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Impact of Nano-sized Inorganic Fillers on PEO-based
Electrolytes for Potassium Batteries

Anna D. Khudyshkina,® Ulf-Christian Rauska,” Andreas J. Butzelaar,” Maxi Hoffmann,®
Manfred Wilhelm,® Patrick Theato,™ 9 and Fabian Jeschull*®

The low melting points of solid polymer electrolytes (SPEs)
based on the KTFSI electrolyte salt allow comparatively low
operation temperatures (below 50 °C) for K-ion batteries, unlike
their Li or Na counterparts. Unfortunately, for this reason the
electrolyte is also rendered mechanically unsuitable in its
function to act as a cell separator. Therefore, in this work the
use of inorganic nanofillers (Al,O; and SiO,) is explored with the
aim to improve rheological, thermal and cation transport
properties of the resulting polymer composite electrolytes.
Their electrochemical properties were further examined in K-
metal symmetrical cells and K-metal/SPE/K,Fe[Fe(CN)4] cells and
compared to corresponding liquid electrolyte systems. As a

Introduction

In recent years, potassium-ion batteries (KIBs) have drawn great
attention as a complementary post-Li technology." Despite
higher atomic mass of potassium, KIBs could be attractive
energy storage systems especially if high average cell voltages
above 4.0V and a high stoichiometric content can be
achieved.”*”! Major bottlenecks to reliable KIBs are stable
interface chemistries, the high reactivity of potassium towards
electrolyte components.*® The combination of the two leads
to significantly more electrolyte degradation and thus rapid
increase of the surface layer thickness and cell resistance, as
well as fast capacity fade.”'” In addition, the availability of well-
performing negative and positive electrode materials is limited.
Graphite™'®'? and Prussian white-based compounds"*'® are
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result of particle-polymer interactions, filler-containing SPEs
showed higher degrees of crystallinity combined with filler
polymer interaction and thus improved mechanical integrity in
the relevant temperature range of 25-55°C, while maintaining
similar ionic conductivities than a filler-free sample above the
melting temperature. Although plating-stripping experiments in
symmetrical cell setups suggested high cell resistances for
various compositions and in some cases even rapid cell failure,
Al,O;-based SPEs generally displayed high capacity retention
when cycled against a positive electrode (here Prussian blue
analogue K, Fe[Fe(CN),]) over 100-160 cycles and possibly
beyond.

currently the most commonly used electrode materials due to
their availability and comparatively high reversibility.

Several recent studies demonstrate that solid polymer
electrolytes (SPEs) improved the capacity retention of half cell
configurations notably compared to conventional carbonate-
based liquid electrolytes (LEs)."”?" Poly(ethylene oxide), PEO as
a semi crystalline host material is the most prominent example
for SPE applications owing to its ability to dissolve high
amounts of electrolyte salt, leading to the formation of semi-
crystalline polymer-salt complexes with high ion mobility at
elevated temperatures.?? Please note that even in the crystal-
line state of pure PEO there is a high molecular mobility within
the crystallite due to fast jump motions along the helical
screw.” Dissolution of salt in PEO is facilitated if the
dissociation energy of the salt is low. Therefore, salts with bulky
anions, such as bis(trifluoromethanesulfonyl)imide (TFSI), are
commonly used. As ion transport mainly takes place in the
amorphous phase® it is beneficial that bulky anions also have
plasticising effects (lowering the glass transition temperature,
T;) and supress crystallisation. PEO exhibits high cathodic
stability,”*? which is an important parameter when using
reactive metallic negative electrode. However, in contact with
high-voltage cathodes degradation processes commence in the
voltage range around 4.3-4.6V vs. Li*/Li.***” In our previous
work,"” comparatively high room temperature ionic conductiv-
ities of up to 3.0x107°Scm™' were found for PEO-KTFSI
compositions with ethylene oxide (EO)-to-potassium molar
ratios (EO:K) of 16:1 and 12:1. The 12:1 composition showed
an exceptionally low melting point, T, of 40°C, but liquid like
behaviour rendering the formulation unsuitable for SPE applica-
tions, as the SPE also has to fulfil the important role of a
separator and thus requires certain mechanical strength to
prevent short-circuits.

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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The strategies to improve mechanical integrity of PEO-based
electrolytes include for example chemical cross-linking,?**” or
the use of multiphase structures as in graft or physical cross
linking via block copolymeric materials,?*>** additionally com-
prising a polymer possessing high T,. We have followed the
latter approach recently, using a PEO-based block copolymer™™®
we were able to greatly improve the mechanical properties of
the SPE, despite using an EO:K molar ratio of 15:1 in the liquid-
like compositional regime. The addition of an inactive phase,
however, came at the expense of lower ionic conductivities.
Therefore, in this work, the addition of ceramic nancfillers to
the PEO-KTFSI matrix was examined as an alternative approach
to improve the mechanical properties.

Nano-sized inorganic fillers, such as Al,Os, SiO,, TiO,, ZrO,,
Ce0,, etc.®>” have been used in Li- and Na-SPEs with the aim
to lower the crystallinity®® and to enhance ion mobility through
particle-polymer and particle-ion Lewis-acid-base
interactions.”’?**" In case of attractive filler-polymer interac-
tions confinement effect along the particle interface would be
expected that restrict polymer chain mobility,*>*! which is
reflected in elevated T,. According to literature, ion mobility can
increase in such particle-polymer interface regions through
formation of conducting pathways and restricted chain move-
ment, but strongly depends on the dominating interactions
between the individual components, as well as factors such as
fillers size, its distribution and concentration.6394144

To study the impact of nanofillers on a PEO-KTFSI SPE with
EO:K=12:1 (as a promising ion-conducting formulation from
our previous study"”), we herein investigated thermal, rheo-
logical and ion transport properties of PEO-KTFSI composites
comprising either nano-sized Al,O; or SiO, fillers, respectively.
Furthermore, electrochemical properties were studied in K/K
symmetrical cells and K/K,_,Fe[Fe(CN),] (denoted as KFF) half
cells to determine the cathodic stability of the electrolytes and
their capacity retention and Coulombic efficiencies over up to
160 cycles. In an optimized configuration, the K/KFF cell with
filler-containing PEO-KTFSI electrolyte delivered an outstanding
capacity retention of 99% even after 100 cycles.

