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ABSTRACT: Potassium-ion batteries are an emerging post-lithium technology that are
considered ecologically and economically benign in terms of raw materials’ abundance and
cost. Conventional cell configurations employ flammable liquid electrolytes that impose
safety concerns, as well as considerable degrees of irreversible side reactions at the reactive
electrode interfaces (especially against potassium metal), resulting in a rapid capacity fade.
While being inherently safer, solid polymer electrolytes may present a solution to capacity
losses owing to their broad electrochemical stability window. Herein, we present for the
first time a stable solid-state potassium battery composed of a potassium metal negative
electrode, a Prussian blue analogue K,Fe[Fe(CN),] positive electrode, and a
poly(ethylene oxide)-potassium bis(trifluoromethanesulfonyl)imide polymer electrolyte.
At an elevated operating temperature of 5SS °C, the solid-state battery achieved a superior
capacity retention of 90% over 50 cycles in direct comparison to a conventional carbonate-
based liquid electrolyte operated at ambient temperature with a capacity retention of only
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66% over the same cycle number interval.
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1. INTRODUCTION

Potassium-ion batteries (PIBs) are a growing post-lithium
battery technology that show advantages in terms of potassium
crustal abundance leading to potentially lower material costs,
which enable large-scale stationary energy storage applica-
tions.'* PIBs are anticipated to approach or even exceed
specific energies of most currently developed sodium-ion
batteries, despite the fact that the larger atomic mass and
cationic radius of potassium generally result in smaller
volumetric and gravimetric capacities." These shortcomings
are often compensated by higher electrode potentials of
commonly used cathode materials based on iron, manganese,
or vanadium [e.g,, Prussian blue analogues (PBAs) K,M[Fe-
(CN)4] (M = Fe, Mn, etc.) or polyanionic compounds, such as
KVOPO, and KVPO,F],”~® with the potential to boost the
PIB cell voltage over 4 V.2 However, using high-voltage
materials puts high demands on the anodic stability of the
electrolyte, as previously shown by Kim et al."'

On the anode side, the potential of the cell could be further
broadened, when potassium metal is used instead of composite
electrodes, for example, from graphite' > or antimony."* This
raises safety concerns due to the significantly increased
reactivity of potassium as compared to that of lithium or
sodium." Moreover, in conventional organic liquid electrolytes
(LEs), recurring irreversible electrolyte degradation reactions
at the solid electrolyte interfaces (SEIs) are quite severe,
causing growing interface resistances,'” dendrite growth, and
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fast electrolyte consumption, culminating in a rapid capacity
fade.

To overcome these issues, LEs can be replaced by solid
polymer electrolytes (SPEs) that are beneficial in terms of
mechanical and electrochemical stability due to their inherent
inertness and thermotolerance.'°™"* In fact, in a previous
study, Fei et al.”’ demonstrated improved capacity retention
and Coulombic efficiencies (CEs) over a LE system of an
anode half-cell when a solid poly(ethylene oxide) (PEO)-based
electrolyte is employed. The same authors received similar
promising results with an organic cathode with an average
potential of 2.3 V vs K*/K (on discharge)."” In the context of
SPEs, PEO is the most studied polymer host for SPE
application in both lithium and sodium batteries'® for its
ability to dissolve high amounts of conductive salt, its low glass
transition temperature (T, ~ —60 °C),"” and its broad
electrochemical stability window.”"** For potassium batteries,
SPEs, in general, and PEO-based SPEs, in particular, have so
far received barely any attention. This is surprising, considering
that many known shortcomings of SPEs that limit ion
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transport in the polymer matrix are reduced with increasing
cation size.”® Specifically, the strong polydentate coordination
between ethylene oxide units and the cation, the dissociation
energy of the conducting salt, ion pairing effects, and the
insufficient segmental motion of polymer chains below the
melting temperature have hampered fast ionic transport in the
past.19

Potassium salts generally exhibit lower dissociation energies
and are less tightly bound to the monomer units of PEO and
are two parameters that potentially facilitate K transport
within the polymer host.”>** To date, detailed studies on the
most relevant electrolyte salt in this field, potassium bis-
(trifluoromethane sulfonyl)imide (KTFSI), have not been
carried out.”> PEO-KTFSI blends place an important perform-
ance reference for future works and, as will be shown herein,
are a relevant class to solid-state potassium Dbatteries
themselves.

In this work, we provide, for the first time, a detailed analysis
of the thermal, rheological, and electrochemical properties of
PEO-KTFSI formulations. Furthermore, we have identified
several promising candidates providing both high ionic
conductivities and mechanical stability within the relevant
temperature range between 0 and 65 °C that could be
employed as SPEs in potassium batteries. As a positive
electrode, potassium iron hexacyanoferrate (K,Fe[Fe(CN)4])
was synthesized as a reliable electrode material with high
capacity retention and high average electrode potential. The
solid-state cell configuration comprising a K-metal anode, a
PEO-KTFSI solid electrolyte, and a K,Fe[Fe(CN),] cathode
with an average voltage of around 3.6 V (on discharge)
demonstrated superior capacity retention and CE in
comparison to a corresponding LE-cell, thus representing a
compftitive system to current state-of-the-art LE configura-
tions.

2. EXPERIMENTAL SECTION

2.1. Polymer Electrolyte Preparation. PEO (average M, =
5,000,000, Sigma-Aldrich, lot # MKBR8472V) and KTFSI (99.5%,
Solvionic) were dried at 110 °C for 12 h under vacuum (10~ mbar)
and transferred to the Ar-filled glovebox, where all following
procedures were carried out under an inert atmosphere (H,O < 0.1
ppm, O, < 0.1 ppm). The predefined amounts of the polymer and
KTFSI corresponding to the molar ratios of ethylene oxide (EQ):K =
20:1, 16:1, 12:1, 8:1, and 4:1 were homogeneously dissolved in
acetonitrile (99.8%, Sigma-Aldrich). The films were fabricated by
casting the solutions onto Teflon molds, followed by acetonitrile
evaporation at 60 °C. Subsequently, the obtained films were dried at
110 °C for 36 h under vacuum. The resulting films with a thickness of
~200 pm were peeled off from the Teflon molds.

2.2. Differential Scanning Calorimetry. A DSC Q200 (TA
Instruments) system was used for differential scanning calorimetry
(DSC) measurements in the temperature range from —70 to 160 °C
with a scan rate of 10 K min™". The heat flow was normalized by
sample mass.

