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Polycarbonate-based solid polymer electrolytes (SPEs) are being intensively studied for use in all-solid-state
batteries as a viable alternative to the commonly used poly(ethylene oxide)-based SPEs. Specifically, poly(tri-
methylene carbonate) (PTMC) and poly(e-caprolactone—co-trimethylene carbonate) (P(CL-TMC)) as a well-
performing copolymeric derivative represent two materials classes that so far have not been studied in potas-
sium battery applications. Herein, we aim to close this knowledge gap by studying physical material properties of
PTMC and P(CL-TMC) solid electrolytes with potassium bis(trifluoromethanesulfonyl)imide (KTFSI) as conduc-
tive salt and examine their electrochemical stability and characteristics in K-metal/K;Fe[Fe(CN)g] (KFF), as well
as Fe[Fe(CN)g/KoFe[Fe(CN)g] cell configurations. While operation of polycarbonate-based solid-state potassium
batteries at temperatures as low as 40 °C is feasible, comparatively low discharge capacities and capacity
retention were observed in comparison to polyether-based systems. For the P(CL-TMC) material, rapid degra-
dation through depolymerization processes in direct contact with potassium metal represents a major bottleneck.
With this study, we set a starting point for further materials development in alternative polymer hosts for SPE
applications in potassium batteries.

stability of any electrolyte, particularly liquid electrolytes, highlighting
the need for the development of novel electrolytes [12-14]. In addition,

1. Introduction

The growing demand for high-energy-density batteries has prompted
significant interest in exploring alternative battery chemistries that are
both environmentally friendly and based on more abundant raw mate-
rial platforms than lithium-ion technology [1-5]. One such system is
potassium batteries, which can achieve high energy density through
comparatively high cell voltages, thereby offsetting the penalty of the
larger atomic weight of potassium). In organic electrolytes, potassium
metal exhibits the lowest standard redox potential in the series Li-Na-K
[6,71, and positive electrode materials such as Prussian blue analogues
(PBAs) or polyanionic compounds tend to achieve remarkably high
redox potentials [8-10]. PBAs KoM[Fe(CN)s] (M = Fe, Mn, etc.), are
among the most promising materials for positive electrodes due to their
high reversible capacity, long cycle life, and relatively high discharge
voltage [11]. However, this poses challenges to the electrochemical
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it has been demonstrated that the passivating surface layers formed in
potassium systems are inherently less stable and more prone to disso-
lution and recurrent reformation [15-18]. This leads to low revers-
ibility, increased cell resistance, rapid electrolyte consumption and
consequently poor capacity retention, especially when K-metal is used
[7,19-21]. In this regard, solid polymer electrolytes (SPEs) offer several
advantages, particularly regarding their cathodic stability at the nega-
tive K-metal electrode and potentially battery safety [22,23]. Using SPEs
based on poly(ethylene oxide) (PEO), the capacity retention of the K-
metal/KoFe[Fe(CN)g] configuration could be greatly improved
compared to a liquid electrolyte reference system [24,25]. In addition,
the PEO-based K-ion conductors can operate at 55 °C, which is below the
temperatures reported for corresponding Li- and Na-SPE systems
[26-29]. Nonetheless, their generally low ionic conductivity, especially
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at ambient (or near-ambient) temperatures, remains a limiting factor for
PEO as a host material.

PEO is still the most widely studied SPE matrix, in contrast to con-
ventional liquid electrolytes which are often based on carbonate sol-
vents due to their role in the formation of a protective solid electrolyte
interphase on the anodes used [30,31]. Ion conduction in carbonate-
based polymer host materials, such as PTMC, is affected by higher
glass transition temperatures (Tgs) and higher transference numbers
owing to weaker coordination to Li* [32,33]. Both PTMC and P(CL-
TMC) have mostly been studied with lithium- and sodium-based salts
[34-371, but only to a lesser extent with other post-lithium systems
[33,38,39].