Experimental Section

Materials

Poly(ethylene oxide) (PEO) with an average M, of 5,000,000 g/mol
(Sigma-Aldrich),  potassium  bis(trifluoromethanesulfonyl)imide
(KTFSI, 99.5%, Solvionic), y-Al,O; nano powder (99.97%, avg.
particle size: 20-30 nm, pH 5.0-6.5, Nanostructured & Amorphous
Materials, Inc., USA) and SiO, nano powder (>99+ %, avg. particle
size: 20 nm, pH 5.5-6.5, Nanostructured & Amorphous Materials,
Inc., USA) were dried at 110°C for 12 h under vacuum (103 mbar)
prior to use. Carbon black (SuperC, Imerys Graphite & Carbon,
Switzerland), poly(vinylidene difluoride) PVdF (HSV900, Arkema), N-
methyl-2-pyrrolidone (99.5%, Sigma-Aldrich), anhydrous
acetonitrile (99.8 %, Sigma Aldrich) were used as received.

Potassium metal (98% stored in mineral oil, Sigma-Aldrich) was
transferred to the Ar-filled glovebox (H,0 < 0.1 ppm, O,<0.1 ppm),
washed with hexane and further used under inert atmosphere.
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Solid polymer electrolytes (SPEs) preparation

For the SPE films preparation, 300 mg of dried PEO (6.82 mmol of
EO units) and 181 mg of dried KTFSI (0.57 mmol; 37.6 wt.%),
corresponding to the molar ratio of ethylene oxide (EO):K=12:1,
PEO,,-KTFSI;, and the predefined amounts of dried inorganic
nanofiller (Al,O,, SiO,), corresponding to a certain mass fraction (O,
2,5,8,10, 12, 15 wt.% relatively to the polymer-salt composition),
were weighed in a ball-mill container. The container was transferred
to a ball-mill mixer SPEX 8000, and the components were mixed as
dry solids for 1 h. Subsequently, 12 mL of anhydrous acetonitrile
was added to the resulting solid mixture, and the slurry was stirred
overnight. The solutions were casted onto Teflon molds with an
inner diameter of 40 mm, followed by the solvent evaporation at
60°C. The obtained films were dried at 110°C for 36 h under
vacuum (107> mbar) and transferred to the Arfilled glovebox
(H,0<0.1 ppm, 0,<0.1 ppm) without further exposure to air or
moisture, where all preparations for following measurements were
carried out. The derived films with a thickness of ~200 um were
further used for all measurements.

Characterization of polymer electrolytes

Differential scanning calorimetry (DSC). For DSC measurements,
NETZSCH DSC 214 calorimeter was used to register scans in the
temperature range from —70 to 160°C (scan rate of 10 Kmin™).
When processing the data, the heat flow was normalized by the
sample mass. For pristine PEO,,-KTFSI; without nanofiller, the
weight fraction of the crystalline phase was calculated relatively to
theoretical melting enthalpy of PEO (AH,,.=196.4 Jg~"),"" while for
the samples with the nanofillers the total amount of the additives,
@40 Was accounted according to Equation (1):¢

AH,,
Xe= (AH(PE0>m (1 = ) > ()

Oscillatory rheology. Rheological measurements were performed
on a strain-controlled ARES G2 (TA Instruments) rheometer via small
amplitude oscillatory shear (SAOS) with shear strains amplitudes
Yo=0.1-1%. The tests were conducted on the above prepared SPEs
under nitrogen atmosphere in the angular frequency range from
0.1 to 100 rads™" at 25°C and 55°C using an 8 mm parallel plate
geometry.

Electrochemical impedance spectroscopy (EIS). Prior to EIS measure-
ments, the coin-type cells (2032-type round button cell) were
assembled in an Ar-filled glovebox. To do so, the SPE films with a
diameter of 12 mm and a thickness of ~200 um were sandwiched
between two stainless steel electrodes in a coin-type setup. To
avoid electrode-electrode contact, gasket rings made from Mylar
separators with 100 pm thickness and an inner diameter of 12 mm
and external diameter of 16 mm were used. Subsequently, the cells
were sealed and pre-conditioned at elevated temperature of 60°C
for 12 h in a temperature chamber, followed by cooling to ambient
temperature (25 °C). After another 12 h at 25°C, EIS measurements
were performed on a VSP potentiostat (BioLogic Science Instru-
ments) at the frequency range from 1MHz to 500 mHz (and
reverse) with an amplitude of 20 mV in the temperature range from
15 to 85°C in 10°C steps. The temperature ramp rate was 1°Cmin™"
over 10 min. After each temperature ramp, the temperature was
maintained constant for 40 min prior to recording three sets of
impedance spectra (ca. every 13 min a new EIS spectrum was
recorded). The heating profile was reversed at 85°C and cooled
down to 15 °C under similar conditions.
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Further, the bulk electrolyte resistance (R,) was estimated from the
Nyquist plot, and the ionic conductivity (o) was calculated
according to Equation (2):

=n @

where /| represents the thickness, and A represents the area of a SPE
film.

Cell Assembly and Electrochemical analysis

Electrode preparation. Synthesis of potassium iron hexacyanofer-
rate, i.e., K,_,Fe[Fe(CN),] (KFF) as well as the procedure of electrode
preparation were described in detail in our previous studies."”'® In
brief, KFF was synthesized via co-precipitation of FeSO, and
K,Fe(CN)s. The composition of KFF was determined by thermogravi-
metric analysis (TGA) and inductive coupled plasma optical
emission spectroscopy (ICP-OES) to K, o,Fe[Fe(CN)¢]x1.0H,0. Further,
active material electrode slurries were prepared, containing 180 mg
of KFF, 90.0 mg of carbon black (CB), 30.0 mg of PVdF, 30.0 mg of
PEO and 140mg of KTFSI (overall electrode composition
52.3:26.2:8.7:8.7:4.1 ratio by mass, wt.%). Electrode coatings were
produced by doctor blading and dried subsequently in a climate
chamber at 60°C overnight. The electrode sheets were calendared
to a thickness of ~40 um and cut into discs with a diameter of
16 mm and a mass loading of ~1 mgcm™ The electrode discs
were then dried at 110°C, respectively, for 12 h under vacuum
(107* mbar) and transferred to an Ar-filled glovebox without further
exposure to air or moisture prior to use.