2.3. X-ray Diffraction. A STOE STADI MP-287 system was used
for X-ray diffraction (XRD) measurements of polymer electrolytes at
ambient temperature. Polymer electrolyte films with a diameter of 12
mm and a thickness of ca. 200 ym were sandwiched between two
mylar foils. A copper source (Acygq = 1.54060 A) was used for the
measurements in the 26 range from 2 to 70° with 26 = 0.015° steps.
XRD pattern of the K,Fe[Fe(CN)4] cathode material was collected
on an X-ray powder diffractometer Huber G670 with transmission
geometry equipped with a linear PSD detector (Acoky = 1.78892 A)
in the 26 range from 4 to 100° with 26 = 0.005° steps.

2.4. Oscillatory Rheology. Small amplitude oscillatory shear
(SAOS) tests were performed on a strain-controlled ARES G2 (TA

Instruments) rheometer using 8 mm parallel plate geometry. All tests
were conducted from 0.1 to 100 rad s at low shear strains from 0.1
to 1% in the temperature range from 25 to 65 °C in 10 °C steps under
nitrogen. Polymer electrolyte films with a diameter of 8 mm and a
thickness of 0.5 mm were used for the measurements.

2.5. lonic Conductivity Measurements. Polymer electrolyte
films were cut off with a diameter of 8 mm and sandwiched between
two stainless steel electrodes in a Swagelok-type setup. Prior to the
measurement, the Swagelok-type cells were preconditioned in a
temperature chamber at 60 °C for 12 h to improve the interfacial
contact between the polymer films and electrodes. Electrochemical
impedance spectroscopy (EIS) measurements were conducted on a
Biologic SP-200 potentiostat at the frequency range from 1 MHz to
500 mHz (and reverse) with an amplitude of 20 mV in the
temperature range from S to 85 °C in 10 °C steps. The temperature
increasing rate was 1 °C min~! over 10 min, and each temperature
was held constant for 50 min to record impedance spectra. At 85 °C,
the heating profile was reversed and cooled down to 5 °C under
similar conditions. The bulk resistance (R,) was further estimated
from the Nyquist plot (exemplary given in Figure S1), and the ionic
conductivity (o) was calculated according to the following equation: &
= (1/Ry)-(I/A), where [ is the film thickness and A is the film area.

2.6. Synthesis of K,Fe[Fe(CN)¢]. PBA K,Fe[Fe(CN)y] was
synthesized via a co-precipitation method reported elsewhere.**%*
Three solutions were prepared: (a) 0.782 g of FeSO,-7H,0 (99%,
Ruskhim) and 0.100 g of polyvinylpyrrolidone (M,, = 40.000, Sigma-
Aldrich) in 20 mL of deionized water, (b) 0.244 g of Na;Cit-5.5H,0
(99.5%, Ruskhim) in 10 mL of deionized water, and (c) 1.268 g of
K,Fe(CN)4-3H,0 (99%, Ruskhim) in 10 mL of deionized water. The
solutions were added to the vessel in the order (a), (b), and (c). The
resulting suspension was stirred for 36 h at ambient temperature.
Subsequently, the resulting precipitate was centrifuged and washed
with a mixture of ethanol and deionized water (1:1 ratio by volume)
several times and dried at 110 °C for 12 h under vacuum (107> mbar).
After drying, the obtained powder was ground using a mortar.

2.7. Positive Electrode Preparation. For the preparation of
positive electrodes for electrochemical tests with the LE, 0.180 g of
the as-synthesized K,Fe[Fe(CN),], 0.090 g of carbon black (“CB”,
SuperP, Imerys Graphite & Carbon), and 0.030 g of PVdF (HSV900,
GelonLib) (60:30:10 ratio by mass) were weighed in a ball-mill
container, and 3 mL of N-methyl-2-pyrrolidone (99.5%, Sigma-
Aldrich) was added. The container was transferred to a ball-mill mixer
SPEX 8000, and the slurry was mixed for 1 h. Subsequently, the slurry
was spread onto a conductive carbon-coated aluminum foil using an
automatic film applicator Zehntner ZAA 2300 with a gap width of 150
um and dried after deposition at 60 °C. In order to make the
thickness and surface uniform, the electrode sheet was roll-pressed to
a thickness of ~40 ym with a mass loading of ~1 mg cm™ Round-
shaped electrodes with a diameter of 16 mm were cut out and dried at
110 °C for 12 h under vacuum (1073 mbar) prior to use. Positive
electrodes for electrochemical tests with SPEs were prepared
according to the same sequence of procedures as described above.

For solid electrolyte cell configurations, the cathode composition
was altered to accommodate a fraction of solid electrolyte in the
electrode composite. In addition to the above components (K,Fe-
[Fe(CN)¢], CB, PVdF; w/w/w = 60:30:10), 0.030 g of PEO (average
M, = 100,000, Sigma-Aldrich, lot # MKCCS5482) and 0.010 g of
KTFSI (99.5%, Solvionic) were added to the slurry, corresponding to
a EO:K ratio of 20:1 and an overall electrode composition of
K,Fe[Fe(CN)4]:CB:PVdF:PEO:KTFSI = 52.9:26.5:8.8:8.8:2.9. In
addition, the PEO:KTEFSI 20:1 electrolyte was also tested with a
slightly higher KTFSI content of 0.014 g (corresponding to a EO:K
ratio of 16:1) concentration in the cathode blend (denoted “cell 2”),
resulting in an overall composition of K,Fe[Fe-
(CN)]:CB:PVAF:PEO:KTFSI = 52.3:26.2:8.7:8.7:4.1.

2.8. Electrochemical Characterization. Liquid and solid
potassium batteries were studied in galvanostatic cycling experiments
and rate capability tests.

2.8.1. Galvanostatic Cycling. The stainless steel CR2032 coin-type
cells were assembled for the galvanostatic cycling tests, employing a
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Figure 1. (a) DSC scans (heating scan rate of 10 K min™") of PEO-KTFSI blends employing different EO:K molar ratios and pure PEO (EO:K =
100:0). (b) Dependence of T, and T, values on the EO:K molar ratio in PEO-KTFSI blends.

