BPE2000|NMC622 cells at 60 °C. Selected charge and discharge profiles of (b) different cycles as well as (d) different C rates. Notably, no voltage
noise or rapid cell failure is observed.

https://pubs.acs.org/doi/10.1021/acsami.1c08841?fig=fig6&ref=pdf
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Constant current cycling was performed at 60 °C and a rate of
0.1C (Figure 6a, corresponding EIS data Figure S9).
Remarkably, neither a rapid cell failure nor a commonly
described voltage noise, both usually associated with PEO
based PEs and NMC622,19−21 was observed over the course of
100 cycles (Figure 6b). These results strongly support the
recently revised point of view regarding the use of PEO based
electrolytes in combination with NMC cathodes. Homann et
al. showed that the voltage noise/rapid cell failure might not be
caused by an insufficient oxidative stability but rather reflect
insufficient mechanical stability and eventually Li dendrite
penetration.19 However, if sufficient mechanical stability20,21 or
electrolyte thickness (e.g., 800 μm)19 is provided, dendrite
penetration (and thus voltage noise and rapid cell failure) are
suppressed or prolonged, respectively. Though the employed
BPE2000 films featured a thickness of only ∼100 μm, the
available mechanical stability (G′ = 1 MPa for the bulk
material, up to G′ = 1 GPa within the PS domain) due to the
PS domain allowed for the successful cycling in Li||NMC622
full cells, thus supporting the statement that PEO based SPEs
can be used with NMC622, as long as a sufficient mechanical
stability is guaranteed. Nonetheless, the cells did still show a
noticeable capacity fading in comparison to other reports
concerning non PEO based SPE classes in combination with
NMC.64 However, each SPE class features its own advantages
and disadvantages in terms of performance and also availability
and affordability, thus complicating direct comparison. Still,
the origin of the capacity fading needs to be evaluated in more
detail in upcoming studies targeting an efficient cycling of
PEO based PEs in Li||NMC622 cells.
In addition, the rate capability was evaluated by varying the

charge rate, while the discharge rate was kept constant at 0.1C.
At 0.5C, the cells retain 80% of the initial specific capacity and
a severe decrease of the capacity retention merely occurred at
C rates higher than 0.66C (Figure 6c,d), which is in good
agreement with the measured limiting current density, yielding
sufficient capacity retention until a current density of ∼164 mA
g−1 (180 mA g−1 = 1C). The provided ionic conductivity of the
PEO based electrolytes was too low to enable a sufficient Li+

transport at higher C rates. Here, probably kinetic limitations
resulted in a blocking type polarization and thus a massive
decrease in available capacity. This behavior can be seen in
Figure 6d, where a steep voltage increase is visible for 1, 2, and
5C without a noticeable gain in capacity.70 Nevertheless, even
at those high C rates neither voltage noise nor rapid cell failure
was observed, as shown in Figure 6d, once more documenting
the enormous potential of BPE2000.
To overcome the capacity fading as well as the limited C

rate capability in the first instance, it is necessary to enhance
the ionic conductivity of BPE2000. For this, the implementa
tion of additives such as plasticizers is one of the most applied
approaches to do so.5,11,12,62 However, for bulk materials,
plasticizers not only increase the mobility of chains (and thus
decrease the Tg) but also decrease the mechanical stability as a
consequence, resulting again in issues with accelerated lithium
dendrite growth. In this regard, block copolymers such as
BP2000 can be designed in a sophisticated way allowing for
the selective implementation of plasticizers into the PEO
domain while maintaining an untouched PS domain, thus
when properly balancedresulting in an increased ionic
conductivity without a decreased mechanical stability. This
possibility, in combination with the straightforward synthesis
of the styrene based PEO side chain block copolymers, shows

once more the huge potential of this material since it allows for
a simple decoupling of the implementation of additives and
mechanical stability being otherwise hardly achievable. Thus,
we will focus on optimizing the here presented SPE using
nonvolatile additives to enhance the ionic conductivity while
still featuring a dry SPE.

4. CONCLUSIONS
Herein, we introduced the straightforward synthesis of an
inexpensive and fully dry polymer electrolyte based on styrene,
featuring PEO side chains overcoming both common draw
backs of comparable systems, namely, on the one hand, the
tedious synthesis of PS b PEO and, on the other hand, the
insufficient stability of PS b POEGMA block copolymers. The
special architecture allowed to (a) reduce crystallization, (b)
enable a microphase separation with long range order,
resulting in (c) a good mechanical stability (G′ = 1 MPa for
the bulk material, up to G′ = 1 GPa within the PS domain) and
(d) a good ionic conductivity decoupled from the mechanical
stability. First, the impact of different LiTFSI ratios as well as
different side chain lengths on the ionic conductivity and the
thermal properties was briefly examined, showing that a
[LiTFSI]/[EO] ratio of 1:15 and relatively long side chain
with around 45 EO repeating units exhibited a reasonably high
ionic conductivity of 1.6 × 10−2 mS cm−1@25 °C.
Subsequently, an SPE comprising the highest ionic con
ductivity was further analyzed in detail. We could show that
the PS and PEO domains are separated on a microscopic level
forming a long range ordered, most probably lamellar block
copolymer morphology, allowing for the preparation of an
overall flexible, self standing film, featuring a good mechanical
stability provided by the high modulus PS domains as well as a
wettability provided by the low modulus PEO domains.
A sufficient oxidative stability at voltages beyond 4.75 V was

found using both potentiostatic and galvanostatic techniques as
well as different electrodes and active materials, thus
demonstrating relevant compatibility with high voltage cath
ode materials such as NMC622. A stable Li|SPE interface was
established from LSV/CV as well as lithium stripping/plating
tests over 1000 h and a comparable high limiting current
density of 0.3 mA cm−2 was in respect to the provided ionic
conductivity derived as a consequence of improved mechanical
stability. Full cell cycling in Li||NMC622 cells did not show any
indication of rapid cell failure or the presence of voltage noise,
unlike previously associated with PEO based SPEs and
NMC622, thus supporting the recently proposed opinion
that sufficient mechanical stability is necessary for PEO based
SPEs to be applicable in combination with high voltage
cathodes, such as NMC622. Moreover, we showed that such
microphase separated PEO based SPEs are of high interest for
the next generation of high voltage lithium metal batteries,
providing a straightforward and inexpensive approach for
polymer based energy storage solutions. In contrast to
Bollore’́s state of the art LMP technology, the replacement of
LFP with high voltage cathodes such as NMC622 increases the
ASSB performance in terms of energy density and costs and
thus might push the applicability of SPEs in ASSB, a major step
forward.6 Nonetheless, the present SPE is still limited by its
ionic conductivity in a practical point of view and noticeable
capacity fading in combination with NMC622. To overcome
this issue, further studies focusing on the enhancement of the
ionic conductivity while maintaining all of the other beneficial
properties are currently underway. This will not only allow for



higher C rates but also enable long term cycling at lower
temperatures, thereby circumventing parasitic processes.
Moreover, the origin of capacity fading should be examined
to drive forward the application of inexpensive PEO based
SPEs in high voltage lithium metal batteries.
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