To the best of our knowledge, there is only one study by Fei et al.
[29] who successfully implemented a propylene carbonate-based SPE in
a K-metal/perylenetetracarboxylic dianhydride configuration, showing
notable improvements over a corresponding liquid electrolyte system.
Neither PTMC nor P(CL-TMC) have been studied so far for their appli-
cation as host material in SPEs for potassium batteries. To close this gap,
we focus herein on the physical and electrochemical characteristics of
PTMC and P(CL-TMC) solid electrolytes with potassium bis(tri-
fluoromethylsulfonyl)imide (KTFSI) as conductive salt in a range of
different polymer-to-salt compositions. The best-performing PTMC:
KTFSI and P(CL-TMC):KTFSI electrolytes were further studied in elec-
trochemical tests in K/K symmetrical cells, K/KoFe[Fe(CN)g] cells and
Fe[Fe(CN)gl/KoFe[Fe(CN)g] configurations to explore their anodic and
cathodic stability against different electrode materials.

2. Experimental
2.1. Materials

Trimethylene carbonate (TMC, Obiter Research), e-caprolactone (CL,
99 % Sigma Aldrich, distilled under reduced pressure over CaHsy), Sn
(Oct)2 (95 %, Sigma-Aldrich) prepared as a 1 M solution in toluene
(extra dry, over molecular sieves, 99.8 %, AcroSeal®, Acros Organics),
potassium bis(trifluoromethanesulfonyl)imide (KTFSI, 99.5 wt%, Sol-
vionic, dried at 110 °C for 12 h under vacuum), ethylene carbonate (EC,
anhydrous, 99 % Sigma Aldrich), propylene carbonate (PC, anhydrous,
99 % Sigma-Aldrich), fluoroethylene carbonate (FEC 99 % Sigma-
Aldrich) and acetonitrile (anhydrous, 99.8 %, Sigma-Aldrich). All sam-
ples were stored, handled, and prepared in an argon-filled glove box.

2.2. Polymer and copolymer synthesis

Poly(trimethylene carbonate) (M,, = 274,400 g mol™!, M, =
131,900 g mol™!) and poly(e-caprolactone-co-trimethylene carbonate)
with 80:20 molar ratio CL:TMC (M, = 703,600 g mol~!, M, = 312,100
g mol™1), were both synthesized through ring-opening polymerization of
the respective monomers and a Sn(Oct), catalyst, following previously
reported synthetic procedures [34,40]. In brief, the polymerization of
0.2 mol of TMC or TMC:CL monomer mixtures, with 40 pL of a1 M Sn
(Oct); catalyst solution in toluene a stainless steel reactor was heated to
130 °C for 3 days. The reactor was cooled down and transferred to a
glovebox, where the polymer was removed.

2.3. Polymer characterization

'H NMR spectra were recorded using a Bruker Ascend 400 NMR
spectrometer (Germany) with a working frequency of 400 MHz using
acetonitrile-ds (Merck >99.8 atom % D) as solvent. Gel permeation
chromatography (GPC) measurements were performed on an Agilent
1260 Infinity (Agilent Technologies) GPC system, in anhydrous tetra-
hydrofuran, 1 mL min~?, at 35 °C. Poly(methyl methacrylate) standards
were used to calibrate the system. Attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra were recorded in the range of
4000-500 cm ! on a Platinum ATR spectrometer (Bruker).
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2.4. Solid polymer electrolyte preparation

KTFSI and PTMC or PCL-PTMC were dissolved in acetonitrile and
stirred overnight, the polymer solutions were then poured into Teflon
molds and the solvent was removed by keeping them in an oven at 30 °C
for 20 h at a reduced pressure of 200 mbar, followed by heating at 60 °C
for 40 h and vacuum (10~ bar). The dry polymer electrolyte films were
then cut to the required size and the thickness was measured with
thickness gauge.

The salt concentration in the polymer electrolytes varied and the
samples are distinguished by molar ratio of polymer carbonate (and
ester) units to K™ ions: PTMC,KTFSI, n = 24, 20, 16,12, 8, 4,2, and 1. P
(CL,,TMC,)KTFSI, (m + n) = 24, 20, 16, 12, 8, 4, 2, and 1.