Table 1. Summarized Data on Thermal Properties (Tg, T,, AH,,, and Crystallinity) and Ionic Conductivity (6) at 25 and 55 °C
of PEO-KTFSI-Based Polymer Electrolytes Employing Different EO:K Molar Ratios

entry EO:K ratio T, °C T, °C AH,,]J/g
1 100:0 —59.8 69.2 126.2°
2 20:1 —48.1 53.0/37.0 68.1
3 16:1 —46.9 488 27.5
4 12:1 —47.7 39.5 11.1
s 8:1 —40.6 54.6 30.2
6 4:1 —-352 51.3/135.2 38.5

crystallinity”, % o (25 °C), S/cm 6 (55 °C), S/cm
64.3"
34.7 1.30 x 107¢ 2.86 x 107+
14.0 3.56 X 107° 6.77 x 107*
5.7 191 X 107° 1.84 x 107
154 1.79 X 1077 6.18 X 1075
19.6 401 x 1078 3.03 X 107°

“AH,, (PEO) theoretical = 196.4 J/g.*° bPredried molten and thus not completely recrystallized PEO was used, and its crystallinity was calculated
relatively to the theoretical AH,, of PEO as well as for all PEO-KTFSI blends.

K,Fe[Fe(CN)4] positive electrode and a K-metal (98% stored in
mineral oil, Sigma-Aldrich) negative electrode. For the reference cells
with the LE, glass fiber separators (Whatman GF/B) were dried at
110 °C for 12 h under vacuum (10™° mbar), and one layer of the
separator was soaked with 150 xL of an electrolyte comprising a 0.5
M KPF; (99%, AcrosOrganics) solution in a mixture of ethylene
carbonate (EC) (99%, Sigma-Aldrich) and propylene carbonate (PC)
(99.7%, Sigma-Aldrich) (1:1 ratio by volume) with 2 wt % of
fluoroethylene carbonate (FEC) (>99%, Sigma-Aldrich). For the cells
with SPEs, the polymer films with a diameter of 16 mm and a
thickness of ~200 ym were cut out and used as both electrolytes and
separators. The galvanostatic cycling tests were conducted on a
Neware BTS4000 battery test system. The SPE-based cells were
preconditioned in a temperature chamber at S5 °C for 20 h prior to
the following cycling at this temperature. The LE-based cells were
preconditioned at ambient temperature (20 °C) for 2 h prior to the
following cycling at this temperature. In both cases, the cycling rate
was C/25 (1C = 155 mAh/g with respect to the theoretical capacity
of K,Fe[Fe(CN),]), and the voltage cut-offs were 2.5 and 4.3 V vs
K*/K.

2.8.2. Rate Capability Tests. The rate capability test was
conducted on a Biologic BSC potentiostat. The cell composed of a
K,Fe[Fe(CN),] positive electrode, a K-metal negative electrode, and
a PEO-KTFSI EO:K = 20:1 SPE film with a diameter of 16 mm and a
thickness of ~200 ym was preconditioned in a temperature chamber
at 55 °C for 20 h prior to the following cycling at this temperature.
The cell was cycled using a constant current—constant voltage (CC—
CV) cycling protocol.”® CC-steps were performed at cycling rates of
C/25, C/15, C/10, and C/S increasing every five cycles. The
sequences of three CC—CV cycles at C/2S were introduced between
different cycling rates. The cutoff current in the CV-step was
equivalent to the current at a rate of C/25, and the voltage cut-offs
were 2.5 and 4.3 V vs K*/K.

3. RESULTS AND DISCUSSION

3.1. Thermal Properties and Morphology of PEO-
KFTSI Electrolytes. Primarily, the thermal properties of the
series of PEO,-KTFSI, blends with the ratio of x:y
corresponding to different EO:K molar ratios (20:1, 16:1,
12:1, 8:1, 4:1) and pristine pure PEO were characterized by
DSC (Figure la, summary given in Table 1). It is well known
that the segmental motion of the amorphous PEO chains is a
major pathway in the ion transport mechanism in PEO-based
blends.”” Therefore, lower T, values as well as a lower
crystalline fraction of PEO generally indicate enhanced ionic
conductivity in these systems.””*" To identify the T, value and
melting transitions in a single experiment, a heating rate of 10
K min~' was chosen, which is a common heating rate for
polymer electrolytes.””** Moreover, the heating rate was found
to be a compromise since higher heating rates would facilitate
identification of T, values, while lower heating rates would
result in more pronounced melting transitions.”*

The pristine PEO featured a T, at —59.8 °C, whereas PEO-
KTFSI blends showed a predominant tendency of T, shift
toward higher temperatures with increasing salt content
(Figure 1b). This trend can be explained by quasi-ionic
cross-linking® ™" as the result of the K*-ion coordination by
different segments of the polymer chains, leading to their
physical cross-links, and thereby partial immobilization and
restricted segmental motion.'” Simultaneously, the melting
point T, decreased from 69.2 °C for pure PEO to melting
points below 55 °C for PEO-KTEFSI blends. As can be clearly
seen in Figure 1b, polymer mixtures featured decreasing T,
values as the EO:K ratio changed from 20:1 to 12:1, which is
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Figure 2. Dependence of storage (G, full circles) and loss (G”, empty circles) moduli of PEO-KTFSI blends employing different EO:K molar
ratios on angular frequency at (a) 25 °C, (b) 35 °C, (c) 45 °C, (d) 55 °C, and (e) 65 °C. (f) Dependence of storage and loss moduli on the EO:K
molar ratio of PEO-KTFSI blends at an angular frequency of 1 rad s™" at 55 °C.

likely a result of the plasticizing effect of the bulky TESI™
anions.”® This is reflected in the declining trend of melting
enthalpies (AH,,) from pure PEO (196.4 J/g)*’ to the 12:1
blend (11.1 J/g, given in Table 1) corresponding to the
substantial reduction of the degree of crystallinity. As the
KTFSI content further increased (EO:K = 8:1), both T,, and
AH,, increased again, which is likely related to the formation of
crystalline intermediate compounds.”® Surpassing the satu-
ration limit of EO:K = 5% the concentration regime
changed from salt-in-polymer to polymer-in-salt."""** Thus, in
the DSC scan of PEO,-KTFSI;, an additional endothermic
peak at 135 °C was clearly observed, corresponding to the
phase reported in the literature as the molar ratio of EO:K =
1.5:1.>* A mixed-phase system was also observed in the case of
PEO,(-KTFSI, that manifests an additional phase with a lower
melting point (T, = 37 °C). Contrary to the PEO-LiTFSI
blends,*** a crystallinity gap for the investigated EO:K molar
ratios was not detected. Moreover, a rearrangement process for
PEO-KTFSI blends occurred at high temperatures (above 115

°C), which is confirmed by the appearance of exothermic
peaks.