Symmetrical cells assembly. For plating and stripping experiments,
symmetrical K/SPE/K coin cells (Hosen CR2032-type cells, SUS316L)
were assembled in an Ar-filled glovebox. The SPEs based on PEO,,-
KTFSI, with 8 wt.% of the inorganic nanofiller (Al,O; or SiO,) (further
denoted as AlOx-8 and SiOx-8) with a thickness of ~200 um and a
diameter of 16 mm (for AlOx-8) and 14 mm (SiOx-8) were placed
between two potassium metal electrodes.

Half cells assembly. Coin cells were assembled in an Ar-filled
glovebox from K-metal negative electrodes, KFF positive electrodes
and a SPE sandwiched between both electrodes. Specifically, the
SPE compositions used in these experiments contained either 8, 10
or 12 wt.% AlLO;, 8 wt.% SiO, or a mixed composition of 5 wt.%
Al,O; and SiO, each. The K/SPE/KFF half-cell configurations cycled
galvanostatically as described below.

Potassium metal plating and stripping experiments. Potassium
metal plating and stripping experiments were conducted in sym-
metrical cells on a VMP-300 potentiostat (BioLogic Science Instru-
ments) at a temperature of 55°C. Prior to cycling, the cells were
pre-conditioned at OCV at this temperature for 4 h. Then electro-
chemical impedance spectroscopy (EIS) measurements were per-
formed in 4 h intervals in the frequency range between 10 mHz
and 200kHz and a voltage amplitude of 20 mV. The total
conditioning time was 42 h and 13 min. The current densities (j,
where j=I/A) of 0.01, 0.02, 0.05, 0.075 and 0.1 mAcm > were used.
At j of 0.01, 0.02, 0.05 and 0.075 mAcm?, each cycle comprised
plating and stripping (for 1 h each, for 20 h in total). At 0.1 mAcm™?,
the cells were cycled for 200 h in total. When switching from
plating to stripping (and reverse), a rest step of 30 min was applied.
After each j increase, EIS was conducted under the same conditions
as for the OCV phase.

Galvanostatic cycling. Galvanostatic cycling was conducted on a
VMP-300 potentiostat (BioLogic Science Instruments) at a temper-
ature of 55 °C. Prior to cycling the cells were conditioned at OCV for

Batteries & Supercaps 2023, €202300404 (3 of 13)

20 h at this temperature. The K/SPE/KFF cells were cycled under
constant current constant voltage (CCCV) conditions within the
voltage limits of 2.5-4.3V vs. K"/K. For the K/SPE/KFF cell with 8-
Al,05-PEO,,-KTFSI, SPE, the cycling rate C/25 (1 C=141 mAhg™'
with respect to the theoretical capacity of K,g4Fe[Fe(CN)s]x1.0H,0)
was used. The cells with 8-, 10-, 12-Al,0;-PEO,,-KTFSlI;, 8-SiO,-PEO,,-
KTFSI,, 5-Al,0;-5-Si0,-PEO,,-KTFSI, SPEs, were cycled with a rate of
C/15. In the constant voltage (CV) step a current cut-off limit
equivalent to C/50 was applied for a maximum of 1 h in both the
charge and discharge sequence.

Potentiostat data processing. The galvanostatic cycling data was
exported to TXT file extension using the EC-Lab software (V11.27)
and further processed using the in-house developed «bat2dat» R
package that is available on github.*”

Results and Discussion

In our previous study,"” PEO,-KTFSI, (with EO:K molar ratio
x:y=16:1 and 12:1) exhibited the highest room temperature
total ionic conductivities (o of 2.0-3.5x107°> Scm™") due to their
predominantly amorphous nature, low melting points and
liquid-like rheological properties. As a result, they are rendered,
unsuitable to serve as separators in KIBs configurations. To
counteract the mechanical disadvantages of these composi-
tions, composites incorporating nano-sized inorganic fillers,
specifically as AlLO; and SiO, in a PEO,,-KTFSI; matrix were
studied in the first part of this work with respect to their
thermal, rheological and ion transport properties. In the second
part, the electrochemical tests of selected SPEs will be
demonstrated in symmetrical K-K cells and in half cell
configurations using K-metal as negative and K,,Fe[Fe(CN)l,
KFF, as positive electrode.

Physical properties of PEO-based polymer electrolyte
composites

Thermal properties. DSC measurements were conducted to
evaluate the impact of the nanofillers (Al,O;, SiO,) addition on
thermal properties of SPEs based on the PEO-KTFSI composition
with EO:K molar ratio=12:1 (Figure S1, summary given in
Table 1). Both melting (T,) and glass transition (T;) temper-
atures are plotted in in Figure 1 (T,, refers to the temperature at
the peak maximum). It was found that SiO,-containing
composites displayed no dependencies between filler content
and T, within a margin of £2°C, with respect to the pristine
PEO,,-KTFSI; composition (T,=—45.2°C). Marginally higher T s
are observed for electrolytes with filler contents of 5, 8 and
12 wt.% Al,O;, without a clear trend in glass transition temper-
ature. As will be discussed later, differences between the fillers
may arise from different degrees of surface-polymer and
surface-ion interactions, which can alter the polymer chains
dynamics in the electrolytes. As can be seen in DSC scans in
Figure S1, the endothermic peaks around the melting temper-
ature comprised of at least two broad overlapping features.
Moreover, in the case of AlOx-5, two endothermic peaks were
clearly observed, which are both reported in Table 1. In
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Table 1. Thermal quantities (T, T, AH,, and mass weighted degree of crystallinity X¢) of pristine PEO,,-KTFSI, (Entry 1) and Al,0,/SiOfilled PEO,,-KTFSI,

samples with different mass fraction of the nanofillers (Entry 2-11).