2.5. Liquid electrolyte preparation

Liquid electrolyte was used as a reference system for comparison
with the solid polymer electrolyte cells. For this, a solution of 0.5 M KPFg
in ethylene carbonate and propylene carbonate (EC:PC, 1:1 V/V ratio)
and 2 wt% FEC was prepared. During cell assembly 150 pL of the so-
lution was filtered and used with a glass fiber separator (cut to 19 mm
diameter, previously dried for 12 h at 120 °C).

2.6. Differential scanning calorimetry

A Mettler Toledo DSC 3+ system was used for differential scanning
calorimetry (DSC) measurements. Between 5 and 10 mg of sample was
weighed and hermetically sealed in aluminum pans. The samples were
heated from room temperature to 200 °C at a heating rate of 10 K min "},
and cooled to —70 °C at a cooling rate of —10 K min~!. Two hea-
ting—cooling cycles were performed on the samples to remove any
thermal history, and the glass transition temperature was determined
from the midpoint of the glass transition step during the second heating
scan.

2.7. lIonic conductivity

The polymer electrolyte films were cut to a diameter of 12 mm and
then sandwiched between two stainless steel electrodes in CR2025-type
coin cells. A Teflon spacer, with inner diameter of 13 mm and a thickness
of 50 pm, was used to center the polymer electrolyte film and to prevent
it from changing dimensions during heating. The cells were pre-treated
by annealing at 100 °C for 1 h a day prior to the measurements to
improve interfacial contact with the electrodes and the electrolyte film.
The ionic conductivity was then determined by electrochemical
impedance spectroscopy (EIS) measurements on a Schlumberger SI 1260
Impedance/Gain-Phase Analyzer over a frequency range of 1 Hz to 10
MHz and a voltage amplitude of 10 mV. Measurements were taken in the
temperature range from 25 to 85 °C. The bulk resistance of the elec-
trolyte was then determined by fitting with a Debye circuit to the data in
the Nyquist plot.

2.8. Composite electrode preparation

Composite electrodes were prepared using KoFe[Fe(CN)g] (KFF) or
Fe[Fe(CN)e] (FF) as active materials [41,42]. The electrode slurries were
prepared by mixing 0.180 g (44.8 wt%) of active material KFF or FF,
0.090 g (22.4 wt%) of carbon black (Timcal super C65), 0.030 g (7.5 wt
%) PVAF (Solef PVDF 1013/1001 R6090), 0.030 g (7.5 wt%) of P(CL-
TMC), and 0.0714 g (17.8 wt%) of KTFSI in 3 mL of N-methyl-2-pyr-
rolidone (99.5 wt%, Sigma-Aldrich). The KFF electrodes were cut to a
diameter of 12 mm and dried at 110 °C for 12 h under vacuum, and the
FF electrodes were cut to a diameter of 16 mm and dried at 80 °C for 12 h
under vacuum.
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2.9. Cell assembly

AAIll cells were prepared either as coin cells or as pouch cells, with Cu
and Al tabs. In the pouch cells, a PE-film, with a circular hole cut to the
same diameter as the working electrode (KFF), was placed between the
aluminum tab and the SPE, this was done to avoid any potential
corrosion reaction between the TFSI and aluminum. The anodes were
either metallic potassium or FF electrodes. The SPE composition was
either P(CL-TMC):KTFSI (12,1) or PTMC:KTFSI (16,1).

2.10. SPE stability with potassium metal

Plating-stripping experiments were performed in symmetrical coin
cells using potassium metal electrodes with a diameter of 14 mm and an
SPE with a diameter of 16 mm. During each cycle, the cell was charged/
discharged for 2 h at 7.5 pA cm ™2 at 40 °C. Cells cycled with potassium
metal and P(CL-TMC) were disassembled inside the glovebox and a
viscous polymer residue was collected from the back side of the coin cell
spacer and dissolved in acetonitrile-d3 for NMR analysis. Polymer
electrolyte was also collected from cells cycled with potassium metal,
and polymers stored in contact with potassium metal, for GPC
measurements.