To investigate the morphology of the PEO-KTEFSI blends,
XRD measurements were conducted for the compositions with
a different salt content at ambient temperature (Figure S2).
For the pure PEO, a single reflection at 26 = 19° and three
overlapping reflections at around 23° were observed,
corresponding to a monoclinic structure™ and being in
agreement with the values reported in the literature.*** For
PEO,,-KTFSI,, the appearance of additional reflections was
manifested, which are the most intense around 26 = 11, 14,
and 20° and likely correspond to the phase with a molar ratio
of EO:K = 20:1, while the characteristic PEO reflections still
remained. For PEQO,,-KTFSI; and PEO,,-KTFSI; blends,
much broader reflections were observed, which are attributed
to the presence of an amorphous phase in their XRD
patterns.”® This correlates well with the thermal properties of
these compositions, in particular with their lower crystallinity
in comparison to other PEO-KTFSI blends (Table 1). As the
molar ratio of EO:K approached 8:1, the characteristic PEO
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reflections disappeared, while the number of additional
reflections grew. In the XRD patterns of PEOg-KTFSI; and
PEO,-KTEFESI,, these reflections are likely attributed not only to
the eutectic phases with molar ratios of EO:K = 8:1 and 4:1
but also to the crystalline intermediate compounds. Fur-
thermore, no sign of characteristic KTFSI reflections (shown
in Figure S2, EO:K = 0:100) in the XRD patterns of the
investigated PEO-KTFSI blends indicates the absence of the
“free” crystalline salt in these compositions. In general, the
findings of the XRD analysis reflect the DSC results discussed
above: the mostly amorphous state of PEO,--KTESI; and
PEO,,-KTFSI; compared to that of other blends and the
appearance of ion—ion interactions in compositions with a
higher salt content.

To summarize, the KTFSI content in the polymer blends
should be chosen carefully since TFSI™ anions strongly
contribute to crystallinity suppression, while at the same
time, cations participate in ion—ion interactions and quasi-
ionic cross-linking, thus reducing the PEO chain mobility.

3.2. Rheological Properties of PEO-KTFSI Polymer
Electrolytes. SAOS test was used to evaluate the influence of
KTEFSI concentration on the rheological properties of the
PEO-based electrolyte films. The storage (G’) and loss (G”)
moduli of PEO-KTFSI blends were measured from 0.1 to 100
rad s™" at low shear strains from 0.1 to 1% in the temperature
range from 25 to 65 °C in 10 °C steps (Figure 2a—e) to be
within the linear regime. In viscoelastic materials, G’ is
ascribed to the elastic portion or solid-state behavior and G”
can be seen as the viscous portion or liquid-like behavior of the
polymer sample.””*® Under the influence of shear and/or
temperature, the value of G” can exceed the magnitude of G’
and the sample starts to flow, thus losing its structural integrity.
However, maintaining the structural integrity is highly relevant
for the SPE as it acts both as an electrolyte and a separating
layer between the anode and cathode, thus suppressing
dendrite formation and preventing short-circuits.”” In general,
SPEs can gain the mechanical strength from a rigid crystalline
phase of the polymer or cross-links due to ion—polymer
interactions,” restricting the polymer chain motion and
contributing to a structural integrity. Herein, the predominant
contribution of these effects to the mechanical properties of
PEO-based compositions depending on their KTFSI content is

discussed. As demonstrated in Figure 2, for the PEO,-KTFESI,,
PEO4-KTESI;, and PEO,;-KTFSI, blends as well as for pure
PEO, the storage modulus dominated over the whole
temperature range investigated (G’ > G”), thus providing
the desired solid-state behavior. However, the mechanical
strength of these materials was likely provided by different
effects: pristine PEO and PEO,,-KTFSI, possessed the highest
crystallinity degrees (Table 1), while PEOg-KTFSI, and PEO,-
KTESI, exhibited the highest T, values due to a large number
of quasi-ionic cross-links. At temperatures below T,, (Figure
2a—c), PEO,-KTFSI, and PEOg-KTFSI; demonstrated the
highest storage and loss moduli among all blends. It is
noteworthy that in the temperature range of 25—35 °C, the
storage modulus of the PEO,-KTFSI; blend was higher as
compared to that in the pristine polymer, indicating the
significant contribution of cross-links to the improvement of
structural integrity. Moreover, both PEO,-KTFSI; and PEO,-
KTFSI; maintained the mechanical strength below T, and
only a negligible decline of their moduli along with the
temperature increase was observed. In contrast, PEO,y-
KTFSL;, the blend with the lowest T, but the highest
crystallinity, exhibited a significant decrease of its moduli in
the same temperature range (Figure 2a—c). This correlates
with PEO,;-KTFSI, thermal properties, reflecting the loss of
structural integrity of an additional crystalline phase with a
lower melting point (T,, = 37 °C, Figure la and Table 1).
Surpassing T, of PEO,-KTFSI, and PEOg-KTEFSI,, the rigid
crystalline phase melted and consequently lost its mechanical
integrity, which was dramatically reflected in changed
rheological properties (Figure 2d). In contrast, PEO,,-
KTEFSI; possessed the highest moduli compared to other
blends at temperatures above T,, (Figure 2d,e). This might be
attributed to the fact that PEO,;-KTFSI; employed a lower
amount of bulky TFSI™ anions in comparison to other blends,
thus possessing less hindered polymer chain alignment.
Therefore, the rheological properties of this blend are expected
to be the closest to that of pristine PEO, which displayed the
highest values of G’ and G” above 5SS °C. In Figure 2e, the
significant moduli decline can be seen for the pure polymer,
when approaching its T, (69.2 °C, Table 1), however, still
possessing the highest moduli in comparison to all blends.

https://doi.org/10.1021/acsapm.2c00014
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00014/suppl_file/ap2c00014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00014?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00014?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

As discussed above, PEO,,-KTFSI, and PEO,,-KTFSI,;
exhibited the lowest T,, and crystallinity degrees (Table 1).
In accordance with their thermal properties, the lowest values
of both G’ and G” were found over the investigated
temperature range. Moreover, for PEO,,-KTESI,, the trend
G” > G’ was observed in the low-frequency region, indicating
the dominance of liquid material properties. As the frequency
increased, the trend G” = G’ (crossover or yield point) was
observed, followed by G’ > G” at high values of frequency. The
crossover point shifted as expected toward higher frequency
values with increasing temperature, showing that the frequency
domain in which liquid-like behavior is observed expands as a
function of temperature. This can be explained by the
simultaneous increase of polymer chain motion in PEO,,-
KTESI,. It is noteworthy that similar tendency was manifested
for PEO,-KTFSI, above its T,,. For application in a battery
cell, this behavior is not suitable as the polymer electrolyte
films also act as a separator between the electrodes. Therefore,
liquid-like behavior would lead to a depletion of the polymer
between the electrodes under the constant stack pressure in
the cell and thus to rapid short-circuits and cell failure.