Sample Nanofiller Nanofiller mass fraction Ty T AH,, Crystallinity X*
[wt.%] [°Cl r°a Ug™ %]

PEO,,-KTFSI, - 0 —452 39.9 319 16.2

(AIOx-0/SiOx-0)

AlOx-2 AlLO, 2 —435 50.1 475 24.7

AlOx-5 5 —38.7 43.2/59.0 544 29.2

AlOx-8 8 —41.5 48.8 43.6 241

AlOx-10 10 —43.2 56.3 52.7 29.8

AlOx-12 12 —38.1 45.0 40.7 235

AlOx-15 15 —42.6 46.6 38.1 228

SiOx-2 SiO, 2 —46.5 455 46.1 24.0

SiOx-5 5 —454 46.5 42.4 22.7

SiOx-8 8 —43.7 47.7 46.2 25.6

SiOx-10 10 —43.1 514 414 234

*calculated according to Eq. (1), as described in the experimental section.
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Figure 1. Dependency of the T, and T,, on the mass fraction of nano-sized a)

Al,O; and b) SiO, in PEO,,-KTFSI,-based SPEs.

composites of SiO, (Figure S1b), the endothermic peaks appear
to overlap stronger, but still show a discernible shoulder. This
suggests the presence of several crystalline phases (with
compositional differences), as described previously for PEO-
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LiTFSI systems.*®*? By comparison with filler-free PEO,,-KTFSI,,
one component can be attributed to its melting point at T,,=
39.9°C, which is a substantial reduction in melting point (from
69°C for pure, linear PEO at high molecular weight). The
melting points of filler-containing samples are clustered around
46.5+2°C with few compositions exceeding 50°C. Based on
the thermal properties of various PEO,-KTFSI; (x=4,8,12,16,20)
compositions from our previous study,"” the melting points of
the adjacent PEO,-KTFSI, composition (48.8 °C) and the majority
of filler-containing samples tested herein coincide almost. The
formation of a crystalline PEO4KTFSI, phase, or more generally
segregation into K-rich PEO phase(s) and K-depleted PEO
phase(s), as described by Marzantowicz et al.®® for PEO:LITFSI
electrolytes, could explain the mixed phase thermal behaviour.
The local immobilization of PEO chains at the nanoparticle
surface may induce crystallisation and phase separation, in
which the nanofillers act as nuclei or seeds for nucleation and
growth and, as a result, melting enthalpies increase (AH,, and
X, respectively, in Table 1).

This contradicts the general hypothesis in related Li- and
Na-systems that nanoparticles act as plasticizers in the
amorphous regions due to the creation of free volume. Nano-
particles also suppress polymer chain ordering and conse-
quently suppress crystalline growth and larger crystalline
regions.®**3} When comparing with literature data, it is worth
noting that the impact of ceramic fillers on thermal behaviour
of PEO-based electrolytes have been studied mostly in Li*
-containing systems. Compared to Li*, the larger and softer K-
cation®" is expected to interact weaker with charged surface
groups, the polymers’ EO units or the salt anions.”**¥
Furthermore, Lee etal.®¥ demonstrated that polyester-ZrO,-
LiTFSI composites display different trends in T, depending on
both filler and salt content. In a comparable work Serra Moreno
etal.’® reported decreasing crystallinities of PEQ,,-NaTFSI,
electrolytes by about 10% and slightly lower melting points
upon addition of 5 and 10 wt.% of nano-sized SiO,, respectively.
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According to the authors, compositions with higher salt
contents showed no significant melting enthalpy (AH,(PEO,,-
NaTFSI;) <3.1Jg™") and the impact on fillers was not tested in
this case.

Rheological characterization. Further, we investigated rheo-
logical properties, i.e., mechanical integrity, of the Al,O;- and
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Figure 2. Dependency of storage (G’) and loss (G") moduli on angular frequency of PEO,,-KTFSI;-based SPEs with different mass fraction of Al,O; at a) 25°C
and b) 55°C and SiO, at c) 25°C and d) 55°C. Data for the filler-free PEO,,-KTFSI, was added using the data provided in our previous study."”* Clearly the
filler content increases both, the storage and the loss module indicating a transition from a polymer melt to a polymer network.
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sample shows solid-like properties, while G”>G' indicates a
liquid-like state.”® Figure 2(a and b) presents the dependency
of the shear moduli (G' and G") on angular frequency of the
AlLO,-filled PEO,,-KTFSI, with different mass fraction of the filler
at 25 and 55°C, respectively. At 25°C, the filled samples
exhibited more than one order of magnitude higher G’ as
compared to the pristine PEO,,-KTFSI, in the low-frequency
region (1.1-5.5x10° vs. 5.0x10°Pa at 0.1rads™', Figure 2a).
Moreover, all modified electrolytes in the investigated range of
the filler concentration displayed G'>G" and display a rubber
plateau. This corresponds to the desired solid-like behaviour
required for SPEs and also confirms the assumption that
crosslinks are introduced by addition of filler. In contrast, the
filler-free PEO,,-KTFSI; (black circles) showed an opposite
behaviour at small angular frequencies (G”>G’), indicating
liquid-like properties. In Figure 2(a), it can also be seen that the
two compositions with higher melting point, i.e., AlOx-5 and
AlOx-10, showed a notable shift in higher shear storage and
loss moduli (by about half an order of magnitude) over the
other investigated samples. As the desired solid-like behaviour
(G'>@") was manifested for the SPEs at ambient temperature,
we expected to obtain free-standing films for all Al,0;-PEO,,-
KTFSI, samples in the investigated range of the filler concen-
tration. Contrary, the SPEs containing less than AlOx-5 did not
yield a good processable, free-standing polymer electrolyte
film. At 55°C (Figure 2b) all compositions surpassed their
melting points, which appears to eliminate major differences
between the compositions. As seen in Figure 2(b), the largest
decrease of storage moduli was shown by the SPEs with AlOx-5
and AlOx-10, ca. one order of magnitude, while the composi-
tions AlOx-2 and AlOx-8decreased by ca. half an order of
magnitude, and the AlOx-12 and AlOx-15remained almost
unchanged). It should be noted that the corresponding shear
loss moduli remain by and large in the same range and, more
importantly, do not intercept the storage moduli curves in the
measured frequency range (i.e, G'>G" still applies). Note-
worthy, AlOx-10 exhibited notably close values of G’ and G” at
low angular frequency (0.1-1 rads™', Figure 2b).

Similar rheological behaviour was observed for the SiO.-
filled PEO,,-KTFSI, electrolytes (Figure 2c and d). At 25°C, the
storage moduli of the samples with SiO, were found in the
range of G'=9.4x10"-4.4x10°Pa at 0.1rads™', which is more
than one order of magnitude higher compared to G' of the
pristine PEO,,-KTFSI, (measured at low angular frequencies).
Furthermore, the SiO,filled electrolytes manifested solid-like
properties (G'>G"), that were preserved at elevated temper-
ature of 55°C (Figure 2d), although overall the storage moduli
decreased, as well as the gap between the storage and loss
moduli.

Although the SiO,-SPEs (with 2-10 wt.% of the nanofiller)
displayed viscoelastic solid-like rheological behaviour at 25°C
(Figure 2c). However, in practice free-standing films from SiOx-2
and SiOx-5 could not be obtained, which is a prerequisite for
SPE application in K-metal batteries.