2.11. Cycling experiments

Galvanostatic cycling was performed at a rate of C/20 (1C = 141
mAh g’l, for K; gFe[Fe(CN)g] [24,25]) at 40 °C with KFF as working
electrode, and either metallic potassium or FF as the counter electrode
within the voltage limits of 2.5-4.3 V vs. K¥/K and — 1.8-1.8 V vs. K'/K,
respectively.

Cut-off increase cell cycling (CICC) was performed to study the
electrochemical stability and the resistance of the electrolytes.
Following the previously described procedure [43], KFF was used as
working electrode and metallic potassium as the counter electrode with
the SPE sandwiched between them. The cells were cycled at a rate of C/
20 at 40 °C, using a lower cut-off voltage of 3.0 V. The upper cut-off
voltage was increased step-wise by 0.1 V every five cycles, starting
from an initial value of 3.7 V vs. K¥/K, until the upper limit of 5.0 V vs.
K*/K.

3. Results & discussion
3.1. Synthesis and electrolyte properties

Stannous octotate (Sn(Oct),) is a widely used catalyst for initiating
ring-opening polymerization of trimethylene carbonate, e-caprolactone
[44,45] and similar cyclic carbonate and carboxylate ester monomers.
The polymers were synthesized using previously published procedures
[40,46] and the synthetic route is shown in Scheme 1. For the synthesis
of random P(CL-TMC) copolymer, a 80:20 monomer molar ratio be-
tween e-caprolactone and trimethylene carbonate was targeted as it has
previously shown the best tradeoff between ionic conductivity, amor-
phicity and cation transference number. Chemical structures were

)
OJ\O 130 °C, 60 h
v Sn(Oct),
(0] 0]
o)ko ) 130 °C, 60 h
v * Sn(Oct),

,{o\/\/o\ﬁ/

PTMC
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confirmed using NMR and FTIR spectroscopy. The assigned 'H NMR
spectra (Fig. $1-2) and FTIR spectra (Fig. S3-4) are in good agreement
with previously published data [47,48]. Both polymers exhibit high
molecular weight with an average molar mass (M) of around 131,900 g
mol~! and 312,100 g mol™! for PTMC and P(CL-TMC), respectively.
High M, is required to prepare self-standing solid polymer electrolyte
films with sufficient mechanical properties. DSC thermograms of pris-
tine polymers are shown in Fig. S5. PTMC exhibits a glass transition
temperature of —15 °C and shows no endothermic effects, confirming its
amorphous structure, consistent with literature for high-molecular-
weight PTMC [49]. In contrast, the P(CL-TMC) copolymer has a lower
glass transition temperature of —57 °C. Additionally, due to the high
fraction of semi-crystalline caprolactone repeating units, P(CL-TMC)
displays an exothermic effect with a crystallization peak at —24 °C
and an endothermic melting peak at 15 °C. A lower glass transition
temperature generally corresponds to increased mobility of the polymer
backbone, which should promote ion transport. Thermal properties of
the pristine polymers are summarized in Table S1.

Differential scanning calorimetry measurements were performed on
PTMC:KTFSI and P(CL-TMC):KTFSI compositions at different ratios, see
Fig. 1 and Table S2, to evaluate the thermal properties of these elec-
trolytes. The glass transition temperature (Ty) for the different compo-
sitions is shown in Fig. 1la and b, as an indicator of polymer chain
mobility. While increasing the amount of the amorphous phase is an
often desired outcome for PEO-based electrolytes, the thermograms of
the PTMC system indicate full amorphicity (Fig. 1a) and the P(CL-TMC)
blends are amorphous when the salt concentration exceeds a C=0:K"
ratio of 16:1 (except for 12:1 P(CL-TMC) blend), which shows a melting
peak at 25 °C) (Fig. 1b). A similar trend has been previously reported for
PEO:KTFSI compositions, where SPEs with a 12:1 molar ratio predom-
inantly exhibit amorphous behavior, whereas those with other ratios
remain semi-crystalline [24]. Compositions of P(CL-TMC):KTFSI with
24:1 and 20:1 molar ratios showed exothermic effects corresponding to
crystallization and endothermic effects of melting, indicating that this
low amount of salt is not able to disrupt the crystallinity of the polymer.
Generally, in both SPE systems, the T, shifts to higher values with
increasing salt concentration, which is ascribed to restrictions in the
degrees of freedom of polymer chains or segments [50], for instance due
to interchain coordinate bonds between potassium ions and polymer
chains [51].