To summarize, the mechanical properties were found to
depend on three competing effects, each dominating at
different KTFSI concentration regimes: (1) the degree of
crystallinity (PEO,,-KTFSI,), (2) the plasticizing effect of
TFSI™ anions (PEO,,-KTFSI; and PEO,-KTFSI,), and (3)
quasi-ionic cross-linking effect (PEOg-KTFSI; and PEO,-
KTFSI,). The influence of each predominant effect on the
mechanical strength of the blends can be clearly seen in Figure
2f, where the dependence of the storage and loss moduli on the
EO:K molar ratio at an angular frequency of 1 rad s and a
temperature of 55 °C is shown. The amorphous nature of
PEO,,-KTFSI; and PEO,,-KTESI,, the result of the TESI™
anion plasticizing effect, adversely affected their mechanical
strength, while blends with a higher number of cross-links and/
or a higher degree of crystallinity yielded electrolyte films with
higher moduli and hence better mechanical stability.

3.3. lonic Conductivity Experiments. Temperature-
dependent EIS measurements were conducted for the PEO-
KTEFESI blends with different EO:K molar ratios to determine
their ionic conductivity in the temperature range from S to 85
°C (Figure 3a). The conductivity performances of PEO-KTFSI
blends at 25 and SS °C (below and above their T,,
respectively) are presented in Figure 3b for further discussion
of the influence of the KTEFSI content on the ionic
conductivity.

At first, the increase of ionic conductivity can be seen as the
EO:K molar ratio changed from 20:1 to 16:1 due to
simultaneous crystallinity decline and increase of the number
of charge carriers. PEO4-KTFSI; demonstrated the highest
values of ionic conductivity over the investigated temperature
range as compared to other PEO-KTFSI blends. As given in
Table 1, PEO,4-KTFSI, possessed 3.56 X 107° S/cm at 25 °C.
For comparison, a literature reference of the PEO-LiTFSI
system with a molar ratio of EO:Li = 15:1 featured
comparatively a similar ionic conductivity of 3.54 X 107> S/
cm at ambient temperature.’® Nevertheless, a precise
comparison of the conductivity characteristics of PEO-KTFSI
and PEO-LiTFSI is difficult since the reported values of the
PEO-LIiTFSI conductivity vary widely.”’™>* Although the ionic
conductivities of PEO-Li/KTFSI systems are similar, higher
cation mobility can be expected for the system based on K'
owing to its larger size, resulting in a lower dissociation energy

of the salt,””** which potentially enables enhanced ion

transport properties. Literature values for a comparable PEO-
based electrolyte employing the FSI-salt instead of TFSI were
recently provided by Fei et al.”’ Therein, it was reported that
PEO,(-KFSI possessed the highest ionic conductivity of 1.14 X
107 S/cm at 40 °C. It is noteworthy that compared to
reported results, the PEO-KTFSI, blend investigated herein
demonstrated ionic conductivity in the same order of
magnitude at a lower temperature of 25 °C. In fact, its ionic
conductivity is 1 order of magnitude higher at 40 °C (2.08 X
10™* S/cm, estimated from Figure 3a). The (PPC)-KFSI-
modified cellulose membrane proposed as the SPE for the K-
based cell in another study by Fei et al.'” demonstrated an
ionic conductivity of 1.36 X 107> S/cm at 20 °C, which is
comparably close to that of PEO4-KTESI, at 25 °C.

Furthermore, it can be seen in Figure 3b that the described
trends were less visible at temperatures above the melting
point of PEO-KTFESI blends, presumably due to the absence of
crystalline regions. In contrast to other compositions, PEO -
KTESI, and PEO,,-KTFSI, possessed already a low degree of
crystallinity and consequently did not exhibit an equally
dramatic change in ionic conductivity over up to 3 orders of
magnitude at elevated temperatures (Figure 3b).

3.4. Discussion: Physical Properties of PEO-KTFSI
Polymer Electrolytes. Following the general hypothesis that
a higher fraction of the amorphous phase results in higher ionic
conductivities, the conductivity value would be expected to
increase from PEQ,,-KTFSI, to PEO,,-KTFSI, (Figure 1,
Table 1). This is generally motivated by larger degrees of
segmental and transitional (i.e, ion hopping mechanism)
motion that promotes inter- and intramolecular ion move-
ment.”*>° Although the PEO,-KTFSI; blend showed the
lowest T,, and the lowest degree of crystallinity (XRD results,
Figure S2), in practice, the highest ionic conductivity was
found for the PEO4-KTFSI; blend. In fact, increasing the
KTESI salt content from the 16:1 to 4:1 ratio, yielded a
continuous decrease of the ionic conductivity (Figure 3b).
This is because counteracting structural effects such as quasi-
ionic cross-links and potassium coordination have to be taken
into account as well. For instance, as the concentration of
potassium ions increases, an increasing number of oxygen
atoms in the PEO chain will be coordinated to potassium ions.
This alters both dynamic segmental motion and the availability
of coordination sites. It is known that the coordination number
for Li* in PEO is 6.°*°” To our knowledge, for the PEO-
KTEFSI system, coordination geometry has not been inves-
tigated in detail yet. However, it is reasonable to assume that
larger cations lead to higher coordination numbers. However,
different coordination geometries and binding strength can
have a strong impact. For our series of PEO-KTFSI, this
specifically means that lower ionic conductivities are
presumably related to a large degree of occupied hopping
sites,the presence of crystalline intermediate compounds (i.e.
additional phases with different ionic conductivity), and a
higher number of quasi-ionic cross-links.*>**'* This is also
indicated in major changes in the XRD pattern between PEOg-
KTFSI, and PEO,-KTEFSI,.

In conclusion, it can be assumed that PEO,,-KTFSI; and
PEO,,-KTFSI, are the most promising candidates for the
application as SPEs in potassium batteries owing to their
comparatively high ionic conductivities, especially below their
melting points. However, as shown in the discussion of
rheological properties, their amorphous nature adversely
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Figure 4. Comparison of potassium half-cells employing different electrolyte systems. (a) Galvanostatic discharge profiles in the second cycle. (b)
Galvanostatic charge profiles in the second cycle. (c) Capacity retention and (d) corresponding CEs.

affected the mechanical stability, and therefore, free-standing
films could not be obtained, which is a prerequisite for the
practical application in solid-state PIBs. In contrast, the blends
having a higher degree of crystallinity yielded processable free-
standing films that were capable of keeping the anode and
cathode separated. Based on the data presented above, we
chose PEO,-KTFSI,, PEO,-KTESI,, and PEO,,-KTFSI,
blends for electrochemical testing in the following chapter as
these three compositions provided sufficient mechanical
strength despite the modest ionic conductivities at elevated
temperatures. Among these three polymer electrolytes, the
PEO,,-KTFSI; composition possessed the best trade-off
between the ion transport and mechanical properties.