The results demonstrate that mechanical properties of
PEO,,-KTFSI, compositions can be greatly improved by incorpo-
rating Al,O; or SiO, inorganic nanoparticles into predominantly
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amorphous polymer matrix (Table 1). Compared to our pre-
viously reported block copolymer electrolyte, the rheological
properties show a stronger dependence on temperature.'®

lonic conductivities. Next, we conducted EIS in the fre-
quency range from 1 MHz to 500 mHz in a temperature range
from 15 to 85°C (in 10°C steps) to evaluate the impact of the
Al,O; and SiO, addition on the total ionic conductivities (o) of
the resulting SPEs (Figure3a and b). The bulk electrolyte
resistance required for Equation (2) was determined from fitting
the acquired EIS spectra to a Debye circuit,*” demonstrated in
the example provided in Figure S2 and Table S1. Raw data and
corresponding sample thicknesses are provided in the data
repository associated with this work.”¥ It was observed that
both fillers caused no change or even a small reduction in total
ionic conductivity with respect to the filler-free PEO,,-KTFSI,
(Figure 3a and b) at temperatures above T,,. Compared to filler-
free PEO,,-KTFSI, (1.5-3.0x107¢ vs. 2.0x107> Scm™" at 25°C) the
samples containing AlLO; (Figure 3c) or SiO, (Figure 3d) showed
one order of magnitude lower o. When the temperature
approached 45°C (close to T,, of the filled SPEs, see Table 1),
the difference in ionic conductivities became negligible (the
same order of magnitude for the filler-free and modified PEO,,-
KTFSI,, around 1.0x107*Scm™"). Upon further increase of the
experimental temperature, the o deviation remains the same
(55-85°C, Figure 3a). At 55°C, the samples demonstrated o of
1.4-2.6x10"* Scm™". For comparison, similar ionic conductivities
were measured previously for PEO,,-KTFSI, (2.8x107*Scm™).["]
Similar findings of the ion transport dependency on temper-
ature were manifested for the SiO,-containing PEO,,-KTFSI,
samples.

The ionic conductivities obtained for the SiO,/Al,O5-contain-
ing PEO,,-KTFSI; electrolytes are in a similar range as in the
work by Serra Moreno et al.*® on the corresponding nano-SiO,-
PEO,,-NaTFSI, compositions. As for the samples studied herein,
the authors found that the ionic conductivity were not affected
significantly by the filler content (i.e,, 5 and 10 wt.% of SiO,).
However, in their case, the ionic conductivities followed closely
the ones of a filler-free sample even below the melting point.
By far most results were reported for composites based on
PEO:LIiTFSI. For example, Jayathilaka et al. reported®™ room
temperature ionic conductivities of up to 0.22 mScm™ for a
PEO,LITFSI, composite with 10 wt.% porous Al,O; (104 um
particle size; 155 m*g™"). Similar values were reported in a
recent study by Yang etal.® for SiO, (7-40 nm) composites
(PEOLITFSI). This is largely in agreement with previous
conductivity comparisons""®¢" between the monovalent cations
Li*, Na* and K*, where PEO-based electrolytes with ATFSI (A=
Li, Na, K) salts also displayed similar ionic conductivities,
independent of the cation (an increase in transference number
for larger cations could be shown by Oteo et al.™").

Discussion. The following section provides a discussion on
the structure-property relationships in the studied PEO,,-KTFSI,
composites in the context of previous works on the impact of
inorganic fillers on the polymer electrolyte properties.

(1) In literature, the effect of ceramic fillers beyond reported
improvements of mechanical properties is controversially

discussed.®®*? For Li-SPEs, ceramic fillers were studied in a
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)

variety of different electrolyte salts for PEO-LiX composite
electrolytes (X =BET,®*® TFS|F9%°%4 or triflate (SO,CF,7)B).
The composition with an EO:Li molar ratio of 20:1 seemed
particularly favoured, which is interesting from the perspec-
tive of its high degree of crystallinity of over 50%.° In
those cases, addition of fillers indeed reduced the crystal-
line phase. However, the effect of ceramic fillers appears to
diminish when formulations with low crystallinity are used
as starting formulation (for PEO,,KTFSI, X.=16%). Further
improvements in ion conduction, then depends on other
effects, like facilitated ion transport at the particle interface
or anion immobilization (higher transference numbers).
However, both dielectric spectroscopy®™ and NMR
spectroscopy®®® studies found merely modest improve-
ments in ion mobility by addition of ceramic fillers, as
diffusion and relaxation activation energies are reduced.

Lewis acid-base interactions between the ceramic particle
surface and the ion-conducting salt can facilitate salt
dissociation. However, the dissociation energies of NaTFSI
and KTFSI are lower than that of LiTFSI (~590 kJmol™
(LiTFSI), ~490 kJmol™" (NaTFSI) and ~425 kJmol™" (KTFSI)).*

Batteries & Supercaps 2023, €202300404 (7 of 13)

3)

Therefore, the benefit may dissipate with decreasing
dissociation energies.

The degree of interactions between TFSI™ anions and PEO
chains with the ceramic surface strongly depends on the
nature of the surface groups.®” Lewis acidic surface groups
may interact with both anions and EO ether fragments. This
may lead to formation of Li*-conduction pathways along
the particle interface. While little or no interactions are
expected between anions and Lewis basic surface groups,
Croce etal. also postulated surface-Li"-PEO interactions
with Li" as a mediator via electrical ion-dipole
interactions.” The latter may come at the expense of Li*
immobilization. In their work, the authors presented
evidence that ion transport is indeed higher for acidic or
neutral (amphoteric) particle surfaces but similar to the
filler-free material for basic particle surfaces. Based on the
supplier data, the nanoparticles used for this study
exhibited slightly acidic surfaces (pH between 5.0-6.5),
although their isoelectric points are notably different (Al,O,
~pH 9; SiO, ~pH 2).%” The latter may affect the dispersion
properties of the particles. Further, it should be acknowl-
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edged that cation-surface interactions could be smaller
with a soft Lewis-acid like K*, which might reduce the
impact of this effect on ion mobility for K*-conductors.
Nanofiller-PEO and nanofiller-salt interactions can result in
structural reorganisation of polymer chains around the
particles that can promote crystal growth through immobi-
lization of polymer segments in proximity to the particle
interface. As discussed in the section on the thermal
properties above, addition of either Al,O; or SiO, fillers to
PEO,,-KTFSl;-lead to higher degrees of crystallinities be-
tween 6-13 wt.% with respect to the filler-free composition
(Xc=16.2 wt.%). Higher degrees of crystallinity and the
possibility of particle crosslinking through the polymer
phase improved the mechanical properties of composite
films and restored viscoelastic behaviour in the PEO,,-KTFSlI,
composition. On the other hand, the overall ion transport
properties are likely adversely affected in presence of more
crystalline domains and locally restricted chain motion,
since ion transport occurs predominantly in the amorphous
phase. Hence, as the crystalline domains dissolve above T,,
the ionic conductivities of filler-containing samples ap-
proach similar values as the filler-free PEO,,-KTFSI, formula-
tion. Conversely, below T, ion transport is hindered in
samples with nanofillers.