PTMC:KTFSI samples maintained Tgs around —15 °C at concentra-
tions below 8:1 and showed a more rapid increase at concentrations
above 8:1, whereas the P(CL-TMC):KTFSI blends demonstrate a more
linear increase of T; over the examined range of salt concentrations. At
high salt concentrations (1:1 and 2:1), endothermic processes appear at
temperatures between 100 and 170 °C (lower than the melting tem-
perature of KTFSI salt at 200 °C) that are likely associated with melting
of undissolved KTFSI salt in the polymer matrix. The P(CL-TMC):KTFSI
electrolytes also have a much lower Ty compared to the PTMC electro-
lytes. This is also the case with LiTFSI electrolytes of these polymers,
since the introduction of PCL to the polymer chain lowers the Tg [52].

The main difference in the glass transition behavior of the SPEs is
that PTMC is amorphous, whereas P(CL-TMC) is semi-crystalline. At DSC

n
0]

\fo/\/\OjHOW\H/];

P(CL-TMC) O

Scheme 1. Synthetic scheme of PTMC and P(CL-TMC).
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a) P(TMC):KTFSI

b) P(CL-TMC):KTFSI
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Fig. 1. DSC thermograms of the second heating scan of (a) PTMC:KTFSI and (b) P(CL-TMC):KTFSI with different molar ratios of PTMC:K ™ or P(CL-TMC):K*. (c)
Dependency of T on the PTMC:K" or P(CL-TMC):K " molar ratio. The broad lines only indicate the polymer electrolyte host materials as either (red) PTMC or (blue) P

(CL-TMC).

curves of PTMC there is no endothermic effect up to 8:1 ratio and T
remains unchanged at approximately —15 °C. While PTMC is able to
dissolve the KTFSI salt and no endothermic melting peak of crystalline
regions is observed, T, remains unchanged at approximately —15 °C, up
to 8:1 ratio. Once the saturation limit is reached and undissociated
KTFSI is present in the SPE, Tg begins to increase. In contrast, for P(CL-
TMC), a semi-crystalline phase is always present, and T, consistently
increases with salt content. A similar trend was observed for P(CL-TMC)-
based SPEs with LiTFSI, where glass transition increases at an approxi-
mate ratio 1:5 [40].

The total bulk ionic conductivity was measured for both PTMC:KTFSI
and P(CL-TMC):KTFSI systems over a temperature range from 25 °C to
85 °C. The conductivity for a specific temperature as a function of
concentration is presented in Fig. 2 and the Arrhenius plots are

a) PTMC:KTFSI
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presented in Fig. S6. The ionic conductivity is generally higher for P(CL-
TMC):KTFSI electrolytes than for PTMC:KTFSI electrolytes, with the
highest ionic conductivities found for P(CL-TMC):KTFSI (12:1), e.g. 0.34
mS cm ! at 85 °C. At 55 °C, the ionic conductivities dropped to the range
of 107° to 107 S ecm™! for all polymer-to-salt ratios investigated. In
comparison with previously published PEO:KTFSI 16:1 system [24] the
ionic conductivities at room temperature were about one order of
magnitude lower for the P(CL-TMC):KTFSI compositions (highest value
6010°° S cm’l), and three orders of magnitude for PTMC:KTFSI elec-
trolytes. In the comparison in Fig. 2, the highest ionic conductivities for
the PTMC:KTFSI blends were generally one order of magnitude lower
than for compositions of P(CL-TMC):KTFSI, which is a result of the
higher chain mobility (based on the thermal properties in Fig. 1) of the P
(CL-TMC) copolymer. At low salt contents, the limited concentration of