3.5. Electrochemical Measurements. For cell tests in K-
metal/electrolyte/cathode configurations, PBA K,Fe[Fe-
(CN),] was synthesized by the precipitation method.” The
material was chosen for its remarkable cycling stability, as
shown in previous studies.”*® In addition, the material purely
iron-based and free of critical heavy metals such as cobalt or
nickel rendered this material more sustainable. Powder
diffraction performed on the obtained material showed an
XRD pattern (Figure S3) characteristic to the monoclinic
structure (S.G. Pc) of K,Fe[Fe(CN),] from which the unit cell
parameters were determined as follows: a = 6.8777(8) A, b =
14.792(2) A, ¢ = 12.133(1) A, p = 123.420(7)°.° The
significant broadening of the diffraction peaks can be likely
attributed to a small particle size.

3.5.1. Capacity Retention in Galvanostatic Cycling
Experiments. The electrochemical performance of PEO-
KTFSI SPEs with molar ratios of EO:K = 4:1, 8:1, 20:1 was
compared to that of a LE, the reference system, comprising a
solution of KPFy in ethylene carbonate (EC) and propylene

carbonate (PC) with 2 wt % of the fluoroethylene carbonate
(FEC) additive (see the Experimental Section) to suppress
electrode—electrolyte side reactions. The EC:PC solvent
mixture has been reported as a particularly stable combination
toward oxidation in the high-voltage region.]I Furthermore,
KTFSI was avoided as the electrolyte salt as it may induce
corrosion processes at the Al current collector.” Because of the
comparatively low ionic conductivity at room temperature,
galvanostatic cycling of SPE-based cells was carried out at 55
°C, while the reference LE-based cell was tested at ambient
temperature (20 °C) (Figure S4). In both cases, the cycling
rate was C/25 with a voltage window of 2.5—4.3 V vs K*/K. In
Figure S4a, only 7 cycles are shown for the cell employing
PEO,-KTESI, due to its failure afterward, while the cell with
PEO4-KTFSI, SPE failed after 45 cycles (Figure S4b). Both
experiments were not repeated due to the observed high
polarization resulting in low capacities. Meanwhile, the
additional experiment was conducted for the cell based on
the PEO,-KTFSI; SPE (cell 1 and cell 2, shown in Figure
S4c,d, respectively). Unlike cell 1, a higher concentration of the
KTEFSI salt additive in slurry for positive electrode preparation
was used for cell 2 (see the Experimental Section). In this way,
the electrode part could be possibly improved in terms of ion
transport, potentially resulting in higher achievable capacities.
However, it will be shown and discussed below that cell 2
showed no advantages over cell 1 with a lower salt content in
the cathode slurry.

In Figure 4a—d, the cycling results of SPEs are shown. The
galvanostatic profiles of SPEs in the first cycle (Figure SS)
correspond to the conditioning process and are not discussed
herein, while the discharge and charge profiles in the second
cycle are presented in Figure 4ab. It is noteworthy that
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practical capacities of PBA-based electrodes depend on the
chemical composition of electrode materials, whereas a lower
amount of [Fe(CN)¢]*~ vacancies results in an improved
electrochemical performance.”® For comparison, Bie et al.
reported on a LE-based potassium half-cell composed of the
PBA-based K; (,Fe[Fe(CN);]os0'0-15H,0 cathode that deliv-
ered practical capacities of around 130 mAh g~' (84% of the
theoretical capacity calculated for the stoichiometry with the
absence of [Fe(CN),]*" vacancies).* As can be seen in Figure
4a, a practical capacity of 108.1 mAh g™' was delivered on the
second cycle of the discharge process of cell 1 with the PEO,-
KTESI, electrolyte, which is 70% of the theoretical capacity of
K,Fe[Fe(CN)4]* and only 5% lower than that of the reference
cell (113.1 mAh g') with LE. Contrary to the assumption of
the enhanced capacity in cell 2 employing a higher KTFSI
concentration in the cathode slurry, it achieved a slightly lower
discharge capacity of 104.6 mAh g'. This can be likely
explained by a low mass loading of the active material (ca. 1
mg cm™?) and thickness (ca. 40 um) of the cathode, providing
high accessibility of particles on its surface and thus resulting in
a negligible effect of the additional conductive additive. One
can assume that this effect is more pronounced in thicker
electrodes, especially when operating at a high cycling rate,
where an increased ion transport in the material is required due
to the lack of surface contact between active material particles
in deeper layers and SPE. Significantly lower discharge
capacities were obtained in the second cycle of the cells
employing PEOg-KTFSI, and PEO,-KTFSI; SPEs (67.2 and
40.5 mAh g7!, respectively). In Figure 4ab, two distinct

voltage plateaus were observed for PEO,,-KTFSI; and LE, and
only a negligible polarization effect was observed in the case of
PEO,-KTFSI; (changes in redox potentials AV < 0.06 V),
which indicates sufficient ionic conductivity at the chosen
cycling rate and good interfacial compatibility with the cathode
material. In contrast, the galvanostatic profiles of the cells
employing PEO4-KTFSI; and PEO,-KTESI; electrolytes
exhibited significant polarization (AV & 0.2—0.4 V) compared
to the sample with LE. Therefore, the PEO,-KTFSI, cell did
not reach the second voltage plateau in the charge profile
before the upper voltage cutoff (4.3 V) was reached. The
PEOg-KTEFSI; cell showed the onset of the second plateau
before the cycling was stopped at 4.3 V. This generally reflects
well the differences of ionic conductivity depending on the
KTFSI content (see Table 1).

As shown in Figure 4c, the benefit of using a solid electrolyte
rather than a LE is the significantly improved capacity
retention. Thus, the PEO,-KTFSI, cells reached a capacity
retention of 90% over the first SO cycles, while the reference
LE-based system retained only 66% of its initial capacity over
the same cycle number interval (i.e., 36% improvement in
capacity retention). In general, higher capacity retention
indicates lower degrees of side reactions and therefore
improved electrochemical stability of the SPE in comparison
to that of the LE. This is further reflected in the CE, shown in
Figure 4d, which will be discussed below. Higher electro-
chemical stability is strongly linked to the interface processes
between the electrode and electrolyte. In a battery, the SEI acts
as a protective layer suppressing excessive electrolyte
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consumption. However, the nature and quality of the SEI may
vary strongly in different electrolytes.”” To further evaluate the
SEI formed in the PEO,,-KTEFSI; system, methods such as
XPS and/or SEM can be suggested. However, the solid-state
sample preparation is challenging as the cell components are
fused after cycling, and therefore, the fragile SEI layer is readily
damaged. More advanced approaches could be used in future
studies, such as cryomicrotome to perform clean cross-
sectional cuts through the cell stack.”