(5) The degree of interactions is coupled to the particle size of

the filler, which should be below 1 um to achieve improved
jonic conductivities.®>**® The previous work®” discussed
above, used SiO, particle sizes as low as 5-7 nm. Even in
this case ionic conductivities of SiO,-PEO,,-NaTFSI compo-
sites did not surpass that of the filler-free PEO,,-NaTFSI
formulation. With particle sizes of around 30 nm for both
Al,O; and SiO, (see Experimental Section), the ceramic fillers
used herein are on the smaller end of the scale, but the
degree of interactions could be further increased through
even smaller particles.

Electrochemical characterization

Symmetrical cell tests. As mentioned in the rheology section of
this study, in practice some samples did not yield processable
free-standing films. Therefore, we chose the compositions
containing 8 wt.% of filler (AlOx-8 and SiOx-8) for a first
evaluation of cell resistances in plating and stripping experi-
ments in symmetrical K/SPE/K cells at 55°C, shown for both
composites in Figure 4(a) and (b), respectively. To do so, the
cells were cycled at gradually increasing current densities j of
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Figure 4. Plating/stripping experiments in symmetrical K/SPE/K cells at 55 °C with current densities (j) of 0.01, 0.02, 0.05, 0.075 and 0.1 mAcm > where SPE =a)
AlOx-8, b) SiOx-8. EIS conducted in the frequency range from 200 kHz to 10 mHz after every j increase in K/SPE/K cells where SPE=c) AlOx-8, d) SiOx-8.
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0.01, 0.02, 0.05, 0.075 and 0.1 mAcm™ and a sequence duration
of 1 h and a 30 min OCV relaxation step.

As seen in Figure 4(a), the symmetrical K-cell with AlOx-8
SPE demonstrated a reversible metal deposition at j of 0.01,
0.02, 0.05mAcm™. At the lowest current density, i.e, j=
0.01 mAcm™? the cell showed overpotentials of ~60 mV. In the
3" cycle, voltage fluctuations were observed (see inset in
Figure 4a), possibly associated with surface processes.”” At
higher j of 0.02mAcm™? overpotentials increased almost
doubled and corresponded to ~110 mV. At j=0.05 mAcm 2 our
K/AlOx-8/K cell enabled cell cycling only under substantial
overpotential of <220 mV. Thus, in first approximation, the
plating and stripping overpotentials scale linearly with j.
Further, a short circuit occurred in the following sequence at
0.075 mAcm™2 This is associated most likely, with K-metal
dendrite growth, adversary affecting the cell performance in
plating and stripping experiments.?>””

For K/SiOx-8/K cell (Figure 4b), notably higher overpoten-
tials were observed when plating and stripping at the same
current densities as in the case of symmetrical cell with AlOx-8.
Thus, overpotentials of ~180mV corresponded to j=
0.01 mAcm™? followed by increase to ~260mV at
0.02 mAcm™, and further to ~360 mV at 0.05 mAcm~2 Contrary
to the AlOx-8 electrolyte, neither fluctuating voltages nor short
circuit were noted. Moreover, the cell with SiO,-filled sample
completed the sequence at 0.075 mAcm™ with initial over-
potentials of ~520 mV. The overpotential decreased with
increasing number of cycles to 430 mV, which is still quite
substantial. Overall, the cell could be operated for over 250 h at
a current density of 0.1 mAcm™ and thus showed considerably
better cycling stability than the Al,O; composite.

For comparison, under the same experimental conditions
symmetrical cells employing poly(vinyl benzyl methoxy
poly(ethylene oxide) ether)-block-polystyrene block copolymer
and KTFSI, reported in our previous work"® displayed over-
potentials of 330 mV at 0.05 mAcm™2, which is in the same
range as the SiO, composite but about 110 mV higher than the
AlL,O; studied herein. However, analogous symmetrical Li-cells
demonstrated ca. 10 times lower overpotentials at given current
densities. Higher overpotentials in the case of K-metal are
attributed to larger cell resistance, due to formation of a
resistive surface layer, i.e., SEI layer.”"

For this reason, electrochemical impedance spectroscopy
(EIS) spectra were recorded at the end of each cycling segment,
i.e., before the next higher current density was applied. Figure 4
shows the evolution of the cell impedance after every 10 cycles
(each cycling segment) for AlOx-8 (Figure 4c) and SiOx-8 (Fig-
ure 4d).

At least two discernible processes with different time
constants contributed to the impedance spectrum before
plating and stripping, while different electrode processes in the
spectra of the cycled cells could not be properly distinguished.
Considering a high reactivity of potassium, contributions of
both the charge-transfer reaction and the surface layer were
expected.”” In addition, the electrolyte resistance and a
dielectric contribution from the polymer electrolyte might add
to the frequency arcs that may be interpreted as a single
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electrode process, i.e, a single semicircle. Comparing the
diameter of the frequency arcs (using data points at the same
frequency), it is seen that the impedance in the system
decreased with increasing current density. This finding is in
contrast with the expectation that a reactive K-metal electrode
should show increasing impedance as cycling (and thus aging)
progresses. This is an indication, however, that the plating and
stripping process removes some of the charge-transfer inhibit-
ing compounds from the surface (or fresh K-metal is plated on
the surface). Moreover, increase of the electrode surface, e.g.,
by growth of dendrites or formation of more porous morphol-
ogies may reduce the impedance that is normalized to the
geometric electrode area. At the same time, based on the EIS
results, the SEI layer growth does not appear to be critical at
this stage of the cycling process (but might become more
significant as the cell ages).