b) P(CL-TMC):KTFSI
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Fig. 2. Ionic conductivity isotherms of PTMC:KTFSI (a) and P(CL-TMC):KTFSI (b) compositions for selected temperatures at 25 °C, 55 °C and 85 °C.
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Fig. 3. Stripping-plating experiments performed at 55 °C in a symmetrical cell
with PTMC:KTFSI (16:1) electrolyte sandwiched between two potassium elec-
trodes (10 mm in diameter) at current densities of 10, 20 and 50 pA cm 2

charge carriers and a residual degree of crystallinity in the semi-
crystalline P(CL-TMC) electrolytes impede the ion transport. The ionic
conductivity then increases with concentration, having a maximum at
12:1 polymer-to-salt ratio. Beyond the 8:1 composition, a notable drop
in conductivity is seen due to the formation of ion pairs and aggregates.
In contrast, the amorphous PTMC electrolytes feature smaller changes in
ionic conductivity (although a slight maximum is observed at 16:1) in
agreement with the small changes observed in T,. However, above
PTMC:K ratios of 4:1, the ionic conductivity decreased as the T starts to

a) Voltage Profiles
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increase. For PCL the coordination strength was found to be generally
lower than for PEO (strongly chelating) and to decrease in the order Li*
> Na' > K* [53], which can give rise to ion pairing and ion clustering
effects. Comparing polyesters and polycarbonates, experiments with
LiTFSI suggest stronger ion—dipole interaction between Li" and PCL
compared to PTMC [33]. Corresponding DFT calculations have also
shown that Li* coordinates stronger to the (CL) ester groups than the
carbonate groups of TMC [52]. P(CL-PTMC) copolymers maintain a
higher chain flexibility than the PTMC mixtures, which will also pro-
mote higher ionic conductivities. Since the compositions with highest
ionic conductivity were P(CL-TMC):KTFSI (12:1) and PTMC:KTFSI
(16:1), these were selected for the subsequent cell tests.

3.2. Stability against potassium metal

The PTMC:KTFSI and P(CL-TMC):KTFSI electrolytes were first stud-
ied in K|SPE|K symmetrical cells for their stripping-plating behavior in
the range from 10 to 50 pA cm™2. The voltage transient in Fig. 3 of the
PTMC:KTFSI (16:1) electrolyte at 55 °C displays gradually increasing
overpotentials in the range from 250 to 640 mV already at the smallest
current density of 10 pA ecm ™2 Already at current densities of 20 pA
em™2 the stripping/plating potential reached more than 1.0 V. Inter-
estingly, after returning to lower current densities, the reaction potential
stabilized at voltages of around +450 mV. A second cell that was tested
under slightly altered conditions at 40 °C failed after only a few cycles
(Fig. S7a). A PEO-based block copolymer tested under the same con-
ditions in a previous study showed plating/stripping voltages of around
100 mV at 10 pA cm ™2 that remained constant over the three different
current sequences [22,28]. Considering that the ionic conductivity is an
order of magnitude lower for P(CL-TMC), than for PEO-based SPEs,
higher stripping/plating potentials are to be expected. This experiment
also highlights a major problem in potassium cell chemistries, related to
the reactivity of the alkali metal towards any electrolyte and the for-
mation of resistive electrode-electrolyte interphases.

In contrast, with the P(CL-TMC):KTFSI SPE, all experiments lead to
cell failure, presumably due to degradation of polymer in contact with
potassium metal (Fig. S7b). The cells contained a viscous liquid residue
underneath the coin cell spacer after the test. Moreover, the solid and
self-standing P(CL-TMC):KTFSI electrolyte film changed shape visibly.