As can be seen in Figure 4c, the PEO,(-KTFSI, cells showed
an increasing discharge capacity from the first to the following
cycles. Cell 1 demonstrated the maximum discharge capacity in
the second cycle (108.1 mAh g™', which is 2% higher
compared to that in the first cycle), while cell 2 showed the
highest discharge capacity in the third cycle (105.4 mAh g,
about 5% higher compared to that in the first cycle). This
behavior was more pronounced in the PEO,KTFSI, cell
(Figure S4a) that exhibited a considerably smaller initial
discharge capacity, but the capacity continued to increase over
the following cycles. In Figure S4b, a similar behavior was
observed for the cell employing PEOg-KTFSI,. This behavior
is generally attributed to the excluded electrode domains from
the ion-conducting SPE due to the insufficient electrode—
electrolyte surface contact and uncompleted penetration of
SPE into the remaining cathode void space during the first
cycles. Over time, polymer electrolytes creep further into the
porous network of the cathode, which involves more active
material particles.”® It can be seen that the creeping process
took longer for PEO,-KTFSI, and PEOg-KTFSI; SPEs, which
can be attributed to their significant morphology change due to
a gradual fade of crystalline intermediate ionic associates over
time.

The analysis of CE is a measure of the degree of irreversible
processes at the electrode—electrolyte interface during charge
and discharge and is presented for PEO,\-KTFSI, and LE-
based cells in Figure 4d. The CE data reveals a significant
difference in both the SEI formation process on the first cycles
and the long-term CE. In the first cycle, the cells based on
PEO,,-KTFSI, demonstrated a CE of around 85%, which is
7% lower than that of the LE-based cell (92%). This can be
addressed to a higher degree of irreversible reactions at the
reactive potassium—SPE interface in the beginning of the
experiment due to the elevated test temperature (S5 °C instead
of 20 °C for the LE). In the setup with a conventional LE, a
significant drop of CE was observed on subsequent cycles
(from 92% in the 1st cycle to 83% in the 10th cycle),
indicating the gradual increase of side reactions typical for
carbon-based electrolyte/K-metal setups,”*' leading to re-
current electrolyte consumption and capacity fade. Meanwhile,
the systems with the PEO,,-KTFSI, polymer electrolyte
displayed CE increase and remained stable throughout
subsequent cycles, approaching 98% in the 50th cycle.

3.5.2. Rate Capability of a K-Metal/PEO,,-KTFSI,/K,Fe[Fe-
(CN)] Cell. In addition, a PEO,-KTFSI, cell was built to study
the rate capability of the system (Figure Sa—d). The
experiment was conducted using the CC—CV technique (see
the Experimental Section). The cycling rate was varied
between C/25 and C/5 increasing every five cycles.
Furthermore, a sequence of 3 CC—CV cycles at the slowest
cycling rate (C/25) was introduced between increasing C-rates
to ensure that the cell was not damaged at the higher current
previously applied and also to reveal the practical capacity that
can be still delivered by the cell.”® The CV-step was introduced

not only to improve the charge depth but also to reduce kinetic
limitations at the end of charé%e/ discharge that are known for
charging Li-based batteries.”® The discharge capacities
obtained during the rate test are shown in Figure Sa.
Compared to our previous CC long-cycling experiments
(Figure 4c), the initial discharge capacity was slightly higher
(112 mAh g™'), which is a result of the CC—CV technique
where the CV-step adds an additional contribution to the total
charge capacity. Over the first 5 cycles at C/25, a continuous
capacity fade was observed, contrary to the discussed above
results of long-term cycling shown in Figure 4c. However, over
the C/15 and C/10 rate steps, the capacity in the C/2S
sequences leveled at 105.8 mAh g~', which is in agreement
with the previously found discharge capacities after 20 cycles
(Figure 4c). The fading rate slowed down when switching
from C/25 to C/15 since generally the highest degree of side
reactions is triggered during the first cycles. At the end of the
C/15 sequence, a discharge capacity of 104.8 mAh g~' was
observed, which corresponds to the capacity retention of 94%.
In the next higher rate step, for the C/10 sequence, a similar
fading rate was observed to that in the C/15 step and a
capacity of 102.8 mAh g~! was delivered at the end of the fifth
cycle (capacity retention of 92%). For the C/10 sequence, a
slight increase in the capacity contribution transferred in the
CV-step was observed (Figure Sb), while both C/15 and C/25
CV-sequences exhibited similar values. The maximum CV-step
capacity was reached in the C/S sequence (16.7 mAh g™'),
indicating that at this comparatively high rate, the charge
ended prematurely. At the beginning of the C/5 sequence, a
notable capacity drop compared to the previous C/25
sequence can be seen. However, a similar capacity fading
trend over the five cycles as compared to previous C/15 and
C/10 rate sequences was manifested. The following C/25
sequence further showed that about 91% of the initial capacity
can be regained and thus being mainly a kinetic phenomenon.
The associated capacity loss during each cycling sequence at a
constant rate suggests that irreversible processes occurred,
which impact the long-term capacity retention of the cell. This
trend is also reflected in the polarization seen in the potential
profiles in Figure Sc: a negligible polarization effect was
observed while cycling at C/1S (AV = 0.04 V compared to C/
25), indicating a sufficient ion transport at this rate. The
polarization was about twice as large during the cycling at C/
10 (AV =~ 0.09 V compared to C/25) and increased further at
the next higher rate at C/S (AV > 0.13 V compared to C/25).
More importantly, the onset of the second voltage plateau in
the charge profile shifted notably, and the upper voltage cutoff
of 4.3 V was reached earlier along with the rate increase. The
constant voltage region at 4.3 V is a result of the CV-step and
corresponds to the residual capacities contribution shown in
Figure Sb.