Evidently, SiO,-based polymer electrolytes showed higher
areal resistance (by a factor of 5) compared to Al,O, composites
at the beginning of the first cycling sequence. Interestingly,
over the course of 30 cycles at three different current densities,
the impedance of the cell containing SiOx-8 decreased
considerably and approached similar values than the cell
containing AlOx-8. Although the impedances equilibrate to
similar values, the overpotentials during cycling remained larger
for the SiO, composite, indicating that practically K*-ion trans-
port is slower (higher polarization) in this formulation.

Galvanostatic cycling in 2-electrode half cell configurations.
Lastly, the SPEs based on PEO,,-KTFSI, with Al,O; and SiO,
nanofillers were tested in potassium half cells, comprising K,.
Fe[Fe(CN)¢], KFF, as the positive electrode and K-metal as
negative electrode. The chemical composition of KFF was
calculated to K, oFe[Fe(CN)s]x1.0H,0, corresponding to a theo-
retical capacity of 141 mAhg™". In our previous work a specific
capacity of 120 mAhg™' was achieved with this electrode
material.'®

For galvanostatic cycling tests of Al,05-SPEs, three composi-
tions were chosen with 8, 10 (AlOx-8 and AlOx-10) and 12 wt.%
(AlOx-12) of nano-Al,O;, respectively. The cells were cycled at a
C-rate of C/15 with a voltage window of 2.5-4.3 V vs. K*/K at
elevated temperature of 55°C. Capacity retentions and corre-
sponding coulombic efficiencies (C.E.) are provided in Fig-
ure 5(a-c). The voltage profiles for selected cycles are found in
Figures S3(b-d). Cycling at temperatures close to ambient
temperature, i.e., 25°C, has been and still is a major bottleneck
for SPEs due to their modest ionic conductivities. For Li- and
Na-cells, Mindemark et al. previously reported polyester-poly-
carbonate (PCL-PTMC) copolymers that enabled operation at
temperatures as low as 40°C."> Herein, we present another
encouraging example of polymer-based K-ion conductors that
approach near-ambient operating temperatures. The AIOx-8
sample (cell 1) was also cycled at 45°C at a reduced C-rate of C/
25 (Figure 5a) The cells show two voltage plateaus of the two
characteristic redox steps of KFF upon reduction around 4.05 V
and 3.4 V vs. K" /K (Figure $3a)."*”* In addition, an intermediate
feature is seen between the two plateaus in the voltage range
between 3.4-3.6V vs. K*/K. In accordance with previous
results,"” the voltage profile is different from those in liquid
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Figure 5. Capacity retention and corresponding coulombic efficiencies of K-metal/SPE/KFF cells employing different SPE composites. For the formulation a)
AlOx-8 two cells were tested with different current densities. At a slower rate of C/25 the cell showed a continuous capacity loss over the first 100 cycles. The
formulations b) AlOx-10 and c) AlOx-12 were examined at C/15, showing distinctly different capacity loss profiles. The composite d) SiOx-8failed after 14
cycles. The overall best performance was obtained from a blend comprising 5 wt.% of Al,O; and e) 5 wt.% of SiO,.

electrolytes in this respect, as usually a direct drop (or increase)
from one plateau to the other is observed. There were no SPE-
composition related differences in the shape of the voltage
profiles, other than differences in specific capacity (Figure 3a—
d).

On the first cycle a comparatively small discharge capacity
(Qqiser) Of 86.2 mAhg™" (CE. of 89.6%) was obtained (practical
capacity of KFF ~120 mAhg™"). A notable increase of Qg Was
observed to a maximum of 98.7 mAhg~' delivered in the 10"
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cycle. This behaviour is well-known for solid-state systems,
where the interfacial contact between SPE and active material
improves over time and has been observed in our previous
work as well as by others."”?°’* In order to maintain compara-
bility between the cells herein and our previous work,"”'® we
have maintained the electrode formulation that includes
11.7 wt.% of polymer electrolyte (without filler) and the
conditioning time at OCV prior to cycling. To minimize the
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initial increase until a maximum capacity is reached these
parameters could be further optimized.

Moreover, from the symmetrical cell tests decreasing
impedance with increasing cycle number was observed (Fig-
ure 4c), which could play a role in the accessible capacity of the
two-electrode setup. This conditioning phase is accompanied
by a peak in CE that surpasses 100%, as during cycling former
inactive active material domains gradually become active.
Beyond the 10™ cycle, discharge capacity of cell 1 steadily
declined, to around 92 mAhg™" after 100 cycles. The observed
capacity loss is associated most likely with higher degree of
irreversible side reactions at low cycling rates (C/25), that are
adversary affecting the long-term capacity retention of the cell.
The CE increased from around 99% in the 10" cycle and
approached 99.8% CE after 100 cycles. For comparison, in our
previous work on filler-free PEO-KTFSI compositions,"” the C.E.
approached values of 98% only slowly over the first 50 cycles,
indicating that the addition of filler improved the C.E.
significantly.

To promote ion mobility in the AlOx-8 and reduce kinetic
limitations, a higher cycling temperature of 55°C and a C-rate
of C/15 were used in the following (Figures S3b, 5a, cell 2).
Compared to the cell 1 (cycled at C/25 and 45 °C), slightly lower
Qqiscy Was measured on the 1 cycle (82.5 mAhg™"), but by the
8™ cycle both cells approached similar discharge capacities. As
seen in Figure 5(a), cell 2 demonstrated a slight capacity decline
over 60 cycles (from 99.4 to 98.2 mAhg™', ~1%), followed by a
recovery back to 99.0 mAhg". This could be associated with
electrode-electrolyte contact changes over time.”” Upon further
cycling, the cell 2 reached a notably improved capacity
retention over the first 100 cycles. Specifically, with respect to
Quisch ON the 10™ cycle, the capacity loss on following cycles was
less than 1% until the 100" cycle. We ascribe the better
capacity retention to shorter times in the high potential region,
as PEO reaches its stability limit in the voltage region between
4.1t0 4.3V vs, KT/K5?7

The cell with AlOx-12 SPE showed a similar behaviour to
that employing AlOx-8, i.e., increasing capacities in the
conditioning phase in combination with a peak in CE after a
few cycles (Figure 5c). The maximum Qg., of 94.1 mAhg™" was
obtained on the 13" cycle, and the corresponding CE was
between 99.0 to 99.6% until the 100" cycle. The capacity
dropped between the 13™ and 50™ cycle by ca. 3% before it
started to increase slightly again. As a result, the capacity
retention was 99 % after 100 cycles. It is worth noting that both
AlOx-8 and AlOx-12 showed reversible discharge capacities
around 100 mAhg™', while somewhat higher initial specific
discharge capacity of 115 mAhg™" were previously found in
reference measurements with a liquid electrolyte."”