b) Capacities & Coulombic Efficiencies
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Fig. 4. Galvanostatic cycling (C/20 at 40 °C) of K|PTMC:KTFSI|KFF half-cell showing, (a) the voltage profiles (2.5-4.3 V vs. K*/K) of selected cycles (#1, #5, #10,
#20), (b) corresponding coulombic efficiency, and capacity retention over the first 20 cycles.
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In a follow-up experiment, the liquid residue was extracted and analyzed
by H NMR spectroscopy (Fig. $8) and GPC (Table S3). In the spectrum
the signal at 3.46 ppm can be attributed to CH,—OH end groups that
allow an estimation of the degree of polymerization (DP) of P(CL-TMC).
A significant decrease in the relative signal intensities between the P(CL-
TMC) backbone and the CH>~OH end groups at 3.46 ppm suggests that
the DP of P(CL-TMC) dropped from 174 to 18 [54]. This hypothesis was
further strengthened by the decrease in molecular weight seen by GPC.
In contrast to the copolymer, the PTMC:KTFSI cells did neither displayed
any visible degradation of the polymer electrolyte, nor did GPC show
any notable change in molecular weight under the experimental con-
ditions (Table $3), indicating good stability towards potassium metal.
Previous work by Wildersinn et al. [55] shows that the potassium metal
surface mainly consists of K2COs and KOH, even when handled in a
glovebox atmosphere with sub-ppm H20 and O: concentrations. The
depolymerization process could be initiated by these surface groups,
rendering P(CL-TMC) more prone to this process in presence of hydroxyl
groups than PTMC [56].

Solid State Ionics 432 (2025) 117069
3.3. Cycling experiments

Galvanostatic cycling experiments were performed with both the
PTMC:KTFSI and P(CL-TMC):KTFSI SPEs in half-cells against a KFF
positive electrode (Cy, = 155 mAh g~ 1) at 40 °C and at a constant current
of C/20 (Fig. 4). The P(CL-TMC):KTFSI cell showed high cell polariza-
tion and rapid capacity decay (Fig. S9), which are attributed to polymer
degradation and will therefore not be further discussed in this section.
The PTMC:KTFSI cell showed, unexpectedly, higher capacities and
overall more consistent electrochemical behavior at 40 °C than at 55 °C.
For the discussion herein, we therefore focus on the results at 40 °C
(results at 55 °C are shown in Fig. $10). The cell in Fig. 4 showed an
initial specific discharge capacity of 50 mAh g~! and a notable capacity
decrease by 24 % (38 mAh g_l) over the following 5 cycles after which
capacity loss slowed down until the 19th cycle (Fig. 4a). By the 20th
cycle, the discharge capacity decreased to less than half the discharge
capacity of the 1st cycle. The voltage profiles (Fig. 4b) show no gradual
potential shifts due to additional polarization, except for the upper
voltage plateau upon the oxidation of KFF that did not fully develop
within the set voltage window and disappeared almost entirely on the
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following cycles. Compared to the room temperature liquid electrolyte
cell, which shows a characteristic plateau at 3.5 V vs. K™/K, the lower
voltage plateau of the PTMC cell is shifted by 120 mV (3.62 V vs. K™/K).
A decisive factor in regard to the comparatively poor specific capacities
is the near-ambient operating conditions at 40 °C that led to a low ionic
conductivity and thus a large internal cell resistance. P(CL-TMC) elec-
trolytes had poor mechanical properties already at room temperature, as
also observed previously [57]. A lower operation temperature of 40 °C
was chosen to avoid that the electrolyte film loses its mechanical
integrity entirely at elevated temperatures, as it shows liquid-like
behavior already at room temperature. Hence, for consistency, PTMC-
based electrolytes were also tested at 40 °C.

Cut-off increase cell cycling (CICC). Galvanostatic cycling with
increasing upper cut-off potential (CICC) [43] was performed on K|SPE|
KFF cells to investigate the electrochemical stability of SPEs at 40 °C.
The specific discharge capacities, and corresponding resistances and
coulombic efficiencies are shown for both electrolytes in Fig. 5a-c. In
Fig. 5d selected voltage profiles are presented for further details.
Although P(CL-TMC) did degrade in all other cell setups, it seemed to
have withstood the CICC cycling experiment. There are several potential
reasons for this behavior related to differences in the cycling protocol.
For instance, a lower current was applied with a considerably longer
step time than in the stripping-plating experiment. Furthermore, the
intermittent relaxation sequences reduce the build-up of pronounced
concentration gradients and cation depletion at the interface. Overall,
this may have supported the formation of a protective surface layer and
reduced dendritic growth as well as concentration overpotentials.