Although discharge capacities were slightly smaller at higher
rates and the cell tended to reside longer at the upper cutoff
limit that could give rise to side reactions, it appears that with
the CC—CV technique, higher rates deliver higher CEs. As can
be seen in Figure 5d, for the C/2$ intermediate sequences, a
CE of ca. 90% was observed, while during the cycling at the
highest rate of C/5, the CE reached values of around 97%. For
comparison, the CE has been increasing over the first 10—15
cycles during our previous long-cycling experiments (Figure
4d), before the values approached a constant value of around
98%. Furthermore, the CE was generally lower than that
shown in Figure 4d. This indicates that the capacity transferred
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in the CV-step during charge is mostly ascribed to irreversible
processes as the capacity apparently cannot be extracted
reversibly on the following discharge. This highlights further
that irreversible losses are associated with the time the cell
resides at high potentials and is thus a function of the upper
cutoff limit, CV-step time (and cutoff limitations), as well as
the cycling rate in the CC-step. Hence, one can infer from
these findings that faster rates result in the reduced degree of
irreversible side reactions and thus improve the CE of the
system.

3.5.3. Performance Comparisons with Reported SPE-
Based Cells. Among recently introduced studies of solid-state
potassium cells, Fei et al.*’ presented a potassium half-cell
composed of a Ni;S,@Ni negative electrode and PEO-KFSI
SPE operating at a current density of 25 mA g~' at S5 °C,
which delivered a practical discharge capacity of 312 mAh g™
(18% lower than that achieved by the corresponding LE-based
setup) and demonstrated a superior capacity retention of 98%
over 100 cycles. However, the Ni;S,@Ni negative electrode
was not tested against a positive electrode, which is a challenge
in itself. Meanwhile, a solid-state potassium battery with an
organic positive electrode, a potassium metal negative
electrode, and a PPC-KFSI-modified cellulose membrane as
the SPE operating at ambient temperature was introduced in
another study of Fei et al.'” The cell displayed a discharge
capacity of 118 mAh g™' at a current density of 10 mA g,
which was about 13% higher than that of the reference system
with the LE. Moreover, a lower capacity fade was observed for
the cell with the SPE, resulting in 84% capacity retention over
40 cycles, while the LE-based cell demonstrated 45% over the
same number of cycles. A major disadvantage of this organic
cathode system in terms of energy density was the average
discharge potential of 2.3 V, as compared to 3.6 V in our
PEO,(-KTFSI, cell presented herein.

Due to a lack of comparison to other potassium cells based
on solid electrolytes, we herein compare our electrochemical
results with the study of Mindemark et al,’® who presented a
solid-state sodium battery with a polymer electrolyte based on
poly(trimethylene carbonate) (PTMC)-NaTFSIL The sodium
cell composed of a Na-metal negative and a PBA-based
Na,Fe[Fe(CN),] positive electrode was cycled at 60 °C. The
experimental setup was quite comparable to the K-cells
presented herein, although the demands to chemical stability
are higher in the K-based systems since potassium metal is
more reactive, and the average electrode potential of the K-
PBA electrode is slightly higher than that of Na-PBA.°" The
authors demonstrated eight cycles at C/10 with a capacity
retention of 94%, which would normally lead to a rapid
capacity decay in conventional LE-cells at elevated temper-
atures. In another study, Mindemark and co-workers®’
demonstrated a sodium metal cell with the Na-PBA positive
electrode enabled by the PTMC-NaFSI SPE, possessing
superior ionic conductivities, particularly under room temper-
ature conditions, thus allowing the cycling rate of C/S at
temperature as low as 40 °C. Under these conditions, the cell
showed a capacity retention of 94% over 80 cycles. In general,
these results are in good agreement with our observations on
the PEO,,-KTFSI; system that demonstrated improved
capacity retention and CE as compared to a corresponding
LE-based system (Figure 4c,d). Overall, it should be
highlighted that the reactivity of the alkali metal counter
electrode plays a vital role for the interfacial resistance and
capacity retention, which is often not given in a regular LE.

However, to decrease the evaluated temperature, which
generally triggers irreversible side reactions during cycling,
the ionic conductivity along with the mechanical stability of K-
based SPEs should be further enhanced through advanced
materials design, for example, block-copolymer structures>” or
addition of ceramic fillers (such as Al,Os, SiO,, TiO,, and so
forth)®*™”" that provide boosted cation transport along with
structural integrity.

4. CONCLUSIONS

PEO-KTEFSI with different KTFSI salt concentrations was
investigated for its use as the SPE in potassium batteries. Both
PEO and KTFSI have so far received little to no attention as
K*-conducting electrolytes, despite their relevance in related
cell chemistries.

The best compromise between ionic conductivity and
mechanical stability over the relevant operation temperature
range between room temperature and 65 °C was obtained
from the PEO-KTFSI blend with the lowest salt content, that
is, an EO:KTFSI ratio of 20:1 (“PEO,y-KTFSI,”). Although
blends with higher EO:KTFSI ratios, that is, between 12:1 and
16:1 (“PEO,-KTFSL,” and “PEO;4-KTFSI,”), yielded mostly
amorphous materials with the highest ionic conductivities of
up to &2 X 107° to 4 X 107 S/cm at 25 °C, they had to be
discarded for SPE applications owing to their poor rheological
properties unsuitable to act as a separator. Blends with higher
salt contents, i.e.,, EO:KTFSI 8:1 and 4:1 (“PEO4-KTFSI,” and
“PEO,-KTFSI,”), demonstrated a notable drop in ionic
conductivities (22 X 1077 to 4 X 107 S/cm at 25 °C) yet
providing the desired mechanical strength in the operating
temperature range.

The SPEs were integrated in solid-state potassium batteries
comprising a K,Fe[Fe(CN),] positive electrode and a K-metal
with an average voltage of 3.6 V, making the results directly
comparable to the state-of-the-art full cell configurations
employing LEs.*

The cell employing the PEO,,-KTFSI, electrolyte that
achieved a practical discharge capacity of 108.1 mAh g~ was
about 5% lower than the initial discharge capacity of a
corresponding LE-cell. However, the SPE-cell showed
significantly improved capacity retention (24% higher over
50 cycles) and CE (98 vs 83% for the LE-cell in the 50th cycle)
owing to the better electrochemical stability of the polymer
electrolyte. Because of their poor ionic conductivity, even at
elevated temperatures, the SPE formulations PEO,-KTFSI;
and PEO4-KTFESI; showed poor performance as a result of
strong polarization effects.

In addition, the PEO,;-KTFSI, blend was subjected to a rate
capability test, showing that the cycling rate can be further
increased to up to C/15 without compromises in terms of
polarization effect or capacity loss.

In conclusion, the PEO,,-KTFSI; blend offered the best
trade-off between ion transport and mechanical properties and
provided promising electrochemical results with respect to
cycle life and capacity retention.
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