Contrary to the previously observed tendency of increasing
initial discharge capacities in the conditioning phase, the AlOx-
10 cell showed its maximum Qg, of 1159 mAhg™' on the 1%
cycle (Figure 5b), which is in the same range as for a
corresponding liquid electrolyte cell."” A continuous capacity
decay was observed, that was most pronounced from the 1* to
20" cycle and resulting in total capacity retention of 83% after
100 cycles. The initial CE of 91.3% increased to above 99.0%
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after 20" cycle and reached 99.4% after 100 cycles. In the series
of Al,0;-composition SPEs AlOx-10 was an exception. However,
this not only applies to the electrochemical test but is also in
agreement with its thermal and rheological properties, where
this composition appeared to deviate from other compositions.
Its rheological properties for instance (G’ &~ G” at small angular
frequencies; Figure 2b), could potentially facilitate the SPE
penetration into the cathode coating layer.

Further, the PEO,,-KTFSI, SPE employing 8 wt.% of SiO,
nanofillers was tested in the same cell configuration (K-metal/
SPE/KFF) at 55°C using a C-rate of C/15 with a voltage window
of 2.5-4.3 V vs. K*/K (Figure S3e). As seen in the voltage profiles
in Figure S3(e), the cell only enabled 13 cycles before showing
voltage noise in the 14" cycle, which in our experience marked
the onset of cell failure. The effect of voltage fluctuations during
charge/discharge process is often observed for the PEO-based
SPEs in lithium metal cells®’® and was previously attributed to
metallic dendrite growth.” As presented in Figure 5(d), the cell
achieved 4 mAhg™' higher Qg maximum compared to the
analogous K-metal/SPE/KFF cell with 8 wt.% of AlL,O, (Figure 5a,
cell 2).

Therefore, we further tested a «hybrid» PEO,,-KTFSI, SPE
filled with 5wt% Al,O; and SiO, each (i.e., 10 wt.% of the
nanofillers in total), attempting to merge a stable long-term
cycling and a higher capacity (Figure S3f). Capacity retention
and corresponding coulombic efficiencies of the cell employing
the «hybrid» SPE are shown in Figure 5(e). On the 1* cycle, the
cell demonstrated a modest Qg, of 86.0 mAhg™' that drasti-
cally increased over the conditioning phase, resulting in the
maximum of 96.4 mAhg™" in the 20" cycle. Corresponding CE
in the first cycles drastically increased from 85.2 to 99.2% (from
the 1% to 20" cycle, respectively) possibly due to the improve-
ment of electrode-electrolyte interface. After reaching the
maximum Qg the cell exhibited slight but continuous
capacity decay, eventually showing capacity retention of 95%
after 100 cycles, and 94 % after 160 cycles. Furthermore, the cell
with this «hybrid» formulation quickly approached CEs >99%
(featuring 99.4% CE at the 160™ cycle) and displayed the best
long-term cycling behaviour.

Conclusions

In this work, ALO; and SiO, nanoparticles in the particle size
range between 20-30 nm were incorporated into a PEO,,-KTFSI,
polymer electrolyte formulation in mass fractions between 2 to
15 wt.%, with the aim to improve mechanical properties and
ion mobility. The ceramic-filler containing formulations showed
similar glass transition temperatures but increased melting
points, along with crystallinity degrees compared to the filler-
free sample. While higher T,s and crystallinity benefitted the
mechanical properties, the ion conduction below T, showed
stronger temperature dependence. Above the melting point at
around 45 °C the ionic conductivities of ceramic-containing and
ceramic-free samples approached similar values in the range of
1.0x107*Scm™". The thermal properties and ion mobility are
largely in agreement with the work of Serra Moreno et al.*® on
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PEO,-NaTFSl,-based composites. However, the addition of
ceramic fillers turned the liquid-like filler-free polymer electro-
lyte back into a viscoelastic, processable and free-standing film,
with sufficient mechanical stability at elevated temperatures.

SPEs with filler contents of more than 8 wt% were
examined in symmetrical cell setups and in K-metal/SPE/KFF
cell configurations. Plating and stripping experiments showed
large impedance, presumably from the interfacial resistance at
the electrode-electrolyte interface, for both Al,O;- and SiO,-
filled PEO,,-KTFSI, electrolytes. Interestingly, the impedance
decreased in later sequences with higher current densities,
suggesting that the interfacial resistance decreased. This could
be the case, when K-metal is plated on top of a resistive layer,
when the porosity increases, and when the electrode-electrolyte
contact improves over time. The Al,O;-containing sample failed
at higher current densities, but conversely performed better
than the SiO,-containing SPEs in the half cell tests.

In the latter experiments, SPEs comprising Al,O; fillers
enabled cycling at 45°C at a C-rate of C/25, and a capacity
retention of 93% after 100 cycles. When increasing the temper-
ature to 55°C the cycling rate could be raised to C/15. After
initial conditioning cycles the capacity retention was above
99% on the 100™ cycle, despite a higher cycling temperature
that may cause more parasitic reactions. In contrast, SiO,-SPEs
enabled slightly higher discharge capacities compared to
analogous AlLO;-SPEs (4 mAhg™"), however, only short-term
cycling was possible before the cells showed initial signs of
failure. In attempts to merge a high discharge capacity and
superior capacity retention, we further tested a «hybrid»
composition comprising both ALO; and SiO, nandfillers.
Although the cell showed modest discharge capacities of
around 90 mAhg™', the best long-term cycling behaviour was
obtained with a capacity retention of 94% after 160 cycles.
Overall, the ceramic-fillers improved capacity retention and
allowed cycling over up to 160 cycles after an initial condition-
ing period and produced similar encouraging cell test results as
our previously reported block copolymer approach. In both
cases the performance, in terms of capacity retention and
coulombic efficiency, was improved over filler-free PEO-KTFSI
compositions. Moreover, the ceramicfillers allow cell cycling
under near-ambient (45 °C) conditions, although at low cycling
rates, which is an improvement to PEO-based electrolytes in Li-
ion systems that typically require temperatures beyond 60 °C.
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