The P(CL-TMC):KTFSI (12:1) electrolyte has a higher ionic conduc-
tivity than the PTMC:KTFSI (16:1) electrolyte, which is reflected in the
lower resistance and higher specific capacity in the P(CL-TMC) cell. In
the PTMC-based cells the cut-off voltages are reached prematurely due
to high overpotentials (Fig. 5b).

The resistance and specific capacity for both cells increase up until
cycle 41 (upper cut-off 4.5 V vs. K™/K), for five cycles the specific ca-
pacity remains fairly constant while the resistance of the cells decreased

a) Voltage Profile
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slightly. Once the was pushed beyond the limit of 4.5 V (i.e. upper cut-off
4.6-4.9 V vs. K'/K; between cycle 46-61), the cell resistances in both
cells decreased unexpectedly. For PTMC-based cells the charge capacity
gradually increases above 4.6 V vs. K™/K, while the discharge capacity
remain low in a narrow window of 10-20 mAh g™}, indicating that the
degree of parasitic reactions increased considerably. This could be
associated with a lower resistance, if at this point the electrode reaction
is only a minor contributor. Reaching the upper limit of 5.0 V vs. K" /K at
cycle 61, the PTMC cell showed a steep increase in resistance, indicating
accelerated cell failure. In contrast, the resistance of the P(CL-TMC) cell
starts to decay around the cut-off limit of 4.5-4.6 V vs. K*/K. Similar to
the PTMC-electrolyte, there is a notable increase in the charge capacity
above this voltage threshold due to high levels of irreversible reactions
that accelerate the cell’s decay. Accordingly, the coulombic efficiencies
showed gradually decreasing values, above 4.5 V vs. KT/K (Fig. 5c¢).

Although CICC experiments demonstrated that both polymers
exhibit limited electrochemical stability high voltage cut-offs, both
electrolytes display better properties than most liquid electrolytes,
particularly at elevated temperatures. Beyond 4.5-4.6 V vs. K'/K the
degrees of parasitic reactions increase considerably, which is also well
beyond the redox potential (and upper potential cut-off) of the KFF
cathode. The low specific capacities in K-based cells are partly a result of
their comparatively low ionic conductivity at 40 °C.

Asymmetric Cell Test with Prussian White & Berlin Green. In order
to avoid the depolymerization of P(CL-TMC) and other instabilities with
K metal, the anode material was exchanged from metallic potassium to
iron hexacyanoferrate (Fe[Fe(CN)g], FF), i.e. Berlin green. The voltage of
these cells, seen in Fig. 6, is expectedly lower compared to the cells with
metallic anode. The specific capacity is low (around 35 mAh g1
compared to the theoretical capacity of the KFF material, which is
partially due to the high resistance and overpotential. However, the P
(CL-TMC) cell cycled for over 50 cycles with a C.E. of 95 %. There-
fore, cycling of the P(CL-TMC) SPE was feasible in potassium cells
without the use of potassium metal or prolonged pre-cycling at low cut-
offs (as with CICC experiments).
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4. Conclusions

In summary, we investigated the feasibility of utilizing polyesters
and polycarbonates in all-solid-state potassium-based batteries. The
SPEs based on P(CL-TMC) have both higher ionic conductivities and
lower glass transition temperatures than the PTMC SPEs. Both properties
are important for a well-functioning polymer electrolyte; however, a
lack of compatibility between P(CL-TMC) and metallic potassium (due
to depolymerization) severely limits the possibility of using this SPE in
cells with metallic potassium. In a whole-cell setup, using iron hex-
acyanoferrate as anode instead, P(CL-TMC):KTFSI could be cycled.
While the PTMC:KTFSI electrolyte can be cycled with a metallic potas-
sium anode, the high resistance in these cells limits the specific capacity
during galvanostatic cycling at 40 °C. Further work, not only focusing on
the electrolyte but also on the anode and the cathode materials, should
be done in order to improve the interfacial compatibility and practical
capacity of these polycarbonate-based cells